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How small a quantum engine can be

What is quantum in quantum heat devices



Inserting Dynamics into Thermodynamics

Open quantum system:

H=H;+H:+H,

Markovian master equation

do : dp :
> = —| HS’ s -+ s ( = —I| H .
dt [ pol+op Reduced | dt [H. /]

description

* weak coupling
* Low density

Generator of quantum system
dynamical semigroup

(LGKS form) .
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Inserting Dynamics into Thermodynamics
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Reciprocating heat engines
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How far can we mintuaize?

Quantum Otto cycle \ e
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Otto Cycle in Phase Space




The quantum Otto refrigeration cycle

Cycle Propagator: Ucycle= Un UncUc Uen

[ J;, Hot Isochore (isomagnetic) A —B w=0n .
The working mediumis in contact with the hot bath of temperature 1h .

Uhe Expansion adiabat (demagnetization) B —C
The field changes from (Oh to (D¢

U. Cold Isochore (isomagnetic) C =D w=wm. .
The working medium is in contact with the cold bath of temperature T'c .

Uen Compression adiabat (magnetization) D —A
The field changes from (Oc¢ to (Dh.

limit cycle

[ Un Une,UcUen] % 0 UcycleY=Y



Thermodynamic description of the engine.

@ The Hamiltonian H(t) = ;- P2+ lma(t)2Q%.
@ The Lagrangian L(t) = 2. P? - Imo(t)2Q2.

@ The position momentum correlation €(t) = Jw(t)(QP +PQ)

Maximum entropy state

p = lefﬁ’lfwnl}vé _ ley:?ﬁefﬁlfleyka?2
4

This state p is defined by the parameters 3, v and y*:

Yair Rezek and Ronnie Kosloff
, Irreversible performance of a quantum harmonic heat engine
.(New J. Phys. 8, 83 2006



The dynamics on the isochores

The Heisenberg equations of motion for operator X:

~ PN ~ 1 ~ ~ 1 PN
_ ' AT a_ - ATA ~ A}—ii aat

th_ ﬁ[H,X]Jrkl(a Xa 2{a a,X})+ ky(aXa 2{aa ,X})

A T 0 0 r( A Yeq A The heat transport
d| L 0 - —20 0 L O =(L o(H
= " = - = )
al e |® 0 20 T 0 e |® i

i 0 o0 0 0 i :

Q =-T ((H) - (H))

R 0 0 Heg(l—R)
0 Rc —Rs 0
Whye = 0 Rs Rc 0
0 O 0 1
where R=e . c=cos(2wt), s =sin(20t) and Heqg = ﬁZw

ekT —1



The dynamics on the adiabats < >

i

P =0 ()L
4—u?c —uQs —2u(c—1) 0

The Heisenberg equations of motion:

., uo—p 0
= =00 | o 5 7
0 0 0

_ O . . . . .
M = —= is a dimensionless adiabatic parameter.
®2

-y ™= I
o O oo
-y = I

P; = (MW <H> useful work
{r

c=mu (l) work against friction

The adiabatic propagator:

_o(t) 1 —uQs Q% —2Qs 0
T 00)2 | 2u(c—1) 2Qs  4c—p? 0
0 0 0 1

Q=\/A—p?, c=cos(Q0(t)), s =sin(20(t)), 6(t) =1 |og(%).
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Engine cycle [A(t), ()] £0

Adiabatic efficiency 1 =1 — g_; <1-— %

Quantum friction is the inability to stay on the energy shell

Shortcuts to adiabaticity use coherence to reach frictionless conditions.

At high temperature the efficiency at maximum power becomes: nCA — ]_ - %
\/ h
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Adiabatic Demagnetization Refrigerator ADR

ADR
Drawing and Photo Compared

The ADR Cvcle: a Simple Schematic
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Realizations 2016 Science 352, 325 (2016)

A single-atom heat engine

Johannes Rofinagel.!>* Samuel Thomas Dawkins,! Karl Nicolas Tolazzi,!
Obinna Abah,? Eric Lutz,? Ferdinand Schmidt-Kaler,! and Kilian Singer!:®
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A quantum-mechanical heat engine operating in finite time. A model
consisting of spin-1/2 systems as the working fluid
Eitan Geva and Ronnie Kosloff
Department of Physical Chemistry and The Fritz Haber R.
The Hebrew University, Jerusalem 91904, Israel

h Center for Molecular Dy.
(Received 28 August 1991; accepted 21 October 1991)
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FIG. 1. The reversible Carnot cycle (solid line) in the (,S) plane (w is the

field and ' the polarization). The cycle is composed of two reversible iso-
therms corresponding to the temperatures 3, and B, (B, > 8,) and of two
diabats ing to the polarizati

S, and S, (S, <53 5,8, <0).
Positive net work production is obtained by going anticlockwise. The direc-
tions of work and heat flows along each branch are indicated.

FIG. 5. The cycle 1'—+2'=3' -4’1 is of the Curzon—-Ahlborn
Heisenberg picture, reads as follows:
=it + Lo 2,00,

Lp(X) =3 va(VE[XV, ] + [VLX]V.)

J. Chem. Phys., Vol. 96, No. 4, 15 February 1992



Uzdin, Raam, Amikam Levy, and Ronnie Kosloff. "Equivalence of Quantum Heat Machines,
and Quantum-Thermodynamic Signatures." Physical Review X 5, no. 3 (2015): 031044.



Three types of engines
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Multilevel embedding

Eiiis — £, hot I H,
5|E Eéjl/ ............. manifold olH,
2 E,E, iy cold
. 1 . manifold { AEC AEh
= hot o o |H,
Time manifold
Quantum equivalence
(a) hot { — T K = UK, UK,
Four-stroke manifold | e _
(Otto) engine: cold { 1= —
WW — —
(b) Py S Kt = Uiy, .
‘Two-stroke nmm_;n ‘_-
2 LN
engine: wergtd { I
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Quantum eqivalence

The propagator: ¢y — £t

Four stroke cycle propagator:

Ueye = UeUnUnUepy = e*FeZheteZht gZent

In the limit of small action: s = ||.£t|| < A

Ueye = e7ct/2e%het 7t gZent g Zct/2

%Cyc ~ e($c+$hc+$h+§fch)t + 0(53)

Raam Uzdin, Amikam Levy, and Ronnie Kosloft
Equivalence of Quantum Heat Machines, and Quantum-Thermodynamic

.(Phys. Rev. X 5, 031044 2015
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At large action:
Work extracted from
population differences.
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Quantum signature

cycle time [7,..]
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Realization 2017

Experimental demonstration of quantum effects in the operation of

microscopic heat engines

J. Klaizow,' C. Weinzetl,! P. M. Ledingham,' J. N. Becker,' D. J.
Saunders,' J. Nunn,! I. A. Walmsley,' R. Uzdin,? and E. Poem"**
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Canonical Invariance for Otto CycleA
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