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Introduction

The Wilhelm und Else Heraeus-Stiftung is a private foundation that supports
research and education in science with an emphasis on physics. It is recognized as
Germany’s most important private institution funding physics. Some of the
activities of the foundation are carried out in close cooperation with the German
Physical Society (Deutsche Physikalische Gesellschaft). For detailed information
see https://www.we-heraeus-stiftung.de

Aims and scope of the 713. WE-Heraeus-Seminar:

Quantum thermodynamics is an emergent research field, which combines ideas from
statistical mechanics, open quantum system theory, quantum information and
mesoscopic physics. Its goals are as diverse as the different fields involved, ranging
from the desire to understand the emergence of the laws of thermodynamics from a
microscopic picture to the need of designing useful quantum heat engines in a new
era of increased nanotechnological abilities. While many different approaches have
been put forward in the last years to understand thermodynamics in the quantum
regime, a remaining future challenge is to bridge the gaps between different
communities and to create a common understanding of the phenomena involved.
The goal of this workshop is twofold:

On the one hand, it is crucial to permit young researchers to benefit from
conferences in order to get acquainted with different visions of the field, as well as to
communicate their own research. Therefore, this workshop will especially give early
career researchers in quantum thermodynamics and related fields the opportunity to
present their research, exchange ideas, and get exposed to different topics. With this
step we will keep the field open for new ideas.

On the other hand, it is also important to connect the different fields and
approaches involved. Therefore, the workshop will rest on four tutorial lectures given
by recognised young researchers about ‘equilibration in closed many-body systems’
(Markus Midiller), ‘open quantum systems’ (Javier Cerillo), ‘quantum information
theory and thermodynamics’ (Nicole Yunger Halpern), and ‘quantum transport and
mesoscopic physics’ (Geraldine Haack).

Furthermore, while the curiosity driving research remains essentially the same
throughout all generations of physicists, the scientific environment in which we carry
out our research has drastically changed in the last decades. Since the young
generation will be the one which shapes the future of science, we will have a special
non-physics talk by Ben Martin on the present and future of our universities and
academic research.

Scientific Organizers:

Dr. Marti Perarnau-Llobet MPI fir Quantenoptik, Garching, Germany
E-mail: marti.perarnau@mpg.mpg.de

Dr. Philipp Strasberg Universitat Autonoma de Barcelona, Spain
E-mail: philipp.strasberg@uab.cat




Sunday, 2 February 2020

17:00 - 21:00  Registration

from 18:30 BUFFET SUPPER / Informal get together

Monday, 3 February 2020

08:00 - 09:00 BREAKFAST
09:00 — 09:20  Philipp Strasberg Welcome
Marti Perarnau-Llobet

09:20-10:20  Géraldine Haack An efficient Aharonov-Bohm
quantum heat engine: Fundamentals
of thermoelectricity and applications

10:20 - 10:50  COFFEE BREAK

First slot Contributed Talks (Chair: Géraldine Haack)

10:50 - 11:15  Cecilia Chiaracane Quasiperiodic quantum heat engines
with a mobility edge

11:15-11:40  Paolo Andrea Erdman Maximum power and corresponding
efficiency for two-level heat engines
and refrigerators: optimality of fast

cycles

11:40 - 12:05  Patrice Camati Autonomous Maxwell's demon in a
cavity QED system

12:05-12:30  Armin Tavakoli Autonomous entanglement engines

12:30-12:40 Conference Photo (in front of the Lecture Hall)

12:40 LUNCH



Monday, 3 February 2020

(Chair: Gabriel Landi)

14:00 - 15:00  Javier Cerrillo Open Quantum Systems: Noise,
Decoherence, Memory

15:00 - 15:15  Stefan Jorda About the Wilhelm and Else Heraeus
Foundation

15:15-15:45  COFFEE BREAK

15:45-18:45  Poster Session

19:00 DINNER



Tuesday, 4 February 2020

08:00 BREAKFAST

(Chair: Philipp Strasberg)

09:20-10:20  Henrik Wilming

10:20 - 10:50  COFFEE BREAK

Equilibration and thermalization in
many-body systems

Second slot Contributed Talks (Chair: Henrik Wilming)

Thermodynamically optimal creation
of correlations

Thermodynamics of Quantum
Information Flows

Negative contributions to entropy
production induced by quantum
coherences

Speed limits to quantum
thermodynamics

10:50 - 11:15  Faraj Bakhshinezhad
11:15-11:40  Krzysztof Ptaszynski
11:40-12:05 Camille

Lombard Latune
12:05-12:30  Luis Pedro

Garcia-Pintos
12:30 LUNCH
14:00 - 16:30  Excursion to the « Léwenburg »
16:30-17:00 COFFEE BREAK

Third slot Contributed Talks (Chair: Philippe Faist)

17:00 -17:25 Daniel Reiche
17:25-17:50 Mohammad Mehboudi
17:50 - 18:15  Mathias Jergensen

18:30 DINNER

Quantum Thermodynamics of Atom-
Surface Interactions in
Nonequilibrium Steady-States

Bath-induced correlations lead to
sub-shot-noise thermometry
precision

Tight bound on finite-resolution
quantum thermometry at low
temperatures




Wednesday, 5 February 2020

08:00 BREAKFAST

Chair: Javier Cerrillo
09:20 - 10:20  Markus Miiller Thermodynamics as a resource
theory: versions of the second law(s)

10:20 - 10:50  COFFEE BREAK

Fourth slot Contributed Talks (Chair: Markus Muller)

10:50 - 11:15  Lennart Dabelow Relaxation theory for perturbed
many-body quantum systems

11:15-11:40  Carlos Alberto On non-ergodic environments and

Parra Murillo ETH in open quantum systems

11:40 - 12:05  Jonas Richter Impact of eigenstate thermalization
on the route to equilibrium

12:05-12:30  Carlo Sparaciari Bounding the resources for
thermalizing many-body localized
systems

12:30 LUNCH



Wednesday, 5 February 2020

Fifth slot Contributed Talks (Chair: Mohammad Mehboudji)

14:00 - 14:25  Paul Menczel Thermodynamics of Cyclic Quantum
Amplifiers
14:25-14:50  Pierre Nazé Optimal protocols for quantum Ising

model under weak driving

14:50 - 15:15  Philippe Faist Asymptotic Reversibility of Thermal
Operations for Interacting Quantum
Spin Systems

15:15-15:45 COFFEE BREAK
15:45-17:00 Time for discussions

17:00 - 18:30  Ben Martin What's Happening to Our
Universities?

18:30 HERAEUS DINNER at the Physikzentrum
(cold & warm buffet, with complimentary drinks)



Thursday, 6 February 2020

08:30 BREAKFAST

Sixth slot Contributed Talks (Chair: Patrice Camati)

09:30 - 09:55  Mark Mitchison A spin heat engine coupled to a
harmonic oscillator flywheel
09:55-10:20  Noufal Jaseem Quantum Synchronization in Nano-
Poovakkattil scale Heat Engines

10:20 - 10:50  COFFEE BREAK

Seventh slot Contributed Talks (Chair: Mark Mitchison)

10:50 - 11:15  Gabriel Teixeira Landi ~ Thermodynamic uncertainty relations
from exchange fluctuation theorems

11:15-11:40  Matteo Scandi Quantum work statistics close to
equilibrium
11:40 - 12:05 Ricardo Puebla Shortcuts-to-adiabaticity protocols

for a robust generation of non-
classical states in spin-boson systems

12:05-12:15  Philipp Strasberg Poster awards and closing remarks
Marti Perarnau-Llobet

12:20 LUNCH

End of the seminar and departure



1 Paolo Abiuso Optimal cycles for low-dissipation heat
engines
2 Bjorn Annby-Andersson Maxwell’s demon in double quantum dots

with continuous charge detection

3 Alhun Aydin Landauer's principle in a quantum Szilard
engine in the absence of an explicit Maxwell's
Demon

4 Adam Bacsi Optimizing quantum quenches in the

Luttinger model

5 Christian Bartsch Thermalisation properties of closed quantum
systems in linear response

6 Bettina Beverungen Evaluation of Casimir forces in complex
geometries

7 Léa Bresque Energetic aspects of implementing quantum
gates
8 Martina Costa Reis Passive states in classical and quantum

thermodynamics

9 Otavio Augusto Collisional model-based quantum heat
Dantas Molitor engines
10 Tobias Denzler Coefficient of performance and entropy
production fluctuations in quantum Otto
fridges
1 Owen Diba Effect of Classical Gaussian Noise on

Quantum Work Statistics

12 Léonce Dupays Shortcuts in open quantum systems:
Superadiabatic control of an open quantum
oscillator



13

14

15

16

17

18

19

20

21

22

23

24

Eric Gomes Arrais

Tamal Guha

JungYun Han

Pedro Harunari

Mattes Heerwagen

Simon Hermann

Santiago
Hernandez Gémez
Adam Hewgill

Lilo Hocker

Michael Konopik

Patryk Lipka-Bartosik

Nathan Myers

Work statistics for sudden quenches in
interacting quantum many-body systems

How Quantum Theory Restricts
Thermodynamics

Quantum cooling induced by hyper
parametric oscillation.

Time asymmetric reciprocity relations for an
arbitrarily long single-particle stochastic
pump and its exact solution

Work statistics for classical and quantum,
periodical driven, anharmonic oscillator

The role of magnetic fluctuations in
nonequilibrium atom-surface dispersion
forces

Experimental test of quantum fluctuation
theorems with a diamond NV center

Three-qubit refrigerator with two-body
interactions

A new Na-K apparatus to study quantum
thermodynamics

Differences between local and global master
equations

Second law of thermodynamics for batteries
with vacuum state

Bosons Outperform Fermions — The
Thermodynamic Advantage of Symmetry



25

26

27

28

29

30

31

32

33

34

35

36

37

Zakaria Mzaouali

Marcelo Pereira

Maria Popovic

Andreu Riera-Campeny

Franklin Luis Rodrigues

Ricardo Roman-Ancheyta

Connor Sait

Stefano Scali

Nazish Shahid

Varinder Singh

Nicolas Staudenmaier

Akram Touil

Bhavesh Valecha

Irreversibility and information scrambling in
critical quantum spin models

Rectification and out-of-time-order
correlators

Quantum thermodynamics in non-Markovian
settings using the TEMPO algorithm

Dynamically induced heat rectification in
quantum systems

Thermodynamics of Weakly Coherent
Collisional Models

Spectral signatures of non-thermal baths in
quantum thermalization

An open quantum system approach to the
dynamics of magnetic spin systems

Probing the geometry of open-system
dynamics

Green’s Function Method to Approximate
Spectral Function and Quasi-particles’ Energy
in a Quantum Fermi System

Three-Level Laser Heat Engine at Optimal
Performance with Ecological Function

Experimental Investigation of Quantum
Fluctuation Relations with a Solid-State Based
Quantum Heat Engine

The thermodynamics of quantum information
scrambling—A dynamical perspective

Optimising Mesoscopic Heat Engines



38 Alexander van Meegen On the path integral approach to random
neural networks

39 Maria Violaris Purifying the Demon: Does Quantum Erasure
Cost More Than You Remember?

40 Mugdha Zadkar Classical counterparts to fully quantum
fluctuation theorems

41 Giorgio Zicari Initial correlations and entropy production
rate in a system of non-Markovian harmonic
oscillators.



Abstracts of Lectures

(in chronological order)




An efficient Aharonov-Bohm quantum heat engine:
Fundamentals of thermoelectricity and applications

Géraldine Haack
Department of Applied Physics GAP, University of Geneva, Switzerland Country

When discussing quantum heat engines, researchers often mention well-known
figures of merit like the ZT coefficient and transport and thermo-electric coefficients
characterizing the electrical and thermal responses of the devices (Onsager
coefficients). I will take the opportunity of this talk to introduce those concepts and
quantities from a more fundamental perspective, explaining the origin of the ZT figure
of merit or deriving the implications of the micro-reversibility principle in the quantum
regime on the Onsager coefficients. As an illustration, I will consider a recent quantum
thermal machine proposed in Ref. [1], based on one of the most emblematic
mesoscopic devices for quantum transport, the Aharonov-Bohm ring. Remarkably,
transport and thermo-electric responses of this device rely on electronic single-particle
interference effect, a genuine quantum effect. Hence, this proposal is of particular
interest for motivating realizations of thermal machines operating in the quantum
regime.

References

[1] G.Haack and F. Giazotto, Phys. Rev. B 100, 235442 (2019).



Quasiperiodic quantum heat engines
with a mobility edge

C. Chiaracane’, M. T. Mitchison’, A. Purkayastha’, G. Haack?,

and J. Goold'

'Department of Physics, Trinity College Dublin, Dublin 2, Ireland
2Université de Genéve, Department of Applied Physics, Chemin de Pinchat 22,
CH-1211 Geneve 4, Switzerland

Steady-state thermoelectric machines convert heat into work by driving a thermally
generated charge current against a voltage gradient. In this work, we propose a new
class of steady-state heat engines operating in the quantum regime, where a
quasiperiodic tight-binding model that features a mobility edge forms the working
medium. In particular, we focus on a generalization of the paradigmatic Aubry-André-
Harper (AAH) model, known to display a single-particle mobility edge that separates
the energy spectrum into regions of completely delocalized and localized
eigenstates. Remarkably, these two regions can be exploited in the context of
steady-state heat engines as they correspond to ballistic and insulating transport
regimes [1]. This model also presents the advantage that the position of the mobility
edge can be controlled via a single parameter in the Hamiltonian [2]. We exploit this
highly tunable energy filter, along with the peculiar spectral structure of quasiperiodic
systems, to demonstrate large thermoelectric effects, exceeding existing predictions
by several orders of magnitude. This opens the route to a new class of highly efficient
and versatile quasiperiodic steady-state heat engines, with a possible implementation
using ultracold neutral atoms in bichromatic optical lattices

References
[1] A. Purkayastha, A. Dhar, and M. Kulkarni, Phys. Rev. B 96,180204 (2017)

[2] S. Ganeshan, J. H. Pixley, and S. Das Sarma, Phys. Rev. Lett. 114, 146601
(2015)



Maximum power and corresponding efficiency for
two-level heat engines and refrigerators: optimality
of fast cycles

P. A. Erdman?, V. Cavina', R. Fazio?', F. Taddei?, and V. Giovannetti’

INEST, Scuola Normale Superiore and Istituto Nanoscienze-CNR, Pisa, Italy
2|CTP, Trieste, Italy
3 NEST, Istituto Nanoscienze-CNR and Scuola Normale Superiore, Pisa, Italy

We study how to achieve the ultimate power in the simplest, yet non-trivial, model of
a thermal machine, namely a two-level quantum system coupled to two thermal baths
[1]. Without making any prior assumption on the protocol, via optimal control we
show that, regardless of the microscopic details and of the operating mode of the
thermal machine, the maximum power is universally achieved by a fast Otto-cycle
like structure in which the controls are rapidly switched between two extremal values.
A closed formula for the maximum power is derived, and finite-speed effects are
discussed. We also analyze the associated efficiency at maximum power (EMP)
showing that, contrary to universal results derived in the slow-driving regime [2], it
can approach Carnot's efficiency, no other universal bounds being allowed.

References

[1] P. A. Erdman, V. Cavina, R. Fazio, F. Taddei, and V. Giovannetti, New J.
Phys. 21, 103049 (2019)

[2] M. Esposito, R. Kawai, K. Lindenberg, and C. Van den Broeck, Phys. Rev. Lett.
105, 150603 (2010)



Autonomous Maxwell’s demon in a cavity QED system

Baldo-Luis Najéra-Santos,! Patrice A. Camati,? Valetin
Meétillon,! Michel Brune,! Alexia Aufféves,? and Igor Dotsenko!

! Laboratoire Kastler Brossel, Collége de France, CNRS, ENS-Université i’SL,
Sorbonne Université, 11 place Marcelin Berthelot, F-75231 Paris, France
2 Université Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France

Maxwell’s demon is a key historical example of how information and thermodynamics are con-
nected to one another. This relationship arises from the feedback control implemented by the demon
on the thermodynamic system, which extracts information through some measurement and feeds it
back into the system through a conditioned evolution. As realized by Maxwell himself, such pro-
tocols may lead to situations that defy the second law of thermodynamics [1-3]. Over the last 150
years, a number of contributions, both at the classical and at the g realm, pointed out that
the information extracted by the demon has to be explicitly accounted for in the entropy balance
s0 as to retain the validity of the second law [4-6]. The majority of experimental works in the
quantum setting addressed a Maxwell’s demon in a work-extraction protocol [7-15]. Among those,
a few reported a Maxwell’s demon operating in an autonomous way [8, 12], where the information
extraction and feedback steps are automatically impl ted. On the other hand, we present a
thermodynamic analysis, both at the average and at the quantum trajectory level of a Maxwell’s
demon that controls the heat exchanged b two sy [16]. We ob d an integral and a
detailed fluctuation relation as well as an expression for the entropy production and its relation to
the system-demon correlations consumed during the feedback. Our results can be experimentally in-
vestigated with current quantum technologies and, in particular, our protocol has been implemented

in a cavity QED setup.

* patrice.camati@neel.cnrs.fr

[1] J. C. Maxwell, Theory of Heat (Longmans, Green, and
Co., London, 1875), p. 328-329.

[2] A. Rex, Maxwell’s Demon—A Historical Review, En-
tropy 19, 240 (2017).

[3] H. S. Leff and A. F. Rex (eds), Mazwell’s Demon: En-
tropy, Information, Computing (Princeton Univ. Press,
1990).

[4] M. B. Plenio and V. Vitelli, The physics of forget-
ting: Landauer’s erasure principle and information the-
ory. Contemp. Phys. 42, 25 (2001).

[5] J. M. R. Parrondo, J. M. Horowitz, and T. Sagawa,
Thermodynamics of information, Nature Phys. 11, 131
(2015).

[6] E. Lutz and S. Ciliberto, Information: From Maxwell’s
demon to Landauer’s eraser, Phys. Today 68, 30 (2015).

[7] J. V. Koski, V. Maisi, T. Sagawa, and J. P. Pekola, “Ex-
perimental observation of the role of mutual information
in the nonequilibrium dynamics of a Maxwell demon”.
Phys. Rev. Lett. 113, 030601 (2014).

[8] J.V. Koski, A. Kutvonen, I. M. Khaymovich, T. Ala-
Nissila, and J.P. Pekola, On-Chip Maxwell’s Demon
as an Information-Powered Refrigerator J. V. Koski, A.
Kutvonen, I. M. Khaymovich, T. Ala-Nissila, and J.P.
Pekola, Phys. Rev. Lett. 115, 260602 (2015).

[9] P. A. Camati, J. P.S. Peterson, T. B. Batalhdo, K. Mi-
cadei, A. M. Souza, R. S. Sarthour, I. S. Oliveira, and R.

M. Serra, Experimental Rectification of Entropy Produc-
tion by Maxwell’s Demon in a Quantum System, Phys.
Rev. Lett. 117, 240502 (2016).

[10] M. D. Vidrighin, O. Dahlsten, M. Barbieri, M. S. Kim, V.
Vedral, and I. A. Walmsley, Photonic Maxwell’s Demon,
Phys. Rev. Lett. 116, 050401 (2016).

[11] M. A. Ciampini, L. Mancino, A. Orieux, C. Vigliar, P
Mataloni, M. Paternostro, and M. Barbieri, Experimen-
tal extractable work-based multipartite separability cri-
teria, npj Quantum Information 3, 10 (2017) .

[12] N. Cottet, S. Jezouin, L. Bretheau, P. Campagne-Ibarcq,
Q. Ficheux, J. Anders, A. Aufféves, R. Azouit, P. Rou-
chon, and B. Huard, Observing a quantum Maxwell de-
mon at work, PNAS 114, 7561 (2017).

[13] M. Naghiloo, J.J. Alonso, A. Romito, E. Lutz, and K.
W. Murch, Information Gain and Loss for a Quantum
Maxwell’s Demon, Phys. Rev. Lett. 121, 030604 (2018).

[14] Y. Masuyama, K. Funo, Y. Murashita, A. Noguchi, S.
Kono, Y. Tabuchi, R. Yamazaki, M. Ueda, and Y. Naka-
mura, Information-to-work conversion by Maxwell’s de-
mon in a superconducting circuit quantum electrodynam-
ical system, Nat. Comm. 9, 1291 (2018).

[15] W.-B. Wang, X.-Y. Chang, F. Wang, P.-Y. Hou, Y.-Y.
Huang, W.-G. Zhang, X.-L. Ouyang, X.-Z. Huang, Z.-Y.
Zhang, H.-Y. Wang, Realization of Quantum Maxwell’s
Demon with Solid-State Spins, Chinese Phys. Lett. 35,
040301 (2018).

[16] B.-L. Najéra-Santos, P. A. Camati, V. Métillon, M.
Brune, A. Aufféves, I. Dotsenko, Autonomous Maxwell’s
demon in a cavity QED system (in preparation).



Autonomous entanglement engines

A. Tavakoli', G. Haack', M. Huber?, N. Brunner' and J. B. Brask®

’University of Geneva, Geneva, Switzerland
2Institute of Quantum Optics and Quantum Information, Vienna, Austria
3 Technical University of Denmark, Kongens Lyngby, Denmark

The generation of entangled states is a paradigmatic task in quantum information
theory. Here we explore whether it is possible to generate entanglement in
autonomous systems that use only incoherent couplings to thermal baths and time-
independent interactions (in particular, they have no work input). We present a
general architecture for such autonomous entanglement engines. It enables the
generation of the strongest forms of both genuine multipartite entanglement and
high-dimensional entanglement in a heralded manner. We exemplify this by
developing the robust generation of paradigmatic states in quantum information
theory; namely maximally entangled states, Greenberger-Horne-Zeilinger states,
Dicke states and cluster states. More generally, given a target multiple-qubit state,
we give a sufficient condition ensuring that it can be generated by our machine.
These results demonstrate the fundamental potential of purely thermal resources for
creating multipartite entangled states useful for quantum information processing.

References
[1] A. Tavakoli, G. Haack, M. Huber, N. Brunner and J. B. Brask, Quantum, 2, 73

(2018)
[2] A. Tavakoli, G. Haack, N. Brunner and J. B. Brask, arXiv:1906.00022 (2019).



Open Quantum Systems: Noise, Decoherence,
Memory

J. Cerrillo’
Departamento de Fisica Aplicada, Universidad Politécnica de Cartagena, Spain

The interaction of a quantum system with a noisy environment can produce not only
decohering and dissipative effects, but also memory effects [1] that may result
advantageous for certain tasks. Mathematically, their dynamics are only rigorously
formalized in terms of superoperators that present a Kraus map structure [2].
Nevertheless, comprehensive simulation methods of general open quantum systems
involving strong-coupling and non-Markovian effects tend to be numerically
demanding. In this tutorial talk, | present a partial review of existing simulation
methods especially suited for that regime with special emphasis in their shortcomings.

Later, | introduce the transfer tensor formalism (TTM) [3] that transforms the
Kraus map representation of the dynamics of open quantum system into a compact
multiplicative propagator in the form a memory kernel. This method has been shown
to provide extraordinary acceleration of non-Markovian open quantum system
simulations. The method relies on the theory of projection operators. TTM is a
general and flexible approach that does not depend on the form of the environment
or the interaction and has generated widespread interest.

| finalize with a discussion of the effects of initial correlations between the
system and the environment. Although such situations are difficult to capture with the
Kraus formalism, | will show how to apply TTM in this context.

References

[1] H.-P. Breuer, F. Petruccione, The Theory of Open Quantum Systems, Oxford
University Press (2002).

[2]1 M. Nielsen, |. Chuang, Quantum Computation and Quantum Information,
Cambridge University Press (2000).

[3] J. Cerrillo, J. Cao, Physical Review Letters 112, 110401 (2014).

[4] M. Buser, J. Cerrillo, G. Schaller, J. Cao, Physical Review A 96, 062122
(2017).



Equilibration and thermalization in many-body
systems

Henrik Wilming'
TInstitute for Theoretical Physics, ETH Zurich, 8093 Zurich, Switzerland

In statistical mechanics and thermodynamics we commonly use statistical ensembles
like the canonical or microcanonical ensemble to obtain predictions. For this to be
possible a system has to equilibrate to a stationary state in the first place. In the last
decade the problem of understanding how complex quantum systems equilibrate,
while evolving unitarily according to the Schrédinger equation has received renewed
interest, with applications and contributions ranging form condensed matter physics,
quantum information theory to research in quantum gravity. | will give an introduction
to the problem and explain some recent results and open problems.



Thermodynamically optimal creation of correlations
F. Bakhshinezhad,"? F. Clivaz,>* G. Vitagliano,? P. Erker,’
A. Rezakhani,? M. Huber,? N. Friis?

" Department of Physics, Sharif University of Technology, Tehran 14588, Iran
2 |nstitute for Quantum Optics and Quantum Information - IQOQI Vienna, Austrian
Academy of Sciences, Boltzmanngasse 3, 1090 Vienna, Austria

3 Department of Applied Physics, University of Geneva, 1211 Geneva 4, Switzerland

Correlations lie at the heart of almost all scientific predictions. It is therefore of
interest to ask whether there exist general limitations to the amount of correlations
that can be created at a finite amount of invested energy. Within quantum
thermodynamics such limitations can be derived from first principles. In particular, it
can be shown that establishing correlations between initially uncorrelated systems in
a thermal background has an energetic cost. This cost, which depends on the system
dimension and the details of the energy-level structure, can be bounded from below
but whether these bounds are achievable is an open question. Here, we put forward
a framework for studying the process of optimally correlating identical (thermal)
quantum systems. The framework is based on decompositions into subspaces that
each support only states with diagonal (classical) marginals. Using methods from
stochastic majorisation theory, we show that the creation of correlations at minimal
energy cost is possible for all pairs of three- and four-dimensional quantum systems.
For higher dimensions we provide sufficient conditions for the existence of such
optimally correlating operations, which we conjecture to exist in all dimensions.

References

[1] F. Author, Journal volume, page (year)
[2] S. Author, Journal 100, 101101 (2009)



Thermodynamics of Quantum Information Flows

K. Ptaszyniski' and M. Esposito®

"Institute of Molecular Physics, Polish Academy of Sciences, Mariana
Smoluchowskiego 17, 60-179 Poznan, Poland
2 Complex Systems and Statistical Mechanics, Physics and Materials Science
Research Unit, University of Luxembourg, L-1511 Luxembourg, Luxembourg

We report [1] two results complementing the second law of thermodynamics for
Markovian open quantum systems coupled to multiple reservoirs with different
temperatures and chemical potentials. First, we derive a nonequilibrium free energy
inequality providing an upper bound for a maximum power output, which for systems
with inhomogeneous temperature is not equivalent to the Clausius inequality. Second,
we derive local Clausius and free energy inequalities for subsystems of a composite
system, generalizing the result previously derived for classical stochastic systems [2].
These inequalities differ from the total system one by the presence of an information-
related contribution and build the ground for thermodynamics of quantum information
processing. Our theory is used to study the recently proposed autonomous quantum
Maxwell demon based on two exchange-coupled quantum dots [3].

References

[1] K. Ptaszynski, M. Esposito, Phys. Rev. Lett. 122, 150603 (2019)
[2] J. M. Horowitz, M. Esposito, Phys. Rev. X 4, 031015 (2014)
[3] K. Ptaszynski, Phys. Rev. E 97, 012116 (2018)



Negative contributions to entropy production induced
by quantum coherences

C. L. Latune'? I. Sinayskiy' and F. Petruccione'??

" Quantum Research group, School of Chemistry and Physics, University of KwaZulu-
Natal, Durban, KwaZulu-Natal, 4001, South Africa
2 National Institute for Theoretical Physics (NITheP), KwaZulu-Natal, 4001, South Africa
3 School of Electrical Engineering, KAIST, Daejeon, 34141, Republic of Korea

It was recently pointed out in [1] that quantum systems going through dissipative
processes present two sources of irreversibility: one from populations and one from
coherences. We show [2] that for degenerate (or near-degenerate) systems, additional
contributions to the entropy production (irreversibility) emerge. Interestingly, under some
particular conditions to be detailed (including for instance collective couplings), such
additional contributions can become negative, marking the departure from usual
(classical) thermodynamics through two distinct phenomena. The first one is the reversal
of the natural convergence of the populations: instead of converging towards the thermal
equilibrium distribution, the populations go away from it. This can also be related in
some specific situations to heat flow reversals [3]. The second phenomenon is the
generation of coherences between degenerate energy levels. Furthermore, these two
phenomena exhibit an insightful complementary relation: the consumption of one fuels
the other, and reciprocally.

References

[1] J. P. Santos, L. C. Celeri, G. T. Landi, and M. Parenostro, npj Quantum Information
5:23 (2019).
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Speed limits to quantum thermodynamics

Luis Pedro Garcia-Pintos

University of Maryland, JQI/QuICS, College Park, MD, USA

We study the connection between the charging power of a quantum battery
and the fluctuations of the extractable work stored in the battery. We show
that in order to have a non-zero rate of change of the extractable work, the
work fluctuations must be non-zero. This is presented in terms of an
uncertainty relationship that bounds the speed of the charging process of
any quantum system. Our findings also identify quantum coherence in the
battery as a resource in the charging process, which we illustrate on a toy
model of a heat engine.



Quantum Thermodynamics of Atom-Surface
Interactions in Nonequilibrium Steady-States

D. Reiche
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Fluctuations have profound impact on physical reality. For instance, in the presence
of materials, a fluctuating vacuum leads to measurable forces between electrically
neutral objects. Such fluctuation-induced forces are well-understood phenomena in
the framework of open quantum systems at equilibrium and have become an
experimental tool for the manipulation of nano- and micro-scale devices.

However, sometimes equilibrium can only be considered as an approximation of
reality. To this day, theoretical investigations of nonequilibrium situations often rely
on equilibrium techniques. This considerably simplifies the statistical properties of the
interaction and may not be appropriate. We argue that a thermodynamically
consistent description of nonequilibrium interactions inevitably requires to go beyond
the commonly used equilibrium-based approaches.

In the context of an atom moving with respect to a planar and dissipative material
interface, we explicitly discuss a more careful treatment [1]. Focusing on the
dynamics at late times, where the system can reach a steady-state, we fully
incorporate the back-action of the environment on the particle and highlight the
importance of long-time correlations in the system; a contribution that is often
neglected [2].

Our findings provide a step towards a theoretical basis for experimentally probing
nonequilibrium fluctuation-dissipation relations and introduce a fundamental
consistency condition for numerical simulations of nonequilibrium systems.
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Bath-induced correlations lead to sub-shot-noise
thermometry precision
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We study the role of bath induced correlations in temperature estimation of cold
bosonic baths. Our protocol includes multiple probes, that are not interacting, nor are
they initially correlated to each other. It is well known that after being placed in the
same bath, such probes get correlated to each other and even they might get
entangled, especially at very low temperature. We examine the usefulness of these
correlations for metrology, namely thermometry of the bath. Our results show that at
low enough temperatures, the error in estimation scales below the shot-noise-limit,
and even in some cases it might obey a Heisenberg-like scaling. We further study
whether the described enhancement might be achieved by local measurements
performed on individual probes. We find out that, by local Homodyne detection it is

not possible to achieve the said precision, and to our knowledge, a global

measurement, which might even be non-Gaussian is needed.



Tight bound on finite-resolution quantum thermometry at low temperatures
M. Jgrgensen!, P. Potts? and J. Brask!
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Precise thermometry is of wide importance in science and technology in general and in quantum
systems in particular. I will present a theoretical study of the fundamental precision limits for
thermometry on cold quantum systems, taking into account limitation imposed by finite
measurement resolution. I will present a tight bound on the optimal precision scaling with
temperature as the temperature approaches zero, and illustrate that the bound is tight and can be
saturated by monitoring the non-equilibrium dynamics of a single-qubit probe. Modeling the non-
equilibrium dynamics of open quantum systems at low temperatures is technically challenging, and
1 will discuss one approach to the problem based on tensor-network techniques. The results
presented here are relevant both fundamentally, as they illuminate the ultimate limits to quantum
thermometry, and practically, in guiding the development of sensitive thermometric techniques
applicable at very low temperatures.



Thermodynamics as a resource theory: versions of

the second law(s)
M.P. Miill
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In this tutorial, | will give an introduction to the resource-theoretic formulation of
(quantum) thermodynamics, with an emphasis on the repeatable use of resources
and versions of the second law. After describing fundamental results like the
difference between extractable work and work of formation (see Ref. 1), | will
illustrate how the possible state transitions are determined by “many second
laws” (see Ref. 2). | will then introduce a slightly different picture, in which the thermal
machine is allowed to build up correlations with the physical systems on which it acts
while exactly preserving its own state. It turns out that, surprisingly, the original form
of the unique second law is exactly restored in this setting (see Ref. 3), which gives
the nonequilibrium free energy an exact operational meaning without thermodynamic
limit or averaging.

Finally, | will briefly explain how the presence of quantum coherence leads naturally
to questions about the repeatable use of quantum references frames, in particular
clocks, and describe a recent no-broadcasting result that tells us that clocks must
necessarily degrade upon repeated use (see Ref. 4). In particular, this shows that
Aberg’s “catalytic coherence” (see Ref. 5) is only possible in the presence of an
infinite-dimensional catalyst.
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Relaxation theory for perturbed many-body quantum
systems

L. Dabelow and P. Reimann
Fakultat fiir Physik, Universitét Bielefeld, 33615 Bielefeld, Germany

We develop an analytic prediction for the relaxation of isolated many-body quantum
systems subject to weak-to-moderate perturbations. Provided that the unperturbed
behavior is known, we employ a typicality approach modeling the essential
characteristics of the perturbation operator to describe the time evolution of
expectation values in the perturbed system. Our theory provides a unified framework
for such diverse phenomena as prethermalization, quantum quenches, or the
relaxation of system-bath compounds. We demonstrate its wide applicability by
comparison with various experimental and numerical results from the literature.
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On non-ergodic environments and ETH in open
quantum systems

Carlos A. Parra-Murillo', Max Bramberger', Claudius Hubig? Ines De
Vega'
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2 Max-Planck-Institut f ur Quantenoptik, Hans-Kopfermannstr. 1, 85748, Garching, Germany

The dynamics of an open system crucially depends on the correlation function of its
environment, C(t). We show that for thermal non-Harmonic environments C(t) may not
decay to zero but to an offset, Co>0. The presence of such offset is determined by the
environment eigenstate structure, and whether it fulfills or not the eigenstate thermalization
hypothesis. Moreover, we show that a Co>0 could render the weak coupling approximation
inaccurate and prevent the open system to thermalize. Finally, for a realistic environment of
dye molecules, we show the emergence of the offset by using matrix product states (MPS),
and discuss its link to a 1/f noise spectrum that, in contrast to previous models, extends to
zero frequencies. Thus, our results may be relevant in describing dissipation in quantum
technological devices like superconducting qubits, which are known to be affected by such
noise.
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Impact of eigenstate thermalization on the route to
equilibrium
Jonas Richter, Jochen Gemmer, Robin Steinigeweg

University of Osnabriick, Department of Physics, Barbarastral3e 7, D-49076
Osnabrtick, Germany

The eigenstate thermalization hypothesis (ETH) and the theory of linear response
(LRT) are celebrated cornerstones of our understanding of the physics of many-body
guantum systems out of equilibrium. While the ETH provides a generic mechanism of
thermalization for states arbitrarily far from equilibrium, LRT extends the successful
concepts of statistical mechanics to situations close to equilibrium. In our work, we
connect these cornerstones to shed light on the route to equilibrium for a class of
properly prepared states. We unveil that, if the off-diagonal part of the ETH applies,
then the relaxation process can become independent of whether or not a state is
close to equilibrium. Moreover, in this case, the dynamics is generated by a single
correlation function, i.e., the relaxation function in the context of LRT. Our analytical
arguments are illustrated by numerical results for idealized models of random-matrix
type and more realistic models of interacting spins on a lattice. Remarkably, our
arguments also apply to integrable quantum systems where the diagonal part of the
ETH may break down.
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Bounding the resources for thermalizing

many-body localized systems
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Understanding the conditions under which physical systems thermalize is one of the
long-standing questions in many-body physics. While it has been observed that
generically quantum systems do thermalize, little is known about the underlying
mechanism. Furthermore, instances where thermalization is hindered for many-body
systems have been uncovered, now known as many-body localization, bringing
promising insights into the mechanisms that underlie thermalization. In this work, we
derive upper and lower bounds on the size of the heat bath required to thermalize a
many-body localized system, for a broad class of collision models. To obtain these
bounds, we employ a recently developed tool from quantum information theory
known as the convex split lemma. We apply our results to the disordered Heisenberg
chain, which we study numerically, and we characterize the robustness of the MBL
phase in this system for the family of thermalization processes considered.



Thermodynamics of Cyclic Quantum Amplifiers

P. Menczel', C. Flindt', and K. Brandner'
"Department of Applied Physics, Aalto University, 00076 Aalto, Finland

We develop a generic model for a cyclic quantum heat engine that makes it possible
to coherently amplify a periodically modulated input signal without the need to couple
the working medium to multiple reservoirs at the same time. Instead, we suggest an
operation principle that is based on the spontaneous creation of population inversion
in incomplete relaxation processes induced by periodic temperature variations.
Focusing on Lindblad dynamics and systems with equally spaced energy levels, e.g.
qubits or quantum harmonic oscillators, we derive a general working criterion for
such cyclic quantum amplifiers. This criterion defines a class of candidates for
suitable working media and applies to arbitrary control protocols. For the minimal
case of a cyclic three-level amplifier, we show that our criterion is tight and explore
the conditions for optimal performance.



Optimal protocols for quantum Ising model
under weak driving

Pierre Nazé"?and Sebastian Deffner?

'Instituto de Fisica “Gleb Wataghin”, Unicamp, Campinas, Brazil
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Quantum annealing appears as one of the most promising strategies to implement
quantum computing nowadays. In this paradigm, the system, controlled by an
external parameter, is adiabatically driven from an initial ground state, in such a
manner that it stays in that particular state along the whole process. However, in
practice, annealing is always compromised by two fundamental types of error: The
first one arises from the environmental noise the system is always subjected to; the
second one occurs due to the excitations of the non-equilibrium dynamics of the
process. Although a successful strategy involving energy penalties has been found to
correct the first type of error, strategies to correct the second one are still a
challenge. In the present work, we minimize the thermodynamic work performed on a
quantum Ising model, weakly perturbed by a transverse magnetic field. Particular
attention is given at the region near the critical point of the second-order phase
transition, thereby elucidating the relation of linear-response theory and Kibble-Zurek
mechanism.



Asymptotic Reversibility of Thermal Operations for

Interacting Quantum Spin Systems

Ph. Faist,"** T. Sagawa,’ K. Kato,' K. Matsumoto,® H. Nagaoka,® and
F.G. S. L. Brandao'
"Institute for Quantum Information and Quantum Matter, Caltech, Pasadena, CA
91125, USA
2Institute for Theoretical Physics, ETH Zurich, 8093 Zurich, Switzerland
3Dahlem Center for Complex Quantum Systems, Freie Universitat Berlin, 14195
Berlin, Germany
“Department of Applied Physics, The University of Tokyo, Tokyo 113-8656, Japan
SNational Institute of Informatics, Tokyo 101-8430, Japan
The University of Electro-Communications, Tokyo, 182-8585, Japan

The resource theory of thermal operations, an established model for small-scale
thermodynamics, provides an extension of equilibrium thermodynamics to
nonequilibrium situations. On a translation-invariant lattice with local interactions, we
show that ergodic states (i.e. states that have sharp statistics for any translation-
invariant observable) can be reversibly converted to and from the thermal state with
thermal operations and a small amount of coherence. This proves the emergence of
an operationally well-justified thermodynamic potential for this class of states, which
includes states that are not in equilibrium. As an intermediate result of independent
interest, we show that the gap between the min- and max-relative entropies controls
the amount of coherence that is present in the state and that if this gap is small, the
state can be approximately reversibly converted to and from the thermal state with a
small reference frame. Our results provide a strong link between the abstract
resource theory of thermodynamics and more realistic physical systems that go
beyond the i.i.d. setting.



What’s Happening to Our Universities?

Ben R. Martin'
TSPRU, University of Sussex, UK

In recent decades, many universities have been moving in the direction of a more
hierarchical and centralised structure, with top-down planning and reduced local
autonomy for departments. Yet the management literature over this period has
stressed the numerous benefits of flatter organisational structures, decentralisation
and local autonomy for sections or departments. What might explain this paradox?
And why have academics remained strangely quiet about this, meekly accepting their
fate? The paper critically examines the dangers of centralised top-down management,
increasingly bureaucratic procedures, teaching to a prescribed formula, and research
driven by assessment and performance targets, illustrating these with a number of
specific examples. It discusses a number of possible driving forces of these worrying
developments, and concludes by asking whether academics may be in danger of
suffering the fate of the boiled frog.
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A spin heat engine coupled to a harmonic oscillator
flywheel

D. von Lindenfels', O. Grab', C. T. Schmiegelow’, V. Kaushal', J. Schulz',
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2 School of Physics, Trinity College Dublin, College Green, Dublin 2, Ireland

| will describe a recent experimental realisation of a heat engine comprising a single
trapped ion, which performs work on a quantum load. The ion’s internal spin
constitutes the working medium, while the ion’s quantised vibrations act as the load,
or “flywheel”, that captures the output work. | will explain an intuitive theoretical
model of the flywheel dynamics in terms of a random walk in phase space.
Characterising the flywheel's Husimi Q function allows us to measure the work output
of a heat engine with single-quantum resolution. By inferring the ergotropy of the
flywheel's quantum state, we distinguish between useful work and useless thermal
energy, thus elucidating how fluctuations fundamentally limit engine performance at
the nanoscale.
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Quantum Synchronization in Nano-scale Heat Engines
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Nature is replete with examples of classical synchronization(") and it has been observed
both in natural and artificial systems at all scales. This has led to two questions in the
quantum regime, namely (a) can genuine quantum synchronization(? be observed
experimentally? and (b) can it be put to use in a technology application?

In our paper (arXiv:1812.10082), we answer both of these questions in the affirmative.
In doing so, we provide a universal mechanism for creating quantum synchronization by
linking it to quantum coherence. This is done by using a resource theoretic measure of
coherence, and clarify how such a coherence can be put to use to produce coherent
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