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Self-oscillating nanoscale devices: A new paradigm for quantum heat
engines?
Philipp Strasberg
Autonomous University of Barcelona

Self-oscillating systems generate and maintain a periodic motion without any
periodic input signal. Self-oscillations are ubiquitous in nature and many
human-made devices, but they are traditionally more studied in the
engineering instead of physics community. After giving a brief introduction
to the topic, I will present the electron shuttle as a paradigmatic example of
a self-oscillating nano-system. While being well studied theoretically and
experimentally, the electron shuttle so far evaded the attention of the
quantum thermodynamics community. After explaining its thermodynamics, I
will show how to use self-oscillations to autonomously implement quantum
thermodynamic cycles. This idea allows to address a ﬁnal question: Are
Otto/Carnot cycles justiﬁed descriptions for small quantum systems? Given
the evidence that I present, the answer is a clear: No!

Equilibration time in many-body quantum systems
Lea Santos
Yeshiva University
A major open question in studies of nonequilibrium quantum dynamics is the
time that it takes for an isolated many-body quantum systems to reach
equilibrium. We will show that there is not a single answer for this question.
The equilibration time depends on the model, the initial state, the dynamical
features taken into account, and also the observable considered. For
example, the correlation Rényi entropy, experimentally measured in the
central spin model, keeps growing even after the equilibration of the
entanglement entropy. In chaotic models, if dynamical manifestations of
spectral correlations in the form of the correlation hole ("ramp") are taken
into account, the time for equilibration scales exponentially with system size,
while if they are neglected, the scaling is better described by a power law
with system size.

From Quantum Dot Heat Engines to Hot-Carrier Photovoltaics
Martin Josefsson, Artis Svilans, I-Ju Chen, Adam M. Burke, Eric A. Hoffmann, Sofia Fahlvik,
Jonatan Fast, Claes Thelander, Martin Leijnse, Heiner Linke
NanoLund and Solid State Physics, Lund University, Box 118, 22100 Lund, Sweden
heiner.linke@ftf.lth.se

It has been known for some time that a perfect (delta-function) energy filter allows, in
principle, thermal-to-electric energy conversion near ideal (Carnot) efficiency. [1,2] I will introduce
this concept and report on a recent experiment where we realized a near-ideal quantum-dot heat
engine in devices based on single nanowires, realizing power production at maximum power with
Curzon-Ahlborn efficiency, and reaching more than 70% of Carnot efficiency at maximum
efficiency settings [3].
This proof-of-performance of efficient energy harvesting from electrons is directly relevant to
the concept of hot-carrier solar cells or thermophotovoltaics, where the aim is to boost energy
conversion efficiency by harvesting heat from non-equilibrium electrons [4]. I will present our
progress towards implementing this principle in heterostructure nanowires. [4]
References
[1] Mahan, G. D., & Sofo, J. O. (1996). The best thermoelectric. Proceedings of the National Academy of
Sciences of the United States of America, 93(15), 7436–7439.
[2] Humphrey, T. E., Newbury, R., Taylor, R. P., & Linke, H. (2002). Reversible Quantum Brownian Heat
Engines for Electrons. Physical Review Letters, 89(11), 116801.
[3] Martin Josefsson, Artis Svilans, Adam M. Burke, Eric A. Hoffmann, Sofia Fahlvik, Claes Thelander,
Martin Leijnse, Heiner Linke: A quantum-dot heat engine operated close to thermodynamic efficiency limits.
Nature Nanotechnology (2018)
[4] S. Limpert, A. Burke, I-Ju Chen, N. Anttu, S. Lehmann, S. Fahlvik S. Bremner, G. Conibeer, C.
Thelander, M.E, Pistol and H. Linke: Single-nanowire, low-bandgap hot carrier solar cells with tunable
open-circuit voltage Nanotechnology 28, 43 (2017)
[5] I-Ju Chen, S. Limpert, W. Metaferia, C. Thelander, L. Samuelson, F. Capasso, A.M. Burke, and

H. Linke: Hot-Carrier Extraction in Nanowire-Nanoantenna Photovoltaic Devices. Nano Lett. 20,
4064 (2020)
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Noncommuting conserved charges in quantum many-body
thermalization
Nicole Yunger Halpern,1,2,3,4,5 Michael Beverland,6 and Amir Kalev4
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2
Harvard University
3
Massachusetts Institute of Technology
4
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5
Institute for Physical Science and Technology, University of Maryland
6
Microsoft Quantum

In statistical mechanics, a small system exchanges conserved quantities—heat, particles, electric
charge, etc.—with a bath. The small system thermalizes to the canonical ensemble or the
grand canonical ensemble, etc., depending on the quantities. The conserved quantities are
represented by operators usually assumed to commute with each other. This assumption was
removed within quantum-information-theoretic (QI-theoretic) thermodynamics recently. The
small system’s long-time state was dubbed "the non-Abelian thermal state (NATS)." We propose
an experimental protocol for observing a system thermalize to the NATS. We illustrate with
a chain of spins, a subset of which forms the system of interest. The conserved quantities
manifest as spin components. Heisenberg interactions push the conserved quantities between
the system and the effective bath, the rest of the chain. We predict long-time expectation
values, extending the NATS theory from abstract idealization to finite systems that thermalize
with finite couplings for finite times. Numerical simulations support the analytics: The system
thermalizes to near the NATS, rather than to the canonical prediction. Our proposal can be
implemented with ultracold atoms, nitrogen-vacancy centers, trapped ions, quantum dots, and
perhaps nuclear magnetic resonance. This work introduces noncommuting conserved quantities
from QI-theoretic thermodynamics into quantum many-body physics: atomic, molecular, and
optical physics and condensed matter.
[1] Yunger Halpern, Beverland, and Kalev, Phys. Rev. E 101, 042117 (2020).
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Experimental verification of a reversed Clausius inequality in a
closed system
Daniel Mayer,1 Eric Lutz,2 and Artur Widera1
1

Department of Physics and Research Center OPTIMAS, Technische Universität Kaiserslautern, Germany
2
Institute for Theoretical Physics I, University of Stuttgart, D-70550 Stuttgart, Germany

Thermodynamic inequalities characterize the direction of nonequilibrium processes. A prominent example is the Clausius inequality that lower bounds a change in entropy by the ratio of
supplied heat and temperature. However, this result presupposes that a system is in contact
with a heat bath that drives it to a thermal state. For initially isolated systems that are moved
from an equilibrium state by a dissipative heat exchange, the Clausius inequality has been predicted to be reversed. We here experimentally investigate the nonequilibrium thermodynamics
of an initially isolated dilute gas of ultracold Cesium atoms that can be either thermalized
or pushed out of equilibrium by means of laser cooling techniques. We determine in both
cases the phase-space dynamics by tracing the evolution of the gas with position-resolved
fluorescence imaging, from which we evaluate all relevant thermodynamic quantities. We
confirm the validity of the usual Clausius inequality for the first process and of the reversed
Clausius inequality for the second transformation. Our findings provide important insight
into thermodynamic inequalities, and the associated direction of nonequilibrium processes, in
nanoscopic systems that do not equilibrate on their own.
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Bath-induced Zeno localization in driven many-body quantum
systems
Thibaud Maimbourg,1,2 Denis Basko,3 Markus Holzmann,3 and Alberto Rosso2
1

IPhT, CNRS, CEA, 91191 Gif-sur-Yvette, France
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2

3

We study a quantum interacting spin system subject to an external drive and coupled to a
thermal bath of vibrational modes, uncorrelated for different spins. This serves as a model
for dynamic nuclear polarization (DNP) protocols, used in NMR applications, where a sample
is doped with dilute electron spins. The many-body eigenstates of the spin system being
ergodic, one expects that dephasing renders the nonequilibrium stationary state thermal with a
drive-dependent temperature, a most-wanted regime called thermal mixing in DNP. We show
that even though the many-body eigenstates satisfy the eigenstate thermalization hypothesis
(ETH), a sufficiently strong coupling to the bath may instead effectively localize the spins due
to many-body quantum Zeno effect. Such ergodicity breaking is not caused by a violation of
ETH, but by a competition between dephasing and system-bath interaction that prevents the
steady state from being an eigenstate mixture. Going beyond the conventional weak-coupling
secular approximation is required to capture this phenomenon. In the DNP context, our results
provide an explanation of the breakdown of the thermal mixing regime experimentally observed
above 4-5 K, arising from the enhanced dynamics of the vibrational modes upon increasing
temperature.
[1] Physical Review Letters 126, 120603 (2021).
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Optimal Quantum Thermometry with Coarse-Grained
Measurements
Karen V. Hovhannisyan,1 Mathias R. Jørgensen,2 Gabriel T. Landi,3 Álvaro M. Alhambra,4
Jonatan B. Brask,2 and Martí Perarnau-Llobet5
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Precise thermometry for quantum systems is important to the development of new technology,
and understanding the ultimate limits to precision presents a fundamental challenge. It is well
known that optimal thermometry requires projective measurements of the total energy of the
sample. However, this is infeasible in even moderately sized systems, where realistic energy
measurements will necessarily involve some coarse-graining. Here we explore the precision
limits for temperature estimation when only coarse-grained measurements are available. Using
tools from signal processing, we derive the structure of optimal coarse-grained measurements
and find that good temperature estimates can generally be attained even with a small number
of outcomes. We apply our results to many-body systems and nonequilibrium thermom-etry.
For the former, we focus on interacting spin lattices, both at and away from criticality, and find
that the Fisher-information scaling with system size is unchanged after coarse-graining. For
the latter, we consider a probe of given dimension interacting with the sample, followed by a
measurement of the probe.We derive an upper bound on arbitrary, nonequilibrium strategies for
such probe-based thermometry and illustrate it for thermometry on a Bose-Einstein condensate
using an atomic quantum-dot probe.
[1] PRX Quantum 2, 020322 (2021).
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Bayesian Quantum Thermometry
Julia Boeyens,1 Stella Seah,2 and Stefan Nimmrichter1
1
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Naturwissenschaftlich-Technische Fakultät, Universität Siegen, Siegen 57068, Germany
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Most theoretical treatments of temperature estimation in quantum systems have focused on
systems in thermal equilibrium in the asymptotic limit of many measurements. In this limit,
the thermal Cramér-Rao bound applies, and the optimal measurement strategy can be found
by maximizing the Fisher information, either locally for each possible temperature or over a
desired temperature range [1]. It has also been shown that driving systems out of thermal
equilibrium by means of repeated finite-time collisions with non-thermal probes can boost
temperature sensitivity beyond the Cramér-Rao bound in the limit of many repetitions [2].
However, in practical implementations, only scarce data may be available and the Bayesian
method of parameter estimation is more appropriate [3]. Here, we study non-informative
Bayesian thermometry with a minimal restriction on the allowed temperature range and with
a limited number of qubit probes in and out of thermal equilibrium. We compare different
estimates for the temperature and the associated error and work out the most faithful estimation
strategy. We demonstrate how non-equilibrium thermometry improves measurement precision
at high temperatures already for a few hundred qubit probes.
[1] M. Mehboudi, A. Sanpera, L.A. Correa; J. Phys. A 52, 303001 (2019).
[2] S. Seah et al; Phys. Rev. Lett. 123, 180602 (2019).
[3] J. Rubio, J. Anders, L.A. Correa; arXiv:2011.13018.
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Optimal nonequilibrium thermometry in finite time
Pavel Sekatski and Marti Perarnau-Llobet
Departament of Applied Physics, University of Geneva

IWhat is the minimum time required to take the temperature? In this talk we sill discuss and
solve this question for any process where temperature is inferred by measuring a probe (the
thermometer) weakly coupled to the sample of interest, so that the probe’s evolution is well
described by a quantum Markovian master equation. Considering the most general control
strategy on the probe (adaptive measurements, arbitrary control on the probe’s state and
Hamiltonian), we provide bounds on the achievable measurement precision in a finite amount
of time, and show that in many scenarios these fundamental limits can be saturated with a
relatively simple experiment. We find that for a general class of sample-probe interactions the
scaling of the measurement uncertainty is inversely proportional to the time of the process, a
shot-noise like behavior that arises due to the dissipative nature of thermometry. As a side result,
we show that the Lamb-shift induced by the probe-sample interaction can play a relevant role
in thermometry, allowing for better scaling of measurement precision in the low-temperature
regime. We illustrate these general results with a couple of important examples.
[1] coming soon.
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Interference of Quantum Trajectories
Brecht Donvil and Paolo Muratore-Ginanneschi
University of Helsinki, Department of Mathematics and Statistics P.O. Box 68 FIN-00014, Helsinki, Finland

We extend quantum trajectory theory to encompass a large class of open quantum systems
interacting with an environment at arbitrary coupling strength [1]. Specifically, we show that
general time-local quantum master equations of the form
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with “rates” `,t that can take negative values, admit an unravelling in quantum trajectories
with jumps. The sufficient condition is to weigh Monte Carlo averages E of state vectors t
by a probability pseudo-measure which we call the "influence martingale" µ t . Concretely, the
state ⇢ t is reconstructed by the average
⇢ t = E(µ t
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†
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The influence martingale satisfies a 1d stochastic differential equation enslaved to the ones governing the evolution of the state vectors t . At weak coupling, the influence martingale method
naturally reduces to the well-known quantum trajectory representation of the Lindblad–Gorini–
Kossakowski–Sudarshan master equation. In genuine strong coupling cases, the influence
martingale provides an algorithmically straightforward method to compute the evolution of
open quantum systems. In contrast, to earlier methods there is no need to take memory effects
into account [2] or expensive Hilbert space doubling [3]. The method places no real restrictions
on the `,t and can therefore also simulate non-positive evolutions, for example generated by
Redfield equations.
[1] [1] Brecht Donvil and Paolo Muratore-Ginanneschi, "Interference of Quantum Trajectories", arXiv:2102.10355
(2021).
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Periodically refreshed baths to simulate open quantum many-body
dynamics
Archak Purkayastha,1 Giacomo Guarnieri,2 Steve Campbell,3 Javier Prior,4,5 and John Goold1
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5

Obtaining dynamics of an interacting quantum many-body system connected to multiple baths
initially at different, finite, temperatures and chemical potentials is a challenging problem.
This is due to a combination of the prevalence of strong correlations in the system, the infinite
nature of the baths and the long time to reach steady state. We develop a general formalism
that allows access to the full non-Markovian dynamics of such open quantum many-body
systems up to non-equilibrium steady state (NESS), provided its uniqueness. Specifically, we
show how repeated finite-time evolution in presence of finite-sized baths, whose opportune
size is determined by their original spectral density, can be used to faithfully reconstruct the
exact dynamics without requiring any small parameter. Such reconstruction is possible even in
parameter regimes which would otherwise be inaccessible by current state-of-the-art techniques.
We specifically demonstrate this by obtaining full numerically exact non-Markovian dyanmics
of an interacting fermionic chain in a two terminal set-up with finite temperature and voltage
biases, a problem which had previously remained outstanding despite relevance in a wide
range of contexts, including, for example, quantum heat engines and refrigerators.
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Quantum Systems in Contact With a Finite Bath
Andreu Riera-Campeny,1 Anna Sanpera,1,2 and Philipp Strasberg1
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Describing open quantum systems far from equilibrium is challenging, in particular when the
environment is mesoscopic, when it develops nonequilibrium features during the evolution, or
when memory effects cannot be disregarded. Here, we derive a master equation that explicitly
accounts for system-bath correlations and includes, at a coarse-grained level, a dynamically
evolving bath. It applies to a wide variety of environments, for instance, those which can
be described by Random Matrix Theory or the Eigenstate Thermalization Hypothesis. We
benchmark the master equation against the exact evolution and observe a very good agreement
in a situation where the conventional Born-Markov-secular master equation breaks down. Interestingly, the present description of the dynamics is robust, and it remains accurate even if some
assumptions are relaxed. Even though our master equation describes a dynamically evolving
bath not described by a Gibbs state, we provide a consistent nonequilibrium thermodynamic
framework and derive the first and second law as well as the Clausius inequality.
[1] ARC, Sanpera, A. and Strasberg, P. PRX QUANTUM 2, 010340 (2021).
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Bypassing the Intermediate Times Dilemma for Open Quantum
System
Marek Winczewski,1,2,3 Antonio Mandarino,1 Michał Horodecki,1 and Robert Alicki1
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The famous Davies-GKSL Markovian master equation is tremendously successful to describe
the evolution of open quantum systems in terms of just a few parameters. However, Davies
equation fails to describe time scales short enough, i.e., comparable to the inverse of differences
of frequencies present in the system of interest. A complementary approach that works well for
short times but is not suitable after this short interval is known as the local master equation.
Both the approaches do not allow to have any faithful dynamics in the intermediate time period
between the very beginning of the evolution and when reaching the steady state. To cope
with the lack of the dynamical equation in this "grey” time zone, in our recent manuscript [1]
derive equations that work in the whole time range and are based on the same few parameters
describing the environment as the Davies equation, thus free from cut-off problems. Our key
insight is proper regularizations of the refined weak coupling equation. The evolution is still
non-Markovian - as it must be if it is to work all time scales. We illustrate our approach by
means of the spin-boson and qutrit-boson models and show how it interpolates between the
local and global master equations in the intermediate time regime. We anticipate that our
equation is a promising step towards analyzing open systems with quasi-continuous spectra
that are at the moment entirely intractable.
[1] Marek Winczewski, Antonio Mandarino, Michał Horodecki, Robert Alicki, "Bypassing the Intermediate Times
Dilemma for Open Quantum System", arXiv:2106.05776 [quant-ph] (2021).
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Signatures of exceptional points in a quantum thermal machine
Shishir Khandelwal, Nicolas Brunner, and Géraldine Haack
University of Geneva

Non-Hermitian matrices show extraordinary degeneracies, called Exceptional Points (EPs),
where two or more eigenvalues and the corresponding eigenvectors coalesce. EPs are thus a
general property of dissipative systems whose evolution can be effectively captured by a nonHermitian matrix. While EPs in classical systems have been studied in detail, it is a challenge
to find suitable quantum systems that show EPs, and to determine the signatures the EPs leave
in their dynamics. Previous works in this direction have taken a semi-classical approach by
excluding quantum jumps [1].
In this work, we connect the topic of EPs with the field of open quantum systems. Specifically,
we investigate EPs in the fully quantum dynamics of a thermal machine, a system consisting
of coupled two-level systems, each interacting with a thermal reservoir [2]. We express the
dynamics of the system with a non-Hermitian Liouvillian, or a Lindblad superoperator, solving
for the analytical transient dynamics of the machine for arbitrary initial states. We characterise
the EPs of the Liouvillian in full generality, finding an array of second and higher-order EPs.
Our analysis shows that the EPs leave signatures in both long and short-time dynamics, and
importantly that an EP entails optimal (fastest) approach to the steady state, in close analogy
to a critically damped Harmonic oscillator. We finally show that the property of fast decay can
be used to optimise heat flow and entanglement production in the machine.
Our work has important implications for the theory of the dynamical control of dissipative
quantum systems. Critical damping in open quantum systems can have applications ranging
from the control of thermodynamic processes to quantum steering. Furthermore, the presence of
higher-order EPs can be used for sensing or metrology, exploiting high sensitivity to parameters
at EPs [3].
[1] F. Minganti et al. Physical Review A 100 (6), 062131.
[2] S. Khandelwal et al. New Journal of Physics 22 (7), 073039.
[3] H. Hodaei et al., Nature 548, 187–191 (2017).
[4] https://arxiv.org/abs/2101.11553.
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Action quantum speed limits
Eoin O’Connor,1 Giacomo Guarnieri,2,3 and Steve Campbell1
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Quantum speed limits (QSLs) place a lower bound on the evolution time of a quantum system
between two states. These bounds are well understood for pure states evolving under unitary
dynamics. In the case of non-unitary dynamics and mixed states, there is no general consensus
on which bound is the best or even how to properly interpret them. We introduce action QSLs
[1] as a family of bounds on the minimal time to connect two states that, unlike the usual
geometric approach, crucially depend on how the path is traversed, i.e. on the instantaneous
speed. Employing techniques from optimal control theory we demonstrate the attainability
of these bounds for the case of a thermalizing qubit. In addition, we critically analyze the
interpretation of QSLs based on different choices of metric establishing that, in general, these
open system QSL times provide an indication of optimality with respect to the geodesic path,
rather than necessarily being indicative of an achievable minimal time.
[1] O’Connor, E., Guarnieri, G., Campbell, S. (2021). Action quantum speed limits. Physical Review A, 103(2),
022210..
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Experimental activation of zero-point energy with quantum
energy teleportation
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In this talk, we presented the first experimental simulation of the quantum energy teleportation
(QET) protocol to activate the zero-point energy locally on an entangled two-body system ground
state by means of local operations dependent on information obtained by a distant measurement.
The experiment was carried out using nuclear magnetic resonance, demonstrating that the
control necessary for a QET protocol can be easily achieved in realistic experimental scenarios.
This constitutes the first experimental implementation of a QET setup, since its theoretical
prediction by Masahiro Hotta.
Quantum energy teleportation is at the core of our understanding of quantum fluctuations
and the role they play in very fundamental scenarios from quantum field theory in curved
spacetimes to quantum thermodynamics: from black hole physics and violations of energy
conditions in quantum field theory to the possible technological applications to algorithmic
cooling.
[1] M. Hotta, Physical Review D81, 044025 (2010).
[2] S. L. Braunstein and A. K. Pati, Physical Review Letters 98, 080502 (2007).
[3] P. Hayden and J. Preskill, Journal of high energy physics 2007, 120 (2007).
[4] A. Hosoya and A. Carlini, Physical Review D66, 104011(2002).
[5] M. Hotta, Physics Letters A372, 5671 (2008).
[6] M. Frey, K. Funo, and M. Hotta, Physical Review E90,012127 (2014).
[7] A M. Alhambra, G. Styliaris, N. A. Rodríguez-Briones, J. Sikora, and E. Martín-Martínez, Physical Review Letters
123, 190601 (2019).
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Thermodynamics of a Quantum Annealer
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The D-wave processor is a partially controllable open quantum system that exchanges energy
with its surrounding environment (in the form of heat) and with the external time dependent
control fields (in the form of work). Despite being rarely thought as such, it is a thermodynamic
machine. Here we investigate the properties of the D-Wave quantum annealers from a thermodynamical perspective [1]. We performed a number of reverse-annealing experiments on
the D-Wave 2000Q via the open access cloud server Leap, with the aim of understanding what
type of thermal operation the machine performs, and quantifying the degree of dissipation
that accompanies it, as well as the amount of heat and work that it exchanges. The latter
is a challenging task in view of the fact that one can experimentally access only the overall
energy change occurring in the processor, (which is the sum of heat and work it receives).
However, recent results of non-equilibrium thermodynamics (namely, the fluctuation theorem
the thermodynamic uncertainty relations, and the sol called dissipation-asymmetry relation
[2]), allow to calculate lower bounds on the average entropy production (which quantifies
the degree of dissipation) as well as the average heat and work exchanges. The analysis of
the collected experimental data shows that (1) in a reverse annealing process the D-Wave
processor works as a thermal accelerator and (2) its evolution involves an increasing amount
of dissipation with increasing transverse field.
[1] Lorenzo Buffoni and Michele Campisi. "Thermodynamics of a quantum annealer." Quantum Science and
Technology 5.3 (2020).
[2] Michele Campisi and Lorenzo Buffoni. "Dissipation and asymmetry in non-equilibrium processes." arXiv preprint
arXiv:2011.01076 (2020).
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Efficiency-Fidelity Trade-off in a Quantum Error Correcting Engine
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Quantum error correction (QEC) is a procedure by which the quantum state of a system of
interest is protected against quantum noise by preemptively encoding it using an ancilla system.
Thermal noise, which plays a central role in quantum thermodynamics (QTD), are an important
subset of quantum noise due to its presence in almost every implementation of quantum
computing and quantum information processing. This suggests a deep link between QEC and
QTD which has been previously discussed in literature in the context of Landauer’s erasure
principle. In this paper, we view QEC as a quantum heat engine with a generally open cycle
with respect to the system state with the perfect QEC corresponding to perfectly closing the
cycle. We investigate how the 2nd law of QTD manifests in the context of this QEC engine,
operating with general quantum measurements and feedback control. We derive the Clausius
inequality for this engine and show that it leads to a fundamental trade-off between the fidelity
of the error-correction procedure and the thermodynamic efficiency of the QEC engine.

QTD 2021 abstract, unique ID: 202
Approximate word count:
Thermodynamic processes beyond engines (e.g. measurements, clocks)

265

Experimental work extraction from quantum coherence
I Maillette de Buy Wenniger,1 S Thomas,1 M Maffei,2 M Pont,1 S Wein,2,3 N Somaschi,4 A
Harouri,1 A Lemaitre,1 I Sagnes,1 A Auffeves,2 and P Senellart1
1

3

Centre for Nanosciences and Nanotechnology, CNRS, Universite Paris-Saclay, UMR 9001,10 Boulevard
Thomas Gobert, 91120, Palaiseau, France
2
Universite Grenoble Alpes, CNRS, Grenoble INP, Institut Neel, 38000 Grenoble, France
Institute for Quantum Science and Technology and Department of Physics and Astronomy, University of
Calgary, Calgary, Alberta, Canada T2N 1N4
4
Quandela SAS, 10 Boulevard Thomas Gobert, 91120, Palaiseau, France

Classical thermodynamics is considered one of the pillars of macroscopic physics dealing
with notions such as heat and work and their transfer. These notions of work and heat,
however, should be revisited when entering the quantum regime. Many theoretical papers have
addressed the issue of reaching a general theory of quantum thermodynamics with unambiguous
definitions for heat and work, and thermodynamic laws. Within these theoretical explorations,
special emphasis is given to the role of quantum coherence when extracting work from quantum
systems which allows for strikingly different thermodynamic features [1,2]. Despite a growing
number of papers investigating the theory of thermodynamics in the quantum realm, there
have been few experimental studies thus far.
Here we demonstrate the ability to experimentally extract work from coherence in a quantum
engine and add the work to a (classical) battery. Our quantum engine, a two level system
(InGaAs quantum dot in a GaAs/AlGaAs micropillar cavity), is fueled by a classical laser
drive. We show that by driving the engine with pulses up to full population inversion, we can
extract work depending on the amount of quantum coherence induced in the two level system.
We further show that the amount of extractable work depends on the purity in frequency
domain and in photon number basis. Finally, we load this work to a battery (laser field) using
homodyne-type measurements and determine the amount of work extracted from the quantum
engine.
The present study highlights the key role of quantum coherence in the laws of quantum
thermodynamics, and demonstrates unambiguously the ability to add work from a quantum
engine to a battery.
[1] Monsel, J. et al., The energetic cost of work extraction, PRL, 124, 130601 (2020).
[2] Scully, M. O. et al., Extracting work from a single heat bath via vanishing quantum coherence, Science, Vol. 299,
5608 (2003).
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Time plays a special role in quantum physics, as it has no corresponding Hermitian operator
that acts as an observable (like position or momentum) [1]. Consequently, the passage of time
can only be estimated via the evolution of a reference system –a clock. At the same time, we
know from thermodynamics that systems in thermal equilibrium do not exhibit any non-trivial
time evolution. In order to keep track of time, one therefore has to consider systems that
are out of equilibrium and thus undergo an irreversible evolution, producing entropy in the
process [2]. However, not every equilibrating system makes for a good clock. Here we ask
the question: what makes a specific system useful as a clock? To answer this question, we
formalize the task of time-keeping by conceptually separating two stages: 1. an irreversible
process, i.e., an out-of-equilibrium system that moves towards equilibrium producing discrete
stochastic events called “ticks”, and 2. an internal “clockwork” that temporally concentrates the
probability of an irreversible event to occur. In order to account for all the resources that are
required to drive the clock, we focus on autonomous clocks, that is, clocks that do not require
any external control. We explicitly model a clockwork comprised of qubits that harnesses the
heat flow between two thermal baths in order to perform a task that we dub autonomous
temporal probability concentration (ATPC) and show that such a clockwork can approximate a
perfect clockwork arbitrarily well (with growing complexity). Furthermore, by combining such
a clockwork with the paradigmatic irreversible process of exponential decay, we showcase the
ultimate thermodynamic limits of time-keeping [3].
[1] Wolfgang Pauli, Die allgemeinen Prinzipien der Wellenmechanik (Springer, Berlin, Heidelberg, 1958).
[2] Paul Erker, Mark T. Mitchison, Ralph Silva, Mischa P. Woods, Nicolas Brunner, and Marcus Huber, Autonomous
Quantum Clocks: Does Thermodynamics Limit Our Ability to Measure Time? Phys. Rev. X 7, 031022 (2017),
arXiv:1609.06704.
[3] Emanuel Schwarzhans, Maximilian P. E. Lock, Paul Erker, Nicolai Friis and Marcus Huber, Autonomous Temporal
Probability Concentration: Clockworks and the Second Law of Thermodynamics, Phys. Rev. X, 11, 011046 (2021),
arXiv:2007.01307.
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Optomechanical cooling with coherent and squeezed light: the
thermodynamic cost of opening the heat valve
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Ground-state cooling of mechanical motion by coupling to a driven optical cavity has been
demonstrated in various optomechanical systems. In our work, we provide a so far missing
thermodynamic performance analysis of optomechanical sideband cooling in terms of a heat
valve. As performance quantifiers, we examine not only the lowest reachable effective temperature (phonon number), but also the evacuated-heat flow as an equivalent to the cooling
power of a standard refrigerator, as well as appropriate thermodynamic efficiencies, which all
can be experimentally inferred from measurements of the cavity output light field. Importantly,
in addition to the standard optomechanical setup fed by coherent light, we investigate two
recent alternative setups for achieving ground-state cooling: replacing the coherent laser drive
by squeezed light or using a cavity with a frequency-dependent (Fano) mirror. We study the
dynamics of these setups within and beyond the weak-coupling limit and give concrete examples based on parameters of existing experimental systems. By applying our thermodynamic
framework, we gain detailed insights into these three different optomechanical cooling setups,
allowing a comprehensive understanding of the thermodynamic mechanisms at play [1].
[1] J. Monsel, N. Dashti, S. K. Manjeshwar, J. Eriksson, H. Ernbrink, E. Olsson, E. Torneus, W. Wieczorek, J.
Splettstoesser. arXiv:2103.03596.
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In 1945 Mandesltam and Tamm derived an uncertainty relation that bounds the speed with
which an observable can evolve on isolated quantum systems. I will show how to derive
analogous bounds for open quantum systems. In two limiting situations, the new speed limits
recover the Mandelstam and Tamm bound or a classical speed limit recently derived for classical
stochastic systems. I will illustrate the results with some applications to classical and quantum
thermodynamics.
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Certifying quantum signatures in thermodynamics via
contextuality of quantum linear response
Matteo Lostaglio
University of Amsterdam

In the context of quantum thermodynamics, the issue of identifying truly quantum signatures has
been a long-standing problem in the field. Despite recent theoretical and experimental advances,
and a large number of proposals for quantum mechanical heat engines, a central outstanding
question remains: Are there thermodynamic machines whose performance unavoidably requires
quantum effects?
Several theoretical claims have been made that quantum coherence can offer improvements over
certain incoherent thermodynamic engines and refrigerators, followed by recent experimental
effort [1]. However, similar signatures can be observed in classical engines as well [2,3]. Hence,
such claims should be backed by a no-go theorem that 1. Defines a precise and strong notion
of nonclassicality 2. Shows that this notion leads to statistical predictions incompatible with
the corresponding quantum statistics.
In the present contribution [4], we provide such result. We identify a fundamental difference
between classical and quantum dynamics in the linear response regime by showing that the
latter is in general contextual. This allows us to provide an example of a quantum engine
whose favorable power output scaling unavoidably requires nonclassical effects in the form of
contextuality. Given the ubiquity of linear response theory, we anticipate that these tools will
allow one to certify the nonclassicality of a wide array of quantum phenomena.
[1] J. Klatzow et al., Physical Review Letters 122, 110601 (2019).
[2] S. Nimmrichte et al., Quantum 1, 37 (2017).
[3] J. O. Gonzalez et al, Phys. Rev. E 99, 062102 (2019).
[4] M. Lostaglio, Phys. Rev. Lett. 125, 230603 (2020).
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Thermodynamics connects our knowledge of the world to our capability to manipulate and
thus to control it. This crucial role of control is exemplified by the third law of thermodynamics,
Nernst’s unattainability principle, stating that infinite resources are required to cool a system
to absolute zero temperature. But what are these resources? And how does this relate to
Landauer’s principle that famously connects information and thermodynamics? We answer
these questions by providing a framework for identifying the resources that enable the creation
of pure quantum states. We show that perfect cooling is possible with Landauer energy cost
given infinite time or control complexity. Within the context of resource theories of quantum
thermodynamics, we derive a Carnot-Landauer limit, along with protocols for its saturation.
This generalises Landauer’s principle to a fully thermodynamic setting, leading to a unification
with the third law and emphasising the importance of control in quantum thermodynamics.
[1] https://arxiv.org/abs/2106.05151.
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All states are universal catalysts in quantum thermodynamics
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Quantum catalysts make previously impossible quantum transformations possible [1]. These
special quantum resources - such as ancillary entangled states - open up new possibilities for
manipulating objects without consuming or degrading the new resource. Our interactions with
the macroscopic world suggest that quantum catalysts must, at the very least, be finely tuned
for a particular purpose. This intuition comes from our everyday experience: since quantum
catalysts model the behavior of thermal machines or ancillary experimental instruments, they
need to be carefully tuned before they can aid in performing the desired transformation.
However, the quantum world often behaves contrary to our intuition - and quantum catalysts
are no different. In this work, we describe a surprising property of multicopy states: we show
that in the resource theory of quantum thermodynamics (or, more generally, resource theories
governed by majorization), all resourceful states are catalysts for all allowed transformations.
This also means that the so-called "second laws of thermodynamics" [2] do not require a finetuned catalyst; rather, any state, given sufficiently many copies, can serve as a useful catalyst.
These analytic results are accompanied by several numerical investigations that indicate that
neither a multicopy form nor a very-large-dimension catalyst is required to activate most
allowed transformations catalytically.
[1] Jonathan D., Plenio M. B., "Entanglement-Assisted Local Manipulation of Pure Quantum States", Phys. Rev. Lett.
83, 3566 (1999).
[2] Brandão F., Horodecki M., Ng N., Oppenheim J., Wehner S., "The second laws of quantum thermodynamics",
PNAS 112 (11) 3275-3279 (2015).
[3] Lipka-Bartosik P., Skrzypczyk P., "All States are Universal Catalysts in Quantum Thermodynamics", Phys. Rev. X
11, 011061 (2021).
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We use quantum scattering theory to study a fixed quantum system Y subject to collisions
with massive particles X described by wave packets. We derive the scattering map for system
Y and show that the induced evolution crucially depends on the width of the incident wave
packets compared to the level spacing in Y. To simplify the discussion, we consider that Y is
nondegenerate.
If the incident wave packets are narrow, system Y will decohere. Moreover, an ensemble
weighted by thermal effusion distribution causes Y to thermalize.
Broad wave packets can act as a source of coherences for Y, and in the limit of large broadness
and energy, they act as a work source. We illustrate our findings on several simple examples
and discuss the consequences of our results in realistic experimental situations.
[1] Samuel L. Jacob, Massimiliano Esposito, Juan M.R. Parrondo, and Felipe Barra, PRX QUANTUM 2, 020312
(2021).
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We study the distribution of the mean work that can be extracted with unitary transformations,
in closed quantum systems of large dimension. Given a closed quantum system, the states
that can be reached with a cyclic process are those with the same spectrum as the initial state.
We show that, under a very general assumption on the Hamiltonian, the distribution of the
mean extractable work is very close to a Gaussian with respect to the Haar measure of unitary
transformations. We derive bounds for both the moments of the distribution of the mean
energy of the state and for its characteristic function, showing that the discrepancy with the
normal distribution is increasingly suppressed for large dimensions of the system Hilbert space.
Differently from previous works, which assume an initial or final state close to equilibrium, our
analysis applies to any possible state of the system. However, when the inital state is a state of
thermal equilibrium, the result allows to recover the classical fluctuation-dissipation relation in
the case in which the evolution of the system is described by random unitary matrices, and the
Hilbert space of the quantum system has a large dimension.
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Using relativistic phenomena as a source of power has long been a staple of popular culture,
such as the matter-antimatter annihilation reactors that power the warp drives of "Star Trek".
However, with rapidly developing nanoscale experimental control and the recent discovery of
"Dirac materials", systems with linear dispersion relations whose low-energy excitations behave
like massless relativistic fermions [1], relativistic quantum engines are no longer the realm of
science fiction. In the context of classical stochastic thermodynamics, it has been shown that the
restrictions imposed by the light cone lead to modified behavior for heat [2,3]. The same has
been shown to be true for the work distribution in relativistic quantum systems [4]. Motivated
by these results, we analyze a quantum Otto engine with a working medium of a relativistic
particle evolving under Dirac or Klein-Gordon dynamics in an oscillator potential. We examine
both the low-temperature, non-relativistic and high-temperature, relativistic limits of the
dynamics and find that the relativistic engine operates with an effectively reduced compression
ratio, leading to significantly worse efficiency than its non-relativistic counterpart. Using the
framework of endoreversible thermodynamics we determine the efficiency at maximum power
of the relativistic engine and find it to be equivalent to the Curzon-Ahlborn efficiency.
[1] T. Wehling, A. Black-Schaffer, and A. Balatsky, Dirac materials, Advances in Physics 63, 1 (2014).
[2] P. S. Pal and S. Deffner, Stochastic thermodynamics of relativistic Brownian motion, New Journal of Physics 22,
073054 (2020).
[3] P. V. Paraguassú and W. A. Morgado, Heat distribution of relativistic Brownian motion, arXiv:2105.11388 (2021).
[4] S. Deffner and A. Saxena, Quantum work statistics of charged Dirac particles in time-dependent
fields, Phys. Rev. E 92, 032137 (2015).
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We study the phenomenon of absorption refrigeration, where refrigeration is achieved by
heating instead of work, in two different setups: a minimal set up based on coupled qubits,
and two non-linearly coupled resonators. Considering ZZ interaction between the two qubits,
we outline the basic ingredients required to achieve cooling. Using local as well as global
master equations, we observe that inclusion of XX type term in the qubit-qubit coupling is
detrimental to cooling. We compare the cooling effect obtained in the qubit case with that of
non-linearly coupled resonators (multi-level system) where the ZZ interaction translates to a
Kerr-type non-linearity. For small to intermediate strengths of non-linearity, we observe that
multi-level quantum systems, for example qutrits, give better cooling effect compared to the
qubits. Using Keldysh non-equilibrium Green’s function formalism, we go beyond first order
sequential tunneling processes and study the effect of higher order processes on refrigeration.
We find reduced cooling effect compared to the master equation calculations.
[1] arXiv:2105.05835.
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We present a derivation of the fluctuation theorem (FT) based only on the Lindblad master
equation. By introducing a modified superoperator accounting for the heat flow statistics, we
obtain an exact result that holds for an arbitrary number of heath baths, and for both local and
global master equations. Such a FT involves only the heath exchanged with the baths and the
state of the system, thus generalizing previous results involving a single bath. We complete our
study by providing numerical evidence for the proposed FT in the case of a system described
by a local master equation with multiple baths.
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Feedback control mechanisms are ubiquitous in science and technology, and play an essential
role in regulating physical, biological and engineering systems. The standard second law of
thermodynamics does not hold in the presence of measurement and feedback. Most studies so
far have extended the second law for discrete, Markovian feedback protocols; however, nonMarkovian feedback is omnipresent in processes where the control signal is applied with a nonnegligible delay. Here, we experimentally investigate the thermodynamics of continuous, timedelayed feedback control using the motion of an optically levitated, underdamped microparticle.
We test the validity of a generalized second law which bounds the energy extracted from the
system and study the breakdown of feedback cooling for very large time delays.
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More than 150 years ago, James Clerk Maxwell introduced a famous thought experiment,
where a little intelligent being (the “demon”) defies the second law of thermodynamics by
controlling a tiny door between two chambers with gases at different temperatures. Maxwell’s
demon represented a cornerstone in the development thermodynamics of feedback control,
which has attracted renewed attention in the last decade motivated by the increasing ability to
manipulate and measure small systems in the laboratory at the micro and nano-scales.
In this talk, I will introduce a new concept of information demon, lacking proper feedback
control but just allowed to stop the process using a gambling strategy [1]. The demon is able
to decide at any instant of time whether to stop or not the dynamics of a physical system
according to some prescribed criterion. We demonstrate that such gambling demons can bypass
the conventional laws of thermodynamics in unexpected ways. Indeed, at difference from
feedback control scenarios, the key quantity that limits the extent of “second-law violations”
is no longer the amount of information retrieved about the system (which needs to assist
nevertheless the process), but a new quantity measuring the asymmetry under time-reversal
of the dynamics. We further test experimentally the most important features of the gambling
demon in a single-electron box, and realize gambling strategies that lead to average values of
the work extraction that are above the free energy change.
Our results comprise the derivation of new universal fluctuation relations and second-law-like
inequalities valid for classical and quantum systems in situations arbitrary far from equilibrium.
Notably, we introduce in this work a new level of universality, as we demonstrate that our theory
holds for any finite-time horizon stopping strategy. Moreover, we extend our results to the case
of open quantum systems following quantum trajectories, identifying and discussing the key
role played by quantum measurements. In this case we find that quantum coherence introduces
nontrivial effects, which may be either beneficial or detrimental for quantum gambling demons.
[1] G. Manzano, D. Subero, O. Maillet, R. Fazio, J. P. Pekola and É. Roldán, Phys. Rev. Lett. 126, 080603 (2021).
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Experimental test of fluctuation relations for driven open
quantum systems with an NV center
Santiago Hernández-Gómez,1,2,3 Nicolas Staudenmaier,1,2 Michele Campisi,2,4,5 and Nicole
Fabbri1,3
1

3

European Laboratory for Non-linear Spectroscopy (LENS), Università di Firenze, I-50019 Sesto
Fiorentino, Italy
2
Dipartimento di Fisica e Astronomia, Università di Firenze, I-50019, Sesto Fiorentino, Italy
Istituto Nazionale di Ottica del Consiglio Nazionale delle Ricerche (CNR-INO), I-50019 Sesto Fiorentino,
Italy
4
NEST, Istituto Nanoscienze-CNR and Scuola Normale Superiore, I-56127 Pisa, Italy
5
INFN–Sezione di Pisa, I-56127 Pisa, Italy

Solid-state spin systems disclose new possibilities for exploring how thermodynamic processes
take place in open systems at the nanoscale. Here, we address the challenge of the experimentally verifying quantum fluctuation relations for driven open quantum systems, which
poses the conceptual and operative difficulty of distinguishing work and heat. We characterize
the energy fluctuations of a diamond spin qubit in a driven-dissipative scenario, where a spin
qubit exchanges energy both with its surroundings because of a thermal gradient, and with an
external work source [1]. The electronic spin of nitrogen-vacancy (NV) centers in diamond has
been recently proposed as a controlled test bed to study fluctuation relations in the presence
of an engineered dissipative channel, in the absence of work [2,3]. I will show how we have
extended those studies to explore the validity of quantum fluctuation relations in the presence
of dissipation and work. Work is applied to the spin by a cyclic resonant driving, while the
dissipation channel is implemented by applying to the NV spin a series of interactions with
short laser pulses. Each interaction with a short laser pulse acts as a quantum measurement,
followed by irreversible optical pumping (dissipation) that asymptotically brings the spin qubit
into a pseudo-thermal state [2]. We explore two cases: When the spin exchanges energy with
an effective infinite-temperature reservoir, and when the total work vanishes at stroboscopic
times—although the power delivered to the NV center is non-null. Our results represent the
first experimental study of quantum fluctuation relation in driven open quantum systems.
[1] S. Hernández-Gómez, N. Staudenmaier, M. Campisi, N. Fabbri, New J. Phys. 23 065004 (2021).
[2] S. Hernández-Gómez, S. Gherardini, F. Poggiali, F. S.Cataliotti, A. Trombettoni, P. Cappellaro, and N. Fabbri,
Phys. Rev. Research 2, 023327 (2020).
[3] S. Hernández-Gómez, S. Gherardini, N. Staudenmaier, F. Poggiali, M. Campisi, A. Trombettoni, F. S. Cataliotti, P.
Cappellaro, N. Fabbri, arXiv:2105.14011 [quant-ph] (2021).
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Experimental verification of the work fluctuation-dissipation
relation in a Szilard engine
David Barker,1 Matteo Scandi,2 Martí Perarnau-Llobet,3 and Ville F. Maisi1
1

2

NanoLund and Solid State Physics, Lund University, Box 118, 22100 Lund, Sweden
ICFO - Institut de Ciències Fotòniques, The Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain
3
Département de Physique Appliquée, Université de Genève, Genève, Switzerland

In small systems, work fluctuations are significant compared to the average. As such, one needs
to take into account the full distribution of work when describing their thermodynamics. When
slowly driving a system in contact with a thermal bath at temperature T , this distribution is
2
Gaussian and its variance W
is related to the average work dissipated along the drive Wdiss
through the work fluctuation-dissipation relation [1-2]:
Wdiss =

1
2kB T

2
W,

(1)

where kB is Boltzmann’s constant. This relation implies that if one can minimize work dissipation, one automatically minimizes work fluctuations as well.
We have experimentally verified the work fluctuation-dissipation relation for a Szilard engine,
which uses information about a single electron to extract up to kB T ln 2 of work on average.
Whereas previous work had focused on the extracted averaged work [3-5], we focus our
attention on work fluctuations, and in particular experimentally verify the fundamental relation
Eq. (1).
Our Szilard engine consists of a single-electron energy level in a semiconductor quantum
dot, the occupation of which we monitor in real time by charge sensing. By measuring the
occupation and then applying different drive protocols depending on the outcome, we extract
work. When slowing down the drive less work is dissipated and we get closer to extracting the
full kB T ln 2 on average. At the same time, the work distribution sharpens up. The relation
between dissipated work and the variance is consistent with the work fluctuation-dissipation
relation.
[1] J. Hermans, J. Phys. Chem. 95, 9029 (1991).
[2] C. Jarzynski, Phys. Rev. Lett. 78, 2690 (1997).
[3] S. Toyabe et al., Nature Phys. 6, 988–992 (2010).
[4] É. Roldán et al., Nature Phys. 10, 457-461 (2014).
[5] J. V. Koski et al., PNAS 111, 13786 (2014).
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Energy conservation and Jarzynski equality are incompatible for
quantum work
Karen Hovhannisyan1 and Alberto Imparato2
1

2

The Abdus Salam International Centre for Theoretical Physics (ICTP), Strada Costiera 11, 34151 Trieste,
Italy
Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, 8000 Aarhus, Denmark

Measuring the fluctuations of work in coherent quantum systems is notoriously problematic.
Aiming to reveal the ultimate source of these problems, we demand of work measurement
schemes the sheer minimum and see if those demands can be met at all. We require (A)
energy conservation for arbitrary initial states of the system and (B) the Jarzynski equality
for thermal initial states. By energy conservation we mean that the average work must be
equal to the difference of initial and final average energies, and that untouched systems
must exchange deterministically zero work. Requirement B encapsulates the second law of
thermodynamics and the quantum–classical correspondence principle. We prove that work
measurement schemes that do not depend on the system’s initial state satisfy B if and only
if they coincide with the famous two-point measurement scheme, thereby establishing that
state-independent schemes cannot simultaneously satisfy A and B. Expanding to the realm of
state-dependent schemes allows for more compatibility between A and B. However, merely
requiring the state-dependence to be continuous still effectively excludes the coexistence of A
and B, leaving the theoretical possibility open for only a narrow class of exotic schemes.
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Experimental verification of the detailed quantum fluctuation
relation for an interacting system
Marcela Herrera,1,2 John P. S. Peterson,3 Roberto M. Serra,2 and Irene D’Amico4
1
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Waterloo N2L 3G1, Ontario, Canada
4
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2
3

Energy fluctuations play a significant role on the out-of-equilibrium thermodynamics of quantum systems. They are inherently related to fluctuation relations, which embraces both thermal
and quantum energy fluctuations. The experimental verification or use of quantum fluctuation
relations requires the assessment of both types of energy fluctuations. We propose and experimentally implemented a new approach to access energy fluctuations and the work distribution
in a many-body quantum system [1]. We show how to obtain the related bi-stochastic matrix
of transition probabilities by means of simple local measurements at the end of a protocol
that drives a many-body quantum system out-of-equilibrium. As a proof-of-principle, we have
tested our method in a quantum Ising-like system composed by two interacting spin-1/2. By
obtaining the bi-stochastic transition probability matrix for the system dynamics at different
temperatures, we are able to verify the detailed quantum fluctuation relation for an interacting
system driven out-of-equilibrium. Our method can be applied in a diversity of physical setups
to investigate energy fluctuations and thermodynamical quantities such as, work, heat, and
entropy production in nonequilibrium interacting quantum systems.
[1] Marcela Herrera, John P. S. Peterson, Roberto M. Serra, and Irene D’Amico, arXiv:2010.03752, to be published
in Phys Rev Lett (2021).

Geometric properties of adiabatic quantum thermal machines
Rosario Fazio
The Abdus Salam International Centre for Theoretical Physics, Trieste

I will discuss a general approach for the study of quantum thermal machines,
including both heat engines and refrigerators, operating under
periodic adiabatic driving and in contact with thermal reservoirs kept at
diﬀerent temperatures. Many observables characterizing this operating
mode and the performance of the machine are of geometric nature.
Heat-work conversion mechanisms and dissipation of energy can be
described, respectively, by the antisymmetric and symmetric components of
a thermal geometric tensor deﬁned in the space of time-dependent
parameters generalized to include the temperature bias. The antisymmetric
component can be identiﬁed as a Berry curvature, while the
symmetric component deﬁnes the metric of the manifold. I will show that the
operation of adiabatic thermal machines, and consequently also
their eﬃciency, are intimately related to these geometric aspects. I will
illustrate these ideas by discussing some speciﬁc cases and discuss a
possible experimental setup for their implementation.

Steady states and mean force Gibbs states
Janet Anders
University of Exeter
The dynamical convergence of a system to the Gibbs state, is a standard
assumption across much of classical and quantum thermodynamics,
including resource theory. However, for nanoscale and quantum systems the
interaction with their environment becomes non-negligible. Is the system
steady state then still the Gibbs state? And if not, how exactly does it
depend on the interaction details? In this talk I will report on several aspects
of this timely topic [1]. First, I will describe an eﬃcient method of numerically
solving open dynamics at arbitrary coupling strength [2]. Steady state
results for a *classical* spin undergoing a generalised LLG equation are then
compared to new closed form expressions of the so-called mean force
Gibbs states (MFG state) at arbitrary coupling [3]. Secondly, a comparison of
the *quantum* steady state and the MFG state will be presented at weak
and ultrastrong coupling, respectively [3]. These results make use of new
closed expressions for the quantum MFG state [4], valid for arbitrary
quantum systems coupled to a bosonic bath.
The results demonstrate the departure of the nanoscale equilibrium state
from textbook Gibbs statistical physics. They also shed light on the quantum
to classical transition in the equilibrium state, and evidence the survival of
“coherences" in both regimes.
[1] Overview article: Open quantum system dynamics and the mean force
Gibbs state, M Merkli, AS Trushechkin, JD Cresser, J Anders - in preparation.
[2] Quantum Brownian Motion for Magnets, arXiv:2009.00600, J Anders,
CRJ Sait, SAR Horsley.
[3] Quantum-classical transition of steady states and mean force Gibbs
states in the spin boson model, M Berritta, S Scali, F Cerisola, JD Cresser,
SAR Horsley, J Anders - in preparation.
[4] Weak and ultrastrong coupling limits of the quantum mean force Gibbs
state, arXiv:2104.12606, JD Cresser, J Anders.

Heating rates under fast and strong periodic driving in classical and
quantum many-body systems
Takashi Mori
RIKEN Center for Emergent Matter Science
Fast and strong periodic driving can be utilized to stabilize nontrivial
many-body states in isolated classical and quantum systems. Those
many-body states are theoretically described by an eﬀective Floquet
Hamiltonian and are also being experimentally realized. Stability of those
nonequilibrium states is limited by heating due to periodic driving. It is
therefore important to evaluate the heating rate. Rigorous results tell us that
the heating is exponentially suppressed at high frequencies [1,2], but they
just give relatively loose upper bounds on the heating rate. It is a
challenging problem in nonequilibrium statistical physics to give a
quantitatively accurate estimation of the heating rate under fast and strong
periodic driving beyond the linear response regime.
In my talk, I will present a formula on the heating rate for fast and strong
periodic driving [3]. The derivation is based on the technique of the
high-frequency expansion. I will also report numerical results, which agree
with the formula for both classical and quantum systems.
[1] T. Mori, T. Kuwahara, and K. Saito, Phys. Rev. Lett. 116, 120401 (2016)
[2] T. Kuwahara, T. Mori, and K. Saito, Ann. Phys. 367, 96 (2016)
[3] T. Mori, arXiv:2107.12587

Ion chains as quantum simulators
Cecilia Cormick
National University of Córdoba

On the way to develop quantum processors, systems of trapped ions have
demonstrated the ability to implement simulations of several models of
interest for quantum statistical mechanics. I will explain basic aspects
of the theoretical description of ion chains and their manipulation
through laser ﬁelds. As an illustration of the possible applications, I
will present two proposals for ion-trap simulations of dynamical phase
transitions and open quantum systems.

TIME

Friday 8th

8:30-8:55
Chair: Cyril Elouard
8:55-9:20

Naoto Shiraishi
Quantum thermodynamics of correlated-catalytic
state conversion at small-scale

9:20-9:45

Manabendra Nath Bera
Quantum Heat Engines with Carnot Efficiency
at Maximum Power

9:45-10:10

David Gelbwaser
Casimir heat engine

10:10-10:25

Break
Chair: Jesus Rubio

10:25-10:50

Harry Miller
Geometry of work fluctuations versus
efficiency in microscopic thermal machines

10:50-11:15

Giacomo Guarnieri
Thermodynamic uncertainty relation in
slowly driven quantum heat engines

11:15-11:40

Joao Sabino
Quantum field thermal machines

11:40-12:20

Break

12:20-12:45
12:45-13:00

Chair: Philippe Faist
13:00-13:45

Ulrich Poschinger
TBA

13:45-14:30

Elisa Bäumer
Minimizing back-action
through entangled measurements

14:30-14:50

Break
Geraldine Haack

14:50-15:35

Luis A. Correa
Global thermometry in action: Enhanced
release–recapture thermometry in ultracold gases

15:35-16:20

Anne Anthore
Reduced quantum heat flow and teleportation
of electrons: two consequences of Coulomb
interactions in micrometer size metallic islands

16:20-17:00

Quo vadis Q Thermo?
&
Goodbye!

17:00-17:25
17:25-17:50
17:50-18:15
18:15-18:30
18:30-18:55
18:55-19:20
19:20-19:45
19:45-20:10

QTD 2021 abstract, unique ID: 177
Foundations of thermodynamics (e.g.

Approximate word count:
resource theories, information)

245

Quantum thermodynamics of correlated-catalytic state conversion
at small-scale
Naoto Shiraishi1 and Takahiro Sagawa2
1
2

Gakushuin university
The university of Tokyo

State convertibility of small systems through thermodynamic processes have been studied
intensively in the context of resource theories. In contrast to macroscopic equilibrium thermodynamics, where the Helmholtz free energy completely determines the state convertibility, in
small systems an infinite family of inequalities naturally arises as the necessary and sufficient
condition for state conversion [1]. Recently, it is shown that if we employ a catalyst, which does
not change its own state but helps state conversions, and if we allow small correlation between
the system and the catalyst, the necessary and sufficient condition of state conversion of classical
small systems is given by a single free energy defined with the Kullback-Leibler divergence
[2]. However, this result was restricted to classical systems, and the characterization of state
convertibility of quantum systems was a fundamental open problem. In this presentation,
we solved this problem by proving that the state convertibility of quantum systems with a
Gibbs-preserving map is uniquely characterized by the free energy defined with the quantum
Kullback-Leibler divergence, if we allow a small correlation between the system and the catalyst
[3]. We employ a completely different proof technique from the previous proof for classical
systems [2]. In our proof, we combine three tools: the measurement-and-prepare method, the
quantum Stain’s lemma, and mapping from asymptotic conversion to catalytic conversion. This
proof strategy can be extended to various resource theories, and therefore our result would
serve as a step towards establishing resource theories of catalytic state conversion in the fully
quantum regime.
[1] F. Brandao, et al., The second laws of quantum thermodynamics. Proc. Nat. Acad. Sci. 112, 3275 (2015)..
[2] M. P. Muller, Correlating Thermal Machines and the Second Law at the Nanoscale. Phys. Rev. X 8, 041051
(2018)..
[3] N. Shiraishi and T. Sagawa, Quantum thermodynamics of correlated-catalytic state conversion at small-scale.
Phys. Rev. Lett. 126, 150502 (2021).
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Quantum Heat Engines with Carnot Efficiency at Maximum Power
Mohit Lal Bera,1 Sergi Julià-Farré,1 Maciej Lewenstein,1,2 and Manabendra Nath Bera3
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ICFO – Institut de Ciències Fotòniques, The Barcelona Institute of Science and Technology, ES-08860
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Punjab 140306, India

Conventional heat engines, both classical or quantum, with higher power yield lesser efficiency
and vice versa and respect various power-efficiency trade-off relations. Here we show that these
relations are not fundamental. We introduce quantum heat engines that deliver maximum power
with Carnot efficiency in the one-shot finite-size regime. These engines are composed of working
systems with a finite number of quantum particles and are restricted to one-shot measurements.
The engines operate in a one-step cycle by letting the working system simultaneously interact
with hot and cold baths via semi-local thermal operations. By allowing quantum entanglement
between its constituents and, thereby, a coherent transfer of heat from hot to cold baths, the
engine implements the fastest possible reversible state transformation in each cycle, resulting
in maximum power and Carnot efficiency. We propose a physically realizable engine using
quantum optical systems.
[1] Mohit Lal Bera, Sergi Julià-Farré, Maciej Lewenstein, and Manabendra Nath Bera, Quantum Heat Engines with
Carnot Efficiency at Maximum Power, arXiv:2106.01193 (2021).
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Casimir heat engine
David Gelbwaser,1 Noah Graham,2 Mehran Kardar,3 and Matthias Krüger4
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In most quantum heat engine models, work is extracted by an external field or an auxiliary
quantum system [1], limiting the usefulness and applicability of the engine. Moreover, in some
cases multiple work definitions exist, making hard to identify which one is thermodynamically
consistent. In this talk, I will introduce a heat engine model based on Casimir forces that
overcomes the challenges presented by previousRmodels. The model based on Casimir forces
relies on the classical notion of work, that is W = F · d r and could potentially be used to study
the relation between quantum properties, such as quantum squeezing, and work extraction.
As part of the talk, I will also review what we know about Casimir forces both at equilibrium
and non-equilibrium situations and which conditions can be used to build a heat engine [2]
without contact among its parts. The engine operation depends on the nature of the thermal
radiation. When the engine parts are close to each other, thermal radiation is dominated by
evanescent modes, the so called near field limit. At this regime, common principles such as the
black body limit or the Stefan-Boltzmann law do not hold [3]. We conclude that only at this
regime the Casimir heat engine can come close, but not surpass the Carnot bound.
[1] Vinjanampathy, Sai, and Janet Anders. "Quantum thermodynamics." Contemporary Physics 57.4 (2016): 545579.
[2] Gelbwaser-Klimovsky, David, Graham, Noah, Kardar, Mehran and Krüger Matthias. "Near field propulsion forces
from nonreciprocal media." Physical Review Letters 126.17 (2021): 170401.
[3] Shen, Sheng, Arvind Narayanaswamy, and Gang Chen. "Surface phonon polaritons mediated energy transfer
between nanoscale gaps." Nano letters 9.8 (2009): 2909-2913.
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Geometry of work fluctuations versus efficiency in microscopic
thermal machines
Harry Miller1 and Mohammad Mehboudi2
1

University of Manchester
2
University of Geneva

Finding general design principles for small-scale systems that achieve an optimal trade-off
between efficiency and reliability remains an ongoing challenge. While a machine may extract
work efficiently on average, it may be subject to large work fluctuations which hampers any
reliability [1]. For microscopic engines, maximising efficiency while minimising the work
fluctuations represents a multi-objective optimisation problem, and one must consider the
boundary of optimal protocols known as the Pareto front [2]. In this talk, I will present a general
method for constructing Pareto-optimal protocols for microscopic heat engines that operate
in a regime close to equilibrium. In this regime one may apply techniques from the field of
thermodynamic geometry, which is a topic concerned with the Riemann geometric description
of thermodynamic systems. I will show that Pareto-optimal solutions to the multi-objective
optimisation problem are found when a heat engine protocol is parameterised in terms of a
thermodynamic length. This length is a geometric quantity that measures the distance between
points in the equilibrium manifold of the machine [3]. This geometric approach offers a simple
and intuitive means of finding Pareto-optimal processes in both the classical-stochastic and
quantum regimes, and I will demonstrate its utility for optimising some experimentally relevant
microscopic systems.
[1] P. Pietzonka and U. Seifert. Universal trade-off between power, efficiency, and constancy in steady-state heat
engines. Phys. Rev. Lett. 120, 190602 (2018).
[2] A. P. Solon and J. M. Horowitz. Phase Transition in Protocols Minimizing Work Fluctuations. Phys. Rev. Lett.
120, 180605 (2018).
[3] G. E. Crooks. Measuring thermodynamic length. Phys. Rev. Lett. 99, 100602 (2007).
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Thermodynamic uncertainty relation in slowly driven quantum
heat engines
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Thermodynamic uncertainty relations express a trade-off between precision, defined as the
noise-to-signal ratio of a generic current, and the amount of associated entropy production.
These results have deep consequences for autonomous heat engines operating at steady state,
imposing an upper bound for their efficiency in terms of the power yield and its fluctuations.
In the present Letter we analyze a different class of heat engines, namely, those which are
operating in the periodic slow-driving regime. We show that an alternative TUR is satisfied,
which is less restrictive than that of steady-state engines: it allows for engines that produce
finite power, with small power fluctuations, to operate close to reversibility. The bound further
incorporates the effect of quantum fluctuations, which reduces engine efficiency relative to the
average power and reliability. We finally illustrate our findings in the experimentally relevant
model of a single-ion heat engine.
[1] Harry J. D. Miller, M. Hamed Mohammady, Martí Perarnau-Llobet, and Giacomo Guarnieri, Phys. Rev. Lett. 126,
210603 (2021).
[2] Harry J. D. Miller, M. Hamed Mohammady, Martí Perarnau-Llobet, and Giacomo Guarnieri, Phys. Rev. E 103,
052138 (2021).
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Quantum field thermal machines
Marek Gluza,1 Joao Sabino,2,3,4 Nelly Ng,1,5 Giuseppe Vitagliano,6 Marco Pezzutto,2,3,7 Yasser
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Recent years have enjoyed an overwhelming interest in quantum thermodynamics, a field of
research aimed at understanding thermodynamic tasks performed in the quantum regime.
Further progress, however, seems to be obstructed by the lack of experimental implementations
of thermal machines in which quantum effects play a decisive role. In this work, we introduce
a blueprint of quantum field machines, which - once experimentally realized - would fill this
gap. We provide a detailed proposal how to realize a quantum machine in one-dimensional
ultra-cold atomic gases, which consists of a set of modular operations giving rise to a piston.
These can then be coupled sequentially to thermal baths, with the innovation that a quantum
field takes up the role of the working fluid. In particular, we propose models for compression
on the system to use it as a piston, and coupling to a bath that gives rise to a valve controlling
heat flow. These models are derived within Bogoliubov theory, which allows us to study the
operational primitives numerically in an efficient way. By composing the numerically modelled
operational primitives we design complete quantum thermodynamic cycles that are shown to
enable cooling and hence giving rise to a quantum field refrigerator. The active cooling achieved
in this way can operate in regimes where existing cooling methods become ineffective. We
describe the consequences of operating the machine at the quantum level and give an outlook
of how this work serves as a road map to explore open questions in quantum information,
quantum thermodynamic and the study of non-Markovian quantum dynamics.
[1] M. Gluza*, J. Sabino*, N. H. Y. Ng*, G. Vitagliano*, M. Pezzutto, Y. Omar, I. Mazets, M. Huber, J. Schmiedmayer,
J. Eisert, Quantum field thermal machines, https://arxiv.org/abs/2006.01177 (2020).

Minimizing back-action through entangled measurements
Elisa Bäumer
ETH Zürich
Depending on the framework, it can be easier or harder to deﬁne and
measure work and its ﬂuctuations. Speciﬁcally, when looking at coherent
quantum systems, the resulting quantum back-action leads to a no-go
theorem for characterizing such work ﬂuctuations given some minimal
requirements. However, when allowing for collective measurements on
multiple copies of the initial state, this back-action can be reduced. Here, the
importance of coherence will be illustrated, the minimal requirements for the
no-go-theorem motivated and an intuitive explanation for the reduction of
quantum back-action on multiple copies presented. We then show the
optimal construction for a POVM on two copies when allowing for entangled
measurement bases. And to demonstrate that such an entangled POVM is
not just a nice theoretical model, we also present the results of an
experiment with photons that implemented such back-action reducing
measurement schemes.

Global thermometry in action: Enhanced release–recapture thermometry
in ultracold gases
Luis A. Correa
University of Exeter

Abstract: A single cold atom can be trapped in the waist of an optical
tweezer. Such trapping potential can be manipulated, and the atom can be
placed in thermal contact with heat baths (e.g., a nearby Bose–Einstein
condensate). These are most of the necessary elements for setting up and
running a quantum-thermodynamic engine or refrigeration cycle. The key
missing ingredient is a means to reliably take the temperature of that
trapped atom, especially when dealing with scarce measured data. Here, we
introduce a Bayesian estimation protocol for optimal 'global quantum
thermometry' in thermal equilibrium. We then show how temperature
estimates on few atoms based on the release–recapture method, can be
substantially sped up — thus minimising the number of necessary
destructive measurements — when processed with our Bayesian technique
as opposed to the standard method of ﬁtting the data by least squares to a
survival-probability model. This will be illustrated experimental data from
measurements on trapped single potassium atoms cooled down to few tens
of microkelvins.

Reduced quantum heat flow and teleportation of electrons: two
consequences of Coulomb interactions in micrometer size metallic islands
Anne Anthore (Université de Paris, C2N/ CNRS- Université Paris Saclay)
Emile Sivré, Hadrien Duprez, François Parmentier, Antonella Cavanna, Ulf Gennser, Abdelkarim
Ouerghi and Frédéric Pierre

Heat and interactions are known to wash out quantum effects. Yet, in mesoscopic electronic circuits,
heat flow is ruled by quantum physics as charge flow is. One predominant ingredient in the laws
describing such transport is Coulomb interaction.
In this talk, I will present some experimental investigations of quantum laws of transport. We first
evidenced how Coulomb interactions can drastically reduce the heat flow in parallel quantum
elementary conductors connected to a small heated-up metallic island [1]. Then I will show that the
same mechanism allows to transmit the electronic quantum states through the island, realizing a form
of electron teleportation [2].

Figure 1 Colorized SEM image of an electronic Mach Zehnder interferometer used to test the coherence of electrons going
through a micrometer size metallic island (colorized yellow).

[1] E. Sivré et al. , Nat. Phys. (2018)
[2] H. Duprez et al., Science (2019)

