
><Brendan@Olomouc -   breid06@qub.ac.uk �1

A self-contained quantum 
harmonic engine

 1

‣ Dr Brendan Reid*- QTEQ, Queen’s University 
Belfast 

‣ Dr Simon Pigeon - Laboratoire Kastler Brossel, 
Université Pierre et Marie Curie, Paris 

‣ Dr Mauro Antezza - Laboratoire Charles 
Coulomb, Université de Montpellier 

‣ Dr Gabriele De Chiara - QTEQ, Queen’s University 
Belfast

⇤<latexit sha1_base64="0cjNk8ikEkLZ4Z78c8aIwb4wNpM=">AAAB53icdVDLSgNBEJyNrxhfUY9eBoMgHpbNA5Pcgl48JuCaQLKE2UlvMmZ2dpmZFcKSL/DiQcWrv+TNv3HyAhUtaCiquunu8mPOlHacTyuztr6xuZXdzu3s7u0f5A+P7lSUSAoujXgkOz5RwJkAVzPNoRNLIKHPoe2Pr2d++wGkYpG41ZMYvJAMBQsYJdpIrYt+vuDY9Vq5dOngBSmvSKWKi7YzRwEt0eznP3qDiCYhCE05UapbdGLtpURqRjlMc71EQUzomAyha6ggISgvnR86xWdGGeAgkqaExnP1+0RKQqUmoW86Q6JH6rc3E//yuokOal7KRJxoEHSxKEg41hGefY0HTALVfGIIoZKZWzEdEUmoNtnkTAirT/H/xC3ZdbvYqhQaV8s0sugEnaJzVERV1EA3qIlcRBGgR/SMXqx768l6td4WrRlrOXOMfsB6/wJa7YzY</latexit><latexit sha1_base64="0cjNk8ikEkLZ4Z78c8aIwb4wNpM=">AAAB53icdVDLSgNBEJyNrxhfUY9eBoMgHpbNA5Pcgl48JuCaQLKE2UlvMmZ2dpmZFcKSL/DiQcWrv+TNv3HyAhUtaCiquunu8mPOlHacTyuztr6xuZXdzu3s7u0f5A+P7lSUSAoujXgkOz5RwJkAVzPNoRNLIKHPoe2Pr2d++wGkYpG41ZMYvJAMBQsYJdpIrYt+vuDY9Vq5dOngBSmvSKWKi7YzRwEt0eznP3qDiCYhCE05UapbdGLtpURqRjlMc71EQUzomAyha6ggISgvnR86xWdGGeAgkqaExnP1+0RKQqUmoW86Q6JH6rc3E//yuokOal7KRJxoEHSxKEg41hGefY0HTALVfGIIoZKZWzEdEUmoNtnkTAirT/H/xC3ZdbvYqhQaV8s0sugEnaJzVERV1EA3qIlcRBGgR/SMXqx768l6td4WrRlrOXOMfsB6/wJa7YzY</latexit><latexit sha1_base64="0cjNk8ikEkLZ4Z78c8aIwb4wNpM=">AAAB53icdVDLSgNBEJyNrxhfUY9eBoMgHpbNA5Pcgl48JuCaQLKE2UlvMmZ2dpmZFcKSL/DiQcWrv+TNv3HyAhUtaCiquunu8mPOlHacTyuztr6xuZXdzu3s7u0f5A+P7lSUSAoujXgkOz5RwJkAVzPNoRNLIKHPoe2Pr2d++wGkYpG41ZMYvJAMBQsYJdpIrYt+vuDY9Vq5dOngBSmvSKWKi7YzRwEt0eznP3qDiCYhCE05UapbdGLtpURqRjlMc71EQUzomAyha6ggISgvnR86xWdGGeAgkqaExnP1+0RKQqUmoW86Q6JH6rc3E//yuokOal7KRJxoEHSxKEg41hGefY0HTALVfGIIoZKZWzEdEUmoNtnkTAirT/H/xC3ZdbvYqhQaV8s0sugEnaJzVERV1EA3qIlcRBGgR/SMXqx768l6td4WrRlrOXOMfsB6/wJa7YzY</latexit><latexit sha1_base64="0cjNk8ikEkLZ4Z78c8aIwb4wNpM=">AAAB53icdVDLSgNBEJyNrxhfUY9eBoMgHpbNA5Pcgl48JuCaQLKE2UlvMmZ2dpmZFcKSL/DiQcWrv+TNv3HyAhUtaCiquunu8mPOlHacTyuztr6xuZXdzu3s7u0f5A+P7lSUSAoujXgkOz5RwJkAVzPNoRNLIKHPoe2Pr2d++wGkYpG41ZMYvJAMBQsYJdpIrYt+vuDY9Vq5dOngBSmvSKWKi7YzRwEt0eznP3qDiCYhCE05UapbdGLtpURqRjlMc71EQUzomAyha6ggISgvnR86xWdGGeAgkqaExnP1+0RKQqUmoW86Q6JH6rc3E//yuokOal7KRJxoEHSxKEg41hGefY0HTALVfGIIoZKZWzEdEUmoNtnkTAirT/H/xC3ZdbvYqhQaV8s0sugEnaJzVERV1EA3qIlcRBGgR/SMXqx768l6td4WrRlrOXOMfsB6/wJa7YzY</latexit>



><Brendan@Olomouc -   breid06@qub.ac.uk �2

Aims of the talk

Project in a nutshell:

Using three quantum harmonic oscillators, we aim to 
realise an Otto cycle

Project in a slightly bigger nutshell:

Can we replicate a thermodynamic engine (i.e. extract 
work) from a quantum system consisting of only three 

QHO?
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Okay, fine, but why?

Quantum thermodynamics is a study of how the laws of thermodynamics 
apply at the microscopic quantum level

Up until recently quantum engines were studied exclusively with 
infinitely sized reservoirs

Dephasing and dissipation destroyed quantum coherences!

TH TC

W1 W2

Q2Q1
WM
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The state of the thermal 
reservoirs is assumed 
constant for all t — however 
the WM state necessarily 
changes. 
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Okay, fine, but why? cont.

Technological implications—work extraction in a localised region of 
space.

Finitely sized system evolves unitarily—no Markovian approximation!

Built-in protection for non-classical features: any 
entanglement or discord will remain

Can we find a connection between engine performance and 
non-classical features?
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Kosloff & Rezek, NJP 8, 86 (2006) - harmonic oscillators.  
Friedenberger & Lutz, arXiv:1508.04128 (2015) - trapped ions 

Nori et al, PRE 76, 031105 (2007) - qubits. 
Skrzypczyk et al, PRL 105, 130401 (2010) - qubits. 
Singer et al, Science 352, 6283 - trapped ions 

Matsukevich et al, arXiv:1702.08672 - trapped ions

All of these papers use infinitely sized baths

Quantum heat engine literature (is extensive)
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Papers exploring engines with finite baths

Fialko & Hallwood:
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Isolated quantum heat engine

O. Fialko and D. W. Hallwood1

1Centre for Theoretical Chemistry and Physics and NZIAS, Massey University,
Private Bag 102904, North Shore, Auckland 0745, New Zealand

We present a theoretical and numerical analysis of a quantum system that is capable of functioning
as a heat engine. This system could be realized experimentally using cold bosonic atoms confined to
a double well potential that is created by splitting a harmonic trap with a focused laser. The system
shows thermalization, and can model a reversible heat engine cycle. This is the first demonstration
of the operation of a heat engine with a finite quantum heat bath.

PACS numbers: 05.70.-a, 07.20.Pe, 67.85.-d

Recent developments in modeling the quantum dynam-
ics of isolated systems [1] have provided a quantum un-
derstanding of thermalization. However, they rely on ex-
perimentally challenging systems. This has meant that
development of a quantum understanding of heat engines
has not been possible. In this Letter, we consider a model
of cold bosonic atoms confined to a double well potential.
Our analysis shows that this system exhibits thermaliza-
tion when one well is initially more energetic than the
other, and furthermore shows that the system can per-
form a heat engine cycle. The system could be realized
experimentally with present technology.

The state of a quantum system evolves via the ap-
plication of a unitary operator. Consequently, all pro-
cesses are reversible and until recently it was not clear
how a quantum system could reach thermal equilibrium.
Srednicki suggested a solution called the eigenstate ther-
malization hypothesis (ETH) [2], in which all eigenstates
have the properties of a thermal state. Recently, this hy-
pothesis was tested against other hypotheses by Rigol et
al. [3] using hard core bosons confined to a lattice and
found to be the only one that agreed.

Several experimentally simpler schemes have been
studied. Ponomarev et al. demonstrated thermal equili-
bration when two isolated systems with different temper-
atures were coupled through interactions between atoms
in the different systems [4]. Chianca et al. allowed tun-
neling of atoms between the systems in a four site lattice
configuration [5]. However no simple measure of temper-
ature could be obtained meaning it could not be devel-
oped into a heat engine. A quantum description of a heat
engine has been produced in Refs. [6] where the system
is coupled to a classical heat bath.

In this Letter, a quantum analysis of a heat engine
is performed where both the system and heat bath are
modeled quantum mechanically and atoms can tunnel
between wells. Each well is described by two energy lev-
els allowing temperature to be defined. One well acts as
the system and the other serves as the heat bath. Heat
is added and removed by tunneling of atoms between the
wells. The volume of the wells are changed by modifying
the harmonic confinement and the barrier position. All

FIG. 1. Schematic of a double well created by splitting a
harmonic potential with a focused laser. The diagram shows
the possible tunneling and how the energy levels change due
to the interactions.

processes are done at a rate that provides good reversibil-
ity of the engine. The system is modeled using both the
truncated Wigner approach (TWA) to calculate the sys-
tem for thousands of atoms and the accuracy is checked
using calculations of the full quantum dynamics (FQD)
for tens of atoms. Both results agree well showing an
increase in number reduces fluctuations.

N bosons confined to a double well trapping potential,
Vdw(x), are described by the Hamiltonian

Ĥ =

∫

dx

[

−!2

2m
∇ψ̂†(x).∇ψ̂(x) + Vdw(x)

]

+ g

∫

dx

∫

dx′ψ̂†(x)ψ̂†(x′)δ(x − x′)ψ̂(x′)ψ̂(x). (1)

At low temperatures only the lowest laying single particle
states are populated. Here we take into account the first
two states as depicted in Fig. 1. Therefore the field opera-
tors can be described in terms of the four localized single

particle functions, ψ̂(x) =
∑1

l=0

(

φlL(x)b̂
l
L + φlR(x)b̂

l
R

)

,

where b̂lr are the bosonic annihilation operators of an
atom in well r and energy level l and described by the
single particle functions φlr . This leads to the two-band

“First demonstration of a heat engine with 
finite heat baths”

Uzdin et al.:
Small number of spins acting as a bath for an engine spin — 

artificially induced dephasing

PRL 108, 085303 2012

arXiv:1610.02671

…however there is no discussion 
on thermodynamic quantities!

Aspects of finite bath engines not discussed; solely 
aiming to simulate Markovian dynamics
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Our setup

1

2

3

4

!1 !3

Propagation

FS

EC

EC

EC : Evanescent-field coupler 
FS : Frequency shifter

FS

(a) (b)
Three oscillators: hot bath, 

working medium, cold bath

1. Compression 

2. Heating 

3. Expansion 

4. Cooling

Otto cycle:
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Necessary but boring details

Hi = m!
2
i x

2
i + p

2
i /m

Hij = ↵ij

⇣
aia

†
j + a

†
iaj

⌘

If two oscillators are resonant…

!i = !j = ! ! [Hi +Hj , Hij ] = 0
Parameter Count:

!1
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!3
<latexit sha1_base64="n8ZMMf/X5L2d7aMhHGP+7ZTDHxk=">AAAB7nicbVDLSgNBEJz1GeMr6tHLYBA8hV0V1FvQi8cIrgkkS5id9CZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNIaSKK92KiQHOJISWWQ6tVAMRMYdmPLyZ+M0n0IYpeW9HKUSC9CVLGCXWSa2OEtAn3bNuperX/CnwIgkKUkUFGt3KV6enaCZAWsqJMe3AT22UE20Z5TAudzIDKaFD0oe2o5IIMFE+vXeMj53Sw4nSrqTFU/X3RE6EMSMRu05B7MDMexPxP6+d2eQyyplMMwuSzhYlGcdW4cnzuMc0UMtHjhCqmbsV0wHRhFoXUdmFEMy/vEjC09pVLbg7r9avizRK6BAdoRMUoAtUR7eogUJEEUfP6BW9eY/ei/fufcxal7xi5gD9gff5Ayhvj5U=</latexit><latexit sha1_base64="n8ZMMf/X5L2d7aMhHGP+7ZTDHxk=">AAAB7nicbVDLSgNBEJz1GeMr6tHLYBA8hV0V1FvQi8cIrgkkS5id9CZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNIaSKK92KiQHOJISWWQ6tVAMRMYdmPLyZ+M0n0IYpeW9HKUSC9CVLGCXWSa2OEtAn3bNuperX/CnwIgkKUkUFGt3KV6enaCZAWsqJMe3AT22UE20Z5TAudzIDKaFD0oe2o5IIMFE+vXeMj53Sw4nSrqTFU/X3RE6EMSMRu05B7MDMexPxP6+d2eQyyplMMwuSzhYlGcdW4cnzuMc0UMtHjhCqmbsV0wHRhFoXUdmFEMy/vEjC09pVLbg7r9avizRK6BAdoRMUoAtUR7eogUJEEUfP6BW9eY/ei/fufcxal7xi5gD9gff5Ayhvj5U=</latexit><latexit sha1_base64="n8ZMMf/X5L2d7aMhHGP+7ZTDHxk=">AAAB7nicbVDLSgNBEJz1GeMr6tHLYBA8hV0V1FvQi8cIrgkkS5id9CZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNIaSKK92KiQHOJISWWQ6tVAMRMYdmPLyZ+M0n0IYpeW9HKUSC9CVLGCXWSa2OEtAn3bNuperX/CnwIgkKUkUFGt3KV6enaCZAWsqJMe3AT22UE20Z5TAudzIDKaFD0oe2o5IIMFE+vXeMj53Sw4nSrqTFU/X3RE6EMSMRu05B7MDMexPxP6+d2eQyyplMMwuSzhYlGcdW4cnzuMc0UMtHjhCqmbsV0wHRhFoXUdmFEMy/vEjC09pVLbg7r9avizRK6BAdoRMUoAtUR7eogUJEEUfP6BW9eY/ei/fufcxal7xi5gD9gff5Ayhvj5U=</latexit><latexit sha1_base64="n8ZMMf/X5L2d7aMhHGP+7ZTDHxk=">AAAB7nicbVDLSgNBEJz1GeMr6tHLYBA8hV0V1FvQi8cIrgkkS5id9CZD5rHOzAphyU948aDi1e/x5t84SfagiQUNRVU33V1xypmxvv/tLS2vrK6tlzbKm1vbO7uVvf0HozJNIaSKK92KiQHOJISWWQ6tVAMRMYdmPLyZ+M0n0IYpeW9HKUSC9CVLGCXWSa2OEtAn3bNuperX/CnwIgkKUkUFGt3KV6enaCZAWsqJMe3AT22UE20Z5TAudzIDKaFD0oe2o5IIMFE+vXeMj53Sw4nSrqTFU/X3RE6EMSMRu05B7MDMexPxP6+d2eQyyplMMwuSzhYlGcdW4cnzuMc0UMtHjhCqmbsV0wHRhFoXUdmFEMy/vEjC09pVLbg7r9avizRK6BAdoRMUoAtUR7eogUJEEUfP6BW9eY/ei/fufcxal7xi5gD9gff5Ayhvj5U=</latexit>

↵12
<latexit sha1_base64="kxkAmAd8c2GuwlR0lWnLZPGUxag=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoN6KXjxWMLbQhjLZbtqlm03YnQgl9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCcFwKRT3UaDknVRziEPJ2+H4dua3n7g2IlEPOEl5EMNQiUgwQCt1eyDTEfRzrzHtV2tu3Z2DrhKvIDVSoNWvfvUGCctirpBJMKbruSkGOWgUTPJppZcZngIbw5B3LVUQcxPk85On9MwqAxol2pZCOld/T+QQGzOJQ9sZA47MsjcT//O6GUZXQS5UmiFXbLEoyiTFhM7+pwOhOUM5sQSYFvZWykaggaFNqWJD8JZfXiV+o35d9+4vas2bIo0yOSGn5Jx45JI0yR1pEZ8wkpBn8kreHHRenHfnY9FacoqZY/IHzucPXHOQ2A==</latexit><latexit sha1_base64="kxkAmAd8c2GuwlR0lWnLZPGUxag=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoN6KXjxWMLbQhjLZbtqlm03YnQgl9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCcFwKRT3UaDknVRziEPJ2+H4dua3n7g2IlEPOEl5EMNQiUgwQCt1eyDTEfRzrzHtV2tu3Z2DrhKvIDVSoNWvfvUGCctirpBJMKbruSkGOWgUTPJppZcZngIbw5B3LVUQcxPk85On9MwqAxol2pZCOld/T+QQGzOJQ9sZA47MsjcT//O6GUZXQS5UmiFXbLEoyiTFhM7+pwOhOUM5sQSYFvZWykaggaFNqWJD8JZfXiV+o35d9+4vas2bIo0yOSGn5Jx45JI0yR1pEZ8wkpBn8kreHHRenHfnY9FacoqZY/IHzucPXHOQ2A==</latexit><latexit sha1_base64="kxkAmAd8c2GuwlR0lWnLZPGUxag=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoN6KXjxWMLbQhjLZbtqlm03YnQgl9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCcFwKRT3UaDknVRziEPJ2+H4dua3n7g2IlEPOEl5EMNQiUgwQCt1eyDTEfRzrzHtV2tu3Z2DrhKvIDVSoNWvfvUGCctirpBJMKbruSkGOWgUTPJppZcZngIbw5B3LVUQcxPk85On9MwqAxol2pZCOld/T+QQGzOJQ9sZA47MsjcT//O6GUZXQS5UmiFXbLEoyiTFhM7+pwOhOUM5sQSYFvZWykaggaFNqWJD8JZfXiV+o35d9+4vas2bIo0yOSGn5Jx45JI0yR1pEZ8wkpBn8kreHHRenHfnY9FacoqZY/IHzucPXHOQ2A==</latexit><latexit sha1_base64="kxkAmAd8c2GuwlR0lWnLZPGUxag=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoN6KXjxWMLbQhjLZbtqlm03YnQgl9Gd48aDi1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTx6NEmmGfdZIhPdCcFwKRT3UaDknVRziEPJ2+H4dua3n7g2IlEPOEl5EMNQiUgwQCt1eyDTEfRzrzHtV2tu3Z2DrhKvIDVSoNWvfvUGCctirpBJMKbruSkGOWgUTPJppZcZngIbw5B3LVUQcxPk85On9MwqAxol2pZCOld/T+QQGzOJQ9sZA47MsjcT//O6GUZXQS5UmiFXbLEoyiTFhM7+pwOhOUM5sQSYFvZWykaggaFNqWJD8JZfXiV+o35d9+4vas2bIo0yOSGn5Jx45JI0yR1pEZ8wkpBn8kreHHRenHfnY9FacoqZY/IHzucPXHOQ2A==</latexit>

↵23
<latexit sha1_base64="7JpLGRE/6/jkhV4mOY/lLtEsR1Y=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8laQK6q3oxWMFYwtpKZPtpl262Q27G6GE/gwvHlS8+m+8+W/ctjlo64OBx3szzMyLUs608bxvZ2V1bX1js7RV3t7Z3duvHBw+apkpQgMiuVTtCDXlTNDAMMNpO1UUk4jTVjS6nfqtJ6o0k+LBjFPaTXAgWMwIGiuFHeTpEHt5/XzSq1S9mjeDu0z8glShQLNX+er0JckSKgzhqHXoe6np5qgMI5xOyp1M0xTJCAc0tFRgQnU3n508cU+t0ndjqWwJ487U3xM5JlqPk8h2JmiGetGbiv95YWbiq27ORJoZKsh8UZxx10h3+r/bZ4oSw8eWIFHM3uqSISokxqZUtiH4iy8vk6Beu6759xfVxk2RRgmO4QTOwIdLaMAdNCEAAhKe4RXeHOO8OO/Ox7x1xSlmjuAPnM8fX3yQ2g==</latexit><latexit sha1_base64="7JpLGRE/6/jkhV4mOY/lLtEsR1Y=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8laQK6q3oxWMFYwtpKZPtpl262Q27G6GE/gwvHlS8+m+8+W/ctjlo64OBx3szzMyLUs608bxvZ2V1bX1js7RV3t7Z3duvHBw+apkpQgMiuVTtCDXlTNDAMMNpO1UUk4jTVjS6nfqtJ6o0k+LBjFPaTXAgWMwIGiuFHeTpEHt5/XzSq1S9mjeDu0z8glShQLNX+er0JckSKgzhqHXoe6np5qgMI5xOyp1M0xTJCAc0tFRgQnU3n508cU+t0ndjqWwJ487U3xM5JlqPk8h2JmiGetGbiv95YWbiq27ORJoZKsh8UZxx10h3+r/bZ4oSw8eWIFHM3uqSISokxqZUtiH4iy8vk6Beu6759xfVxk2RRgmO4QTOwIdLaMAdNCEAAhKe4RXeHOO8OO/Ox7x1xSlmjuAPnM8fX3yQ2g==</latexit><latexit sha1_base64="7JpLGRE/6/jkhV4mOY/lLtEsR1Y=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8laQK6q3oxWMFYwtpKZPtpl262Q27G6GE/gwvHlS8+m+8+W/ctjlo64OBx3szzMyLUs608bxvZ2V1bX1js7RV3t7Z3duvHBw+apkpQgMiuVTtCDXlTNDAMMNpO1UUk4jTVjS6nfqtJ6o0k+LBjFPaTXAgWMwIGiuFHeTpEHt5/XzSq1S9mjeDu0z8glShQLNX+er0JckSKgzhqHXoe6np5qgMI5xOyp1M0xTJCAc0tFRgQnU3n508cU+t0ndjqWwJ487U3xM5JlqPk8h2JmiGetGbiv95YWbiq27ORJoZKsh8UZxx10h3+r/bZ4oSw8eWIFHM3uqSISokxqZUtiH4iy8vk6Beu6759xfVxk2RRgmO4QTOwIdLaMAdNCEAAhKe4RXeHOO8OO/Ox7x1xSlmjuAPnM8fX3yQ2g==</latexit><latexit sha1_base64="7JpLGRE/6/jkhV4mOY/lLtEsR1Y=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBE8laQK6q3oxWMFYwtpKZPtpl262Q27G6GE/gwvHlS8+m+8+W/ctjlo64OBx3szzMyLUs608bxvZ2V1bX1js7RV3t7Z3duvHBw+apkpQgMiuVTtCDXlTNDAMMNpO1UUk4jTVjS6nfqtJ6o0k+LBjFPaTXAgWMwIGiuFHeTpEHt5/XzSq1S9mjeDu0z8glShQLNX+er0JckSKgzhqHXoe6np5qgMI5xOyp1M0xTJCAc0tFRgQnU3n508cU+t0ndjqWwJ487U3xM5JlqPk8h2JmiGetGbiv95YWbiq27ORJoZKsh8UZxx10h3+r/bZ4oSw8eWIFHM3uqSISokxqZUtiH4iy8vk6Beu6759xfVxk2RRgmO4QTOwIdLaMAdNCEAAhKe4RXeHOO8OO/Ox7x1xSlmjuAPnM8fX3yQ2g==</latexit>

(Heating, cooling strokes)

⌧H
<latexit sha1_base64="X2hMnFPMqzIaQYPkgU8HiUV3tlE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sjm6n/8MS1EYm6w3HKg5gOlIgEo2ildhdp1subk1615tbdGcgy8QpSgwKtXvWr209YFnOFTFJjOp6bYpBTjYJJPql0M8NTykZ0wDuWKhpzE+SzeyfkxCp9EiXalkIyU39P5DQ2ZhyHtjOmODSL3lT8z+tkGF0GuVBphlyx+aIokwQTMn2e9IXmDOXYEsq0sLcSNqSaMrQRVWwI3uLLy8Q/q1/VvdvzWuO6SKMMR3AMp+DBBTSgCS3wgYGEZ3iFN+fReXHenY95a8kpZg7hD5zPH56Aj+M=</latexit><latexit sha1_base64="X2hMnFPMqzIaQYPkgU8HiUV3tlE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sjm6n/8MS1EYm6w3HKg5gOlIgEo2ildhdp1subk1615tbdGcgy8QpSgwKtXvWr209YFnOFTFJjOp6bYpBTjYJJPql0M8NTykZ0wDuWKhpzE+SzeyfkxCp9EiXalkIyU39P5DQ2ZhyHtjOmODSL3lT8z+tkGF0GuVBphlyx+aIokwQTMn2e9IXmDOXYEsq0sLcSNqSaMrQRVWwI3uLLy8Q/q1/VvdvzWuO6SKMMR3AMp+DBBTSgCS3wgYGEZ3iFN+fReXHenY95a8kpZg7hD5zPH56Aj+M=</latexit><latexit sha1_base64="X2hMnFPMqzIaQYPkgU8HiUV3tlE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sjm6n/8MS1EYm6w3HKg5gOlIgEo2ildhdp1subk1615tbdGcgy8QpSgwKtXvWr209YFnOFTFJjOp6bYpBTjYJJPql0M8NTykZ0wDuWKhpzE+SzeyfkxCp9EiXalkIyU39P5DQ2ZhyHtjOmODSL3lT8z+tkGF0GuVBphlyx+aIokwQTMn2e9IXmDOXYEsq0sLcSNqSaMrQRVWwI3uLLy8Q/q1/VvdvzWuO6SKMMR3AMp+DBBTSgCS3wgYGEZ3iFN+fReXHenY95a8kpZg7hD5zPH56Aj+M=</latexit><latexit sha1_base64="X2hMnFPMqzIaQYPkgU8HiUV3tlE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sjm6n/8MS1EYm6w3HKg5gOlIgEo2ildhdp1subk1615tbdGcgy8QpSgwKtXvWr209YFnOFTFJjOp6bYpBTjYJJPql0M8NTykZ0wDuWKhpzE+SzeyfkxCp9EiXalkIyU39P5DQ2ZhyHtjOmODSL3lT8z+tkGF0GuVBphlyx+aIokwQTMn2e9IXmDOXYEsq0sLcSNqSaMrQRVWwI3uLLy8Q/q1/VvdvzWuO6SKMMR3AMp+DBBTSgCS3wgYGEZ3iFN+fReXHenY95a8kpZg7hD5zPH56Aj+M=</latexit>

⌧C
<latexit sha1_base64="keAYPvBqN/eLnFLeMxmy/sPY/UI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj5tR/eOLaiETd4TjlQUwHSkSCUbRSu4s06+XNSa9ac+vuDGSZeAWpQYFWr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZvRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjC6DXKg0Q67YfFGUSYIJmT5P+kJzhnJsCWVa2FsJG1JNGdqIKjYEb/HlZeKf1a/q3u15rXFdpFGGIziGU/DgAhpwAy3wgYGEZ3iFN+fReXHenY95a8kpZg7hD5zPH5bsj94=</latexit><latexit sha1_base64="keAYPvBqN/eLnFLeMxmy/sPY/UI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj5tR/eOLaiETd4TjlQUwHSkSCUbRSu4s06+XNSa9ac+vuDGSZeAWpQYFWr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZvRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjC6DXKg0Q67YfFGUSYIJmT5P+kJzhnJsCWVa2FsJG1JNGdqIKjYEb/HlZeKf1a/q3u15rXFdpFGGIziGU/DgAhpwAy3wgYGEZ3iFN+fReXHenY95a8kpZg7hD5zPH5bsj94=</latexit><latexit sha1_base64="keAYPvBqN/eLnFLeMxmy/sPY/UI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj5tR/eOLaiETd4TjlQUwHSkSCUbRSu4s06+XNSa9ac+vuDGSZeAWpQYFWr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZvRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjC6DXKg0Q67YfFGUSYIJmT5P+kJzhnJsCWVa2FsJG1JNGdqIKjYEb/HlZeKf1a/q3u15rXFdpFGGIziGU/DgAhpwAy3wgYGEZ3iFN+fReXHenY95a8kpZg7hD5zPH5bsj94=</latexit><latexit sha1_base64="keAYPvBqN/eLnFLeMxmy/sPY/UI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWMFpoQ9lsN+3SzSbuToQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h/cmyTTjPsskYluh9RwKRT3UaDk7VRzGoeSP4Sj5tR/eOLaiETd4TjlQUwHSkSCUbRSu4s06+XNSa9ac+vuDGSZeAWpQYFWr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZvRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjC6DXKg0Q67YfFGUSYIJmT5P+kJzhnJsCWVa2FsJG1JNGdqIKjYEb/HlZeKf1a/q3u15rXFdpFGGIziGU/DgAhpwAy3wgYGEZ3iFN+fReXHenY95a8kpZg7hD5zPH5bsj94=</latexit>

(compression/expansion strokes)

!2(!i,!f ) =
q

!2
i + (!2

f � !2
i )t/⌧R

<latexit sha1_base64="FC15G/cgB4GG/MaL/4DjWpzh638="></latexit><latexit sha1_base64="FC15G/cgB4GG/MaL/4DjWpzh638="></latexit><latexit sha1_base64="FC15G/cgB4GG/MaL/4DjWpzh638="></latexit><latexit sha1_base64="FC15G/cgB4GG/MaL/4DjWpzh638="></latexit>

⌧R
<latexit sha1_base64="lw3YmVSFLg6QQccE2qa66/AwfVk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49VTFtoQ9lst+3azW7YnQgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZelAhu0PO+ncLK6tr6RnGztLW9s7tX3j9oGJVqygKqhNKtiBgmuGQBchSslWhG4kiwZjS6mfrNJ6YNV/IBxwkLYzKQvM8pQSs1OkjS7n23XPGq3gzuMvFzUoEc9W75q9NTNI2ZRCqIMW3fSzDMiEZOBZuUOqlhCaEjMmBtSyWJmQmz2bUT98QqPbevtC2J7kz9PZGR2JhxHNnOmODQLHpT8T+vnWL/Msy4TFJkks4X9VPhonKnr7s9rhlFMbaEUM3trS4dEk0o2oBKNgR/8eVlEpxVr6r+3Xmldp2nUYQjOIZT8OECanALdQiAwiM8wyu8Ocp5cd6dj3lrwclnDuEPnM8f53SO4Q==</latexit><latexit sha1_base64="lw3YmVSFLg6QQccE2qa66/AwfVk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49VTFtoQ9lst+3azW7YnQgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZelAhu0PO+ncLK6tr6RnGztLW9s7tX3j9oGJVqygKqhNKtiBgmuGQBchSslWhG4kiwZjS6mfrNJ6YNV/IBxwkLYzKQvM8pQSs1OkjS7n23XPGq3gzuMvFzUoEc9W75q9NTNI2ZRCqIMW3fSzDMiEZOBZuUOqlhCaEjMmBtSyWJmQmz2bUT98QqPbevtC2J7kz9PZGR2JhxHNnOmODQLHpT8T+vnWL/Msy4TFJkks4X9VPhonKnr7s9rhlFMbaEUM3trS4dEk0o2oBKNgR/8eVlEpxVr6r+3Xmldp2nUYQjOIZT8OECanALdQiAwiM8wyu8Ocp5cd6dj3lrwclnDuEPnM8f53SO4Q==</latexit><latexit sha1_base64="lw3YmVSFLg6QQccE2qa66/AwfVk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49VTFtoQ9lst+3azW7YnQgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZelAhu0PO+ncLK6tr6RnGztLW9s7tX3j9oGJVqygKqhNKtiBgmuGQBchSslWhG4kiwZjS6mfrNJ6YNV/IBxwkLYzKQvM8pQSs1OkjS7n23XPGq3gzuMvFzUoEc9W75q9NTNI2ZRCqIMW3fSzDMiEZOBZuUOqlhCaEjMmBtSyWJmQmz2bUT98QqPbevtC2J7kz9PZGR2JhxHNnOmODQLHpT8T+vnWL/Msy4TFJkks4X9VPhonKnr7s9rhlFMbaEUM3trS4dEk0o2oBKNgR/8eVlEpxVr6r+3Xmldp2nUYQjOIZT8OECanALdQiAwiM8wyu8Ocp5cd6dj3lrwclnDuEPnM8f53SO4Q==</latexit><latexit sha1_base64="lw3YmVSFLg6QQccE2qa66/AwfVk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49VTFtoQ9lst+3azW7YnQgl9D948aDi1R/kzX/jts1BWx8MPN6bYWZelAhu0PO+ncLK6tr6RnGztLW9s7tX3j9oGJVqygKqhNKtiBgmuGQBchSslWhG4kiwZjS6mfrNJ6YNV/IBxwkLYzKQvM8pQSs1OkjS7n23XPGq3gzuMvFzUoEc9W75q9NTNI2ZRCqIMW3fSzDMiEZOBZuUOqlhCaEjMmBtSyWJmQmz2bUT98QqPbevtC2J7kz9PZGR2JhxHNnOmODQLHpT8T+vnWL/Msy4TFJkks4X9VPhonKnr7s9rhlFMbaEUM3trS4dEk0o2oBKNgR/8eVlEpxVr6r+3Xmldp2nUYQjOIZT8OECanALdQiAwiM8wyu8Ocp5cd6dj3lrwclnDuEPnM8f53SO4Q==</latexit>
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The Otto cycle in oscillators
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More details

R = {x1, x2, x3, p1, p2, p3}Ordered operator basis

Covariance matrix �ij =
1

2
hRiRj +RjRii � hRiihRji

Lyapunov Equation �̇(t) = A�(t) + �(t)A

Covariance matrix is the matrix of your unknowns 
- if you know it, you know everything!

A = ⌦H
<latexit sha1_base64="9ncnvgBRAFCkhXYAr/rakKMGS6A=">AAACFXicbZDNSgMxFIUz9a+Of1WXboKl4MYyI4K6KLS66c4K1hY6pWTSTBuaZIYkI5RhnsKNr+LGhYpbwZ1vY9qOoK0HAofv3kvuPX7EqNKO82XllpZXVtfy6/bG5tb2TmF3706FscSkiUMWyraPFGFUkKammpF2JAniPiMtf3Q1qbfuiVQ0FLd6HJEuRwNBA4qRNqhXOC55HOmhHyS1tOJF3E+8a04GKP3B9dSuVWYM1nuFolN2poKLxs1MEWRq9AqfXj/EMSdCY4aU6rhOpLsJkppiRlLbixWJEB6hAekYKxAnqptMz0phyZA+DEJpntBwSn9PJIgrNea+6Zwsq+ZrE/hfrRPr4LybUBHFmgg8+yiIGdQhnGQE+1QSrNnYGIQlNbtCPEQSYW2StE0I7vzJi6Z5Ur4ouzenxepllkYeHIBDcARccAaqoA4aoAkweABP4AW8Wo/Ws/Vmvc9ac1Y2sw/+yPr4BujVnsU=</latexit><latexit sha1_base64="9ncnvgBRAFCkhXYAr/rakKMGS6A=">AAACFXicbZDNSgMxFIUz9a+Of1WXboKl4MYyI4K6KLS66c4K1hY6pWTSTBuaZIYkI5RhnsKNr+LGhYpbwZ1vY9qOoK0HAofv3kvuPX7EqNKO82XllpZXVtfy6/bG5tb2TmF3706FscSkiUMWyraPFGFUkKammpF2JAniPiMtf3Q1qbfuiVQ0FLd6HJEuRwNBA4qRNqhXOC55HOmhHyS1tOJF3E+8a04GKP3B9dSuVWYM1nuFolN2poKLxs1MEWRq9AqfXj/EMSdCY4aU6rhOpLsJkppiRlLbixWJEB6hAekYKxAnqptMz0phyZA+DEJpntBwSn9PJIgrNea+6Zwsq+ZrE/hfrRPr4LybUBHFmgg8+yiIGdQhnGQE+1QSrNnYGIQlNbtCPEQSYW2StE0I7vzJi6Z5Ur4ouzenxepllkYeHIBDcARccAaqoA4aoAkweABP4AW8Wo/Ws/Vmvc9ac1Y2sw/+yPr4BujVnsU=</latexit><latexit sha1_base64="9ncnvgBRAFCkhXYAr/rakKMGS6A=">AAACFXicbZDNSgMxFIUz9a+Of1WXboKl4MYyI4K6KLS66c4K1hY6pWTSTBuaZIYkI5RhnsKNr+LGhYpbwZ1vY9qOoK0HAofv3kvuPX7EqNKO82XllpZXVtfy6/bG5tb2TmF3706FscSkiUMWyraPFGFUkKammpF2JAniPiMtf3Q1qbfuiVQ0FLd6HJEuRwNBA4qRNqhXOC55HOmhHyS1tOJF3E+8a04GKP3B9dSuVWYM1nuFolN2poKLxs1MEWRq9AqfXj/EMSdCY4aU6rhOpLsJkppiRlLbixWJEB6hAekYKxAnqptMz0phyZA+DEJpntBwSn9PJIgrNea+6Zwsq+ZrE/hfrRPr4LybUBHFmgg8+yiIGdQhnGQE+1QSrNnYGIQlNbtCPEQSYW2StE0I7vzJi6Z5Ur4ouzenxepllkYeHIBDcARccAaqoA4aoAkweABP4AW8Wo/Ws/Vmvc9ac1Y2sw/+yPr4BujVnsU=</latexit><latexit sha1_base64="9ncnvgBRAFCkhXYAr/rakKMGS6A=">AAACFXicbZDNSgMxFIUz9a+Of1WXboKl4MYyI4K6KLS66c4K1hY6pWTSTBuaZIYkI5RhnsKNr+LGhYpbwZ1vY9qOoK0HAofv3kvuPX7EqNKO82XllpZXVtfy6/bG5tb2TmF3706FscSkiUMWyraPFGFUkKammpF2JAniPiMtf3Q1qbfuiVQ0FLd6HJEuRwNBA4qRNqhXOC55HOmhHyS1tOJF3E+8a04GKP3B9dSuVWYM1nuFolN2poKLxs1MEWRq9AqfXj/EMSdCY4aU6rhOpLsJkppiRlLbixWJEB6hAekYKxAnqptMz0phyZA+DEJpntBwSn9PJIgrNea+6Zwsq+ZrE/hfrRPr4LybUBHFmgg8+yiIGdQhnGQE+1QSrNnYGIQlNbtCPEQSYW2StE0I7vzJi6Z5Ur4ouzenxepllkYeHIBDcARccAaqoA4aoAkweABP4AW8Wo/Ws/Vmvc9ac1Y2sw/+yPr4BujVnsU=</latexit>
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More details

How are we measuring work?

W = Tr [H {�[n⌧ ]� �[(n� 1)⌧ ]}]
<latexit sha1_base64="Irn7QnI7TOCWgueoFC5d/g7mwKo="></latexit><latexit sha1_base64="Irn7QnI7TOCWgueoFC5d/g7mwKo="></latexit><latexit sha1_base64="Irn7QnI7TOCWgueoFC5d/g7mwKo="></latexit><latexit sha1_base64="Irn7QnI7TOCWgueoFC5d/g7mwKo="></latexit>

Work defined on a per cycle basis as the energy of the 
system decreases every cycle

The baths are ‘finite’…no thermalisation! 
As a result every cycle is different!

Thermal states Squeezed statesv
3O

i=1

exp (��iHi)

Zi
<latexit sha1_base64="jZyRLnMWbKOMBomlMs+Wbrg6yJM="></latexit><latexit sha1_base64="jZyRLnMWbKOMBomlMs+Wbrg6yJM="></latexit><latexit sha1_base64="jZyRLnMWbKOMBomlMs+Wbrg6yJM="></latexit><latexit sha1_base64="jZyRLnMWbKOMBomlMs+Wbrg6yJM="></latexit>

O

i=1

S(ri) |0i h0|S†(ri)
<latexit sha1_base64="on063ILvN2UrcyNH04PECRF9upo=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSJUkJqIoC6EohuXlRpbaGqYTKbt0MmDmRuhhHyGH+B3uFVciVv7N07TLLR6YZjDOfdy7zlezJkE05xopYXFpeWV8mplbX1jc0vf3rmXUSIItUnEI9HxsKSchdQGBpx2YkFx4HHa9kbXU739SIVkUXgH45j2AjwIWZ8RDIpy9WPHY4MIWEClm7JLK2vVhMsOnRGF1MwcT2D1tR4cHw9ywdWrZt3My/gLrAJUUVFNV584fkSSgIZAOJaya5kx9FIsgBFOs4qTSBpjMsID2lUwxOqSXpoby4wDxfhGPxLqhWDk7M+JFAdSjgNPdQYYhnJem5JHyoNy819LN4H+eS9lYZwADclsXz/hBkTGNCzDZ4IS4GMFMBFMnWyQIRaYgIq0orKw5p3/BfZJ/aJu3Z5WG1dFKGW0h/ZRDVnoDDXQDWoiGxH0hF7QK3rTnrV37UP7nLWWtGJmF/0q7esb/HuilA==</latexit><latexit sha1_base64="on063ILvN2UrcyNH04PECRF9upo=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSJUkJqIoC6EohuXlRpbaGqYTKbt0MmDmRuhhHyGH+B3uFVciVv7N07TLLR6YZjDOfdy7zlezJkE05xopYXFpeWV8mplbX1jc0vf3rmXUSIItUnEI9HxsKSchdQGBpx2YkFx4HHa9kbXU739SIVkUXgH45j2AjwIWZ8RDIpy9WPHY4MIWEClm7JLK2vVhMsOnRGF1MwcT2D1tR4cHw9ywdWrZt3My/gLrAJUUVFNV584fkSSgIZAOJaya5kx9FIsgBFOs4qTSBpjMsID2lUwxOqSXpoby4wDxfhGPxLqhWDk7M+JFAdSjgNPdQYYhnJem5JHyoNy819LN4H+eS9lYZwADclsXz/hBkTGNCzDZ4IS4GMFMBFMnWyQIRaYgIq0orKw5p3/BfZJ/aJu3Z5WG1dFKGW0h/ZRDVnoDDXQDWoiGxH0hF7QK3rTnrV37UP7nLWWtGJmF/0q7esb/HuilA==</latexit><latexit sha1_base64="on063ILvN2UrcyNH04PECRF9upo=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSJUkJqIoC6EohuXlRpbaGqYTKbt0MmDmRuhhHyGH+B3uFVciVv7N07TLLR6YZjDOfdy7zlezJkE05xopYXFpeWV8mplbX1jc0vf3rmXUSIItUnEI9HxsKSchdQGBpx2YkFx4HHa9kbXU739SIVkUXgH45j2AjwIWZ8RDIpy9WPHY4MIWEClm7JLK2vVhMsOnRGF1MwcT2D1tR4cHw9ywdWrZt3My/gLrAJUUVFNV584fkSSgIZAOJaya5kx9FIsgBFOs4qTSBpjMsID2lUwxOqSXpoby4wDxfhGPxLqhWDk7M+JFAdSjgNPdQYYhnJem5JHyoNy819LN4H+eS9lYZwADclsXz/hBkTGNCzDZ4IS4GMFMBFMnWyQIRaYgIq0orKw5p3/BfZJ/aJu3Z5WG1dFKGW0h/ZRDVnoDDXQDWoiGxH0hF7QK3rTnrV37UP7nLWWtGJmF/0q7esb/HuilA==</latexit><latexit sha1_base64="on063ILvN2UrcyNH04PECRF9upo=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSJUkJqIoC6EohuXlRpbaGqYTKbt0MmDmRuhhHyGH+B3uFVciVv7N07TLLR6YZjDOfdy7zlezJkE05xopYXFpeWV8mplbX1jc0vf3rmXUSIItUnEI9HxsKSchdQGBpx2YkFx4HHa9kbXU739SIVkUXgH45j2AjwIWZ8RDIpy9WPHY4MIWEClm7JLK2vVhMsOnRGF1MwcT2D1tR4cHw9ywdWrZt3My/gLrAJUUVFNV584fkSSgIZAOJaya5kx9FIsgBFOs4qTSBpjMsID2lUwxOqSXpoby4wDxfhGPxLqhWDk7M+JFAdSjgNPdQYYhnJem5JHyoNy819LN4H+eS9lYZwADclsXz/hBkTGNCzDZ4IS4GMFMBFMnWyQIRaYgIq0orKw5p3/BfZJ/aJu3Z5WG1dFKGW0h/ZRDVnoDDXQDWoiGxH0hF7QK3rTnrV37UP7nLWWtGJmF/0q7esb/HuilA==</latexit>
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work

!3 = 0.1!1
<latexit sha1_base64="PKrrB06cnGGTBfxTqRATOuBBrSU=">AAAB/HicbZDLSsNAFIYn9VbrLV52bgaL4CokKqgLoejGZQVjC20Ik+m0HTqXMDMRaii+ihsXKm59EHe+jdM2C239YeDjP+dwzvxJyqg2vv/tlBYWl5ZXyquVtfWNzS13e+dey0xhEmLJpGomSBNGBQkNNYw0U0UQTxhpJIPrcb3xQJSmUtyZYUoijnqCdilGxlqxu9eWnPRQfHLpe0HBQexWfc+fCM5DUEAVFKrH7le7I3HGiTCYIa1bgZ+aKEfKUMzIqNLONEkRHqAeaVkUiBMd5ZPrR/DQOh3Ylco+YeDE/T2RI671kCe2kyPT17O1sflfrZWZ7nmUU5Fmhgg8XdTNGDQSjqOAHaoINmxoAWFF7a0Q95FC2NjAKjaEYPbL8xAeexdecHtarV0VaZTBPjgARyAAZ6AGbkAdhACDR/AMXsGb8+S8OO/Ox7S15BQzu+CPnM8fQA2T/w==</latexit><latexit sha1_base64="PKrrB06cnGGTBfxTqRATOuBBrSU=">AAAB/HicbZDLSsNAFIYn9VbrLV52bgaL4CokKqgLoejGZQVjC20Ik+m0HTqXMDMRaii+ihsXKm59EHe+jdM2C239YeDjP+dwzvxJyqg2vv/tlBYWl5ZXyquVtfWNzS13e+dey0xhEmLJpGomSBNGBQkNNYw0U0UQTxhpJIPrcb3xQJSmUtyZYUoijnqCdilGxlqxu9eWnPRQfHLpe0HBQexWfc+fCM5DUEAVFKrH7le7I3HGiTCYIa1bgZ+aKEfKUMzIqNLONEkRHqAeaVkUiBMd5ZPrR/DQOh3Ylco+YeDE/T2RI671kCe2kyPT17O1sflfrZWZ7nmUU5Fmhgg8XdTNGDQSjqOAHaoINmxoAWFF7a0Q95FC2NjAKjaEYPbL8xAeexdecHtarV0VaZTBPjgARyAAZ6AGbkAdhACDR/AMXsGb8+S8OO/Ox7S15BQzu+CPnM8fQA2T/w==</latexit><latexit sha1_base64="PKrrB06cnGGTBfxTqRATOuBBrSU=">AAAB/HicbZDLSsNAFIYn9VbrLV52bgaL4CokKqgLoejGZQVjC20Ik+m0HTqXMDMRaii+ihsXKm59EHe+jdM2C239YeDjP+dwzvxJyqg2vv/tlBYWl5ZXyquVtfWNzS13e+dey0xhEmLJpGomSBNGBQkNNYw0U0UQTxhpJIPrcb3xQJSmUtyZYUoijnqCdilGxlqxu9eWnPRQfHLpe0HBQexWfc+fCM5DUEAVFKrH7le7I3HGiTCYIa1bgZ+aKEfKUMzIqNLONEkRHqAeaVkUiBMd5ZPrR/DQOh3Ylco+YeDE/T2RI671kCe2kyPT17O1sflfrZWZ7nmUU5Fmhgg8XdTNGDQSjqOAHaoINmxoAWFF7a0Q95FC2NjAKjaEYPbL8xAeexdecHtarV0VaZTBPjgARyAAZ6AGbkAdhACDR/AMXsGb8+S8OO/Ox7S15BQzu+CPnM8fQA2T/w==</latexit><latexit sha1_base64="PKrrB06cnGGTBfxTqRATOuBBrSU=">AAAB/HicbZDLSsNAFIYn9VbrLV52bgaL4CokKqgLoejGZQVjC20Ik+m0HTqXMDMRaii+ihsXKm59EHe+jdM2C239YeDjP+dwzvxJyqg2vv/tlBYWl5ZXyquVtfWNzS13e+dey0xhEmLJpGomSBNGBQkNNYw0U0UQTxhpJIPrcb3xQJSmUtyZYUoijnqCdilGxlqxu9eWnPRQfHLpe0HBQexWfc+fCM5DUEAVFKrH7le7I3HGiTCYIa1bgZ+aKEfKUMzIqNLONEkRHqAeaVkUiBMd5ZPrR/DQOh3Ylco+YeDE/T2RI671kCe2kyPT17O1sflfrZWZ7nmUU5Fmhgg8XdTNGDQSjqOAHaoINmxoAWFF7a0Q95FC2NjAKjaEYPbL8xAeexdecHtarV0VaZTBPjgARyAAZ6AGbkAdhACDR/AMXsGb8+S8OO/Ox7S15BQzu+CPnM8fQA2T/w==</latexit>

�2,3 ! 1
<latexit sha1_base64="PJl8OHBZMTPSnt8LpsR1wab/HcU=">AAACBHicbVBNS8NAEN3Ur1q/oh71ECyCBylJFdRb0YvHCsYWmhA22027dLMJuxOlhF68+Fe8eFDx6o/w5r9x2+agrQ8GHu/NMDMvTDlTYNvfRmlhcWl5pbxaWVvf2Nwyt3fuVJJJQl2S8ES2Q6woZ4K6wIDTdiopjkNOW+Hgauy37qlULBG3MEypH+OeYBEjGLQUmPteSAEHef34ZORJ1usDljJ58JiIYBiYVbtmT2DNE6cgVVSgGZhfXjchWUwFEI6V6jh2Cn6OJTDC6ajiZYqmmAxwj3Y0FTimys8nX4ysQ610rSiRugRYE/X3RI5jpYZxqDtjDH01643F/7xOBtG5nzORZkAFmS6KMm5BYo0jsbpMUgJ8qAkmkulbLdLHEhPQwVV0CM7sy/PErdcuas7NabVxWaRRRnvoAB0hB52hBrpGTeQigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzA+fwBAw5ii</latexit><latexit sha1_base64="PJl8OHBZMTPSnt8LpsR1wab/HcU=">AAACBHicbVBNS8NAEN3Ur1q/oh71ECyCBylJFdRb0YvHCsYWmhA22027dLMJuxOlhF68+Fe8eFDx6o/w5r9x2+agrQ8GHu/NMDMvTDlTYNvfRmlhcWl5pbxaWVvf2Nwyt3fuVJJJQl2S8ES2Q6woZ4K6wIDTdiopjkNOW+Hgauy37qlULBG3MEypH+OeYBEjGLQUmPteSAEHef34ZORJ1usDljJ58JiIYBiYVbtmT2DNE6cgVVSgGZhfXjchWUwFEI6V6jh2Cn6OJTDC6ajiZYqmmAxwj3Y0FTimys8nX4ysQ610rSiRugRYE/X3RI5jpYZxqDtjDH01643F/7xOBtG5nzORZkAFmS6KMm5BYo0jsbpMUgJ8qAkmkulbLdLHEhPQwVV0CM7sy/PErdcuas7NabVxWaRRRnvoAB0hB52hBrpGTeQigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzA+fwBAw5ii</latexit><latexit sha1_base64="PJl8OHBZMTPSnt8LpsR1wab/HcU=">AAACBHicbVBNS8NAEN3Ur1q/oh71ECyCBylJFdRb0YvHCsYWmhA22027dLMJuxOlhF68+Fe8eFDx6o/w5r9x2+agrQ8GHu/NMDMvTDlTYNvfRmlhcWl5pbxaWVvf2Nwyt3fuVJJJQl2S8ES2Q6woZ4K6wIDTdiopjkNOW+Hgauy37qlULBG3MEypH+OeYBEjGLQUmPteSAEHef34ZORJ1usDljJ58JiIYBiYVbtmT2DNE6cgVVSgGZhfXjchWUwFEI6V6jh2Cn6OJTDC6ajiZYqmmAxwj3Y0FTimys8nX4ysQ610rSiRugRYE/X3RI5jpYZxqDtjDH01643F/7xOBtG5nzORZkAFmS6KMm5BYo0jsbpMUgJ8qAkmkulbLdLHEhPQwVV0CM7sy/PErdcuas7NabVxWaRRRnvoAB0hB52hBrpGTeQigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzA+fwBAw5ii</latexit><latexit sha1_base64="PJl8OHBZMTPSnt8LpsR1wab/HcU=">AAACBHicbVBNS8NAEN3Ur1q/oh71ECyCBylJFdRb0YvHCsYWmhA22027dLMJuxOlhF68+Fe8eFDx6o/w5r9x2+agrQ8GHu/NMDMvTDlTYNvfRmlhcWl5pbxaWVvf2Nwyt3fuVJJJQl2S8ES2Q6woZ4K6wIDTdiopjkNOW+Hgauy37qlULBG3MEypH+OeYBEjGLQUmPteSAEHef34ZORJ1usDljJ58JiIYBiYVbtmT2DNE6cgVVSgGZhfXjchWUwFEI6V6jh2Cn6OJTDC6ajiZYqmmAxwj3Y0FTimys8nX4ysQ610rSiRugRYE/X3RI5jpYZxqDtjDH01643F/7xOBtG5nzORZkAFmS6KMm5BYo0jsbpMUgJ8qAkmkulbLdLHEhPQwVV0CM7sy/PErdcuas7NabVxWaRRRnvoAB0hB52hBrpGTeQigh7RM3pFb8aT8WK8Gx/T1pJRzOyiPzA+fwBAw5ii</latexit>

No entanglement for thermal 
states!
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Thermal states —randomised variables
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Talking points & Future work

Natural extension: bigger baths!

Pozas-Kerstjens et al. NJP 20 043034

Large but finite baths allow for emulation of infinite baths

To mention:
Third oscillator kind of useless — not necessary for work 

extraction!!!
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Other results
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Two Italians and a Frenchman walk into a bar

Gabriele De Chiara 
Queen’s University Belfast

Mauro Antezza 
Laboratoire Charles 

Coulomb (Montpellier)

Simon Pigeon 
Laboratoire Kassler 

Brossel (Paris)


