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Stochastic thermodynamics

• New meanings for work, 
heat, engines, irreversibility

• All you need is energy and 
randomness
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Abstract
Stochastic thermodynamics as reviewed here systematically provides a framework for
extending the notions of classical thermodynamics such as work, heat and entropy production
to the level of individual trajectories of well-defined non-equilibrium ensembles. It applies
whenever a non-equilibrium process is still coupled to one (or several) heat bath(s) of constant
temperature. Paradigmatic systems are single colloidal particles in time-dependent laser traps,
polymers in external flow, enzymes and molecular motors in single molecule assays, small
biochemical networks and thermoelectric devices involving single electron transport. For such
systems, a first-law like energy balance can be identified along fluctuating trajectories. For a
basic Markovian dynamics implemented either on the continuum level with Langevin
equations or on a discrete set of states as a master equation, thermodynamic consistency
imposes a local-detailed balance constraint on noise and rates, respectively. Various integral
and detailed fluctuation theorems, which are derived here in a unifying approach from one
master theorem, constrain the probability distributions for work, heat and entropy production
depending on the nature of the system and the choice of non-equilibrium conditions. For
non-equilibrium steady states, particularly strong results hold like a generalized
fluctuation–dissipation theorem involving entropy production. Ramifications and applications
of these concepts include optimal driving between specified states in finite time, the role of
measurement-based feedback processes and the relation between dissipation and
irreversibility. Efficiency and, in particular, efficiency at maximum power can be discussed
systematically beyond the linear response regime for two classes of molecular machines,
isothermal ones such as molecular motors, and heat engines such as thermoelectric devices,
using a common framework based on a cycle decomposition of entropy production.

(Some figures may appear in colour only in the online journal)

This article was invited by Erwin Frey.
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Quantum advantages in engines?
• Quantum coherence as a 

resource
• Work cost of quantum 

coherence
• Quantum Maxwell’s demons
• ...

Quantum information

Thermodynamics

QTD



Towards quantum thermodynamics II

Quantum 
irreversibility?
• Quantum 

fundamental
bounds

• Quantum 
fluctuation 
theorems

• ...

Stochastic thermodynamics

Quantum physics

QTD
W? Q?
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« Quantum 
Heat »

Quantum measurement:
A source of randomness, 
entropy and energy

Propose to « rebuild quantum 
thermodynamics on quantum 
measurement »

W?



Emergence of quantum energetics

Ø Study of energy, entropy, information flows and their relations in the quantum 
world

Ø Cousin of quantum thermodynamics, but not necessary to have a temperature

S S



Motivations
Ø Quantum noise as a resource (Can we

turn heat into work?) 
Ø Quantum batteries (Can I store and 

retrieve work at will?)

S S

Ø Quantum irreversibility
Ø Quantum fluctuation theorems
Ø Minimal work costs, bounds and 

efficiencies



Outline

• From classical thermodynamics to quantum energetics
• Energetics of quantum measurement
• Energy-efficient quantum technologies

|QET>



S
H(t)

Scenery and definitions
Projective measurements

𝛾:= {𝑚(𝑡𝑘)}

Hamiltonian evolution

Stochastic quantum jumps

t1
t2 t3

M
• Work: exchanged during the continuous

(unitary) evolutions. 
• « Quantum heat »: exchanged during the 

quantum jumps. 
• Δ𝑈𝛾 = 𝑊[𝛾] + 𝑄𝑞[𝛾]

Stochastic quantum trajectory |𝜓𝛾(𝑡) >
Internal energy 𝑈𝛾 (𝑡) ∶= < 𝜓𝛾 (𝑡)|𝐻(𝑡)|𝜓𝛾 (𝑡) >



Example 1

Energetic balance
Initial energy 𝑈𝑖 = 0
Final energy 𝑈𝑓 = ± ℎ𝜈0/2

Δ𝑈 𝛾 = ± ℎ𝜈0/2 = 𝑄𝑞[𝛾]

System: a Qubit, 𝐻 = [ℎ𝜈0/2] 𝜎𝑍,
Transformation:
(i) Preparation in | +> = !

" (|0 > +|1 >)
(ii) Measurement of 𝜎𝑧

Energetic footprint of quantum measurement: « Quantum heat »
A purely quantum term due to measurement back-action

2 « stochastic trajectories »:
𝛾1 = [| +>, |0 >]
𝛾" = [| +>, |1 >]

|1 >, !"!#

| +>, 0

𝑃 1

𝑃 0

0 or 1?

𝜎𝑧

|0 >, − !"!
#



Example 2

| + 𝑥 >

|1 >

| +>

|0 >

𝑃 −

𝑃 +

𝜎G

|− >

• [𝜎𝑥, 𝐻] ≠ 0 => « Quantum heat » is transferred on average
• Let us use this property to build quantum engines!

Energetic balance
Initial energy 𝑈𝑖 = − ℎ𝜈0/2
Final energy 𝑈𝑓 = 0

< Δ𝑈[𝛾] > = ℎ𝜈0/2 = < 𝑄𝑞[𝛾] >

System: a Qubit, 𝐻 = [ℎ𝜈0/2] 𝜎𝑍
Transformation:
(i) Preparation in |0 >
(ii) Measurement of 𝜎𝑥

2 stochastic trajectories:
• 𝛾1 = [|0 >, | +>]
• 𝛾2 = [|0 >, | −>]

+ or −?



Measurement-powered engines (MPE)

Work Heat

S

« Quantum 
work »

« Quantum 
heat »

S
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A simple measurement-powered engine

Rabi oscillation

Coherent and reversible energy
exchange between qubit and light 

|1 >

|0 >

Extracting Work from Quantum Measurement in Maxwell’s Demon Engines

Cyril Elouard,1 David Herrera-Martí,1 Benjamin Huard,2,3 and Alexia Auffèves1,*
1CNRS and Université Grenoble Alpes, Institut Néel, F-38042 Grenoble, France

2Laboratoire de Physique, Ecole Normale Supérieure de Lyon, 46 allée d’Italie, 69364 Lyon Cedex 7, France
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Université Pierre et Marie Curie-Sorbonne Universités, Université Paris Diderot-Sorbonne Paris Cité,
24 rue Lhomond, 75231 Paris Cedex 05, France

(Received 6 February 2017; revised manuscript received 22 May 2017; published 29 June 2017)

The essence of both classical and quantum engines is to extract useful energy (work) from stochastic
energy sources, e.g., thermal baths. In Maxwell’s demon engines, work extraction is assisted by a feedback
control based on measurements performed by a demon, whose memory is erased at some nonzero energy
cost. Here we propose a new type of quantum Maxwell’s demon engine where work is directly extracted
from the measurement channel, such that no heat bath is required. We show that in the Zeno regime of
frequent measurements, memory erasure costs eventually vanish. Our findings provide a new paradigm to
analyze quantum heat engines and work extraction in the quantum world.

DOI: 10.1103/PhysRevLett.118.260603

Introduction.—Thermodynamics was originally devel-
oped to optimize machines that would extract work from
reservoirs at various temperatures, by exploiting the trans-
formations of some working agent. These machines may be
assisted by a so-called Maxwell’s demon, that exploits
information acquired on the agent to enhance work extrac-
tion, at the energy expense of resetting the demon’s
memory. Maxwell’s demons and Szilard’s engines have
been investigated in several theoretical proposals [1–10],
including the thermodynamics of feedback control [11–13],
and experimentally realized in various systems, e.g.,
Brownian particles [14,15], single electron transistors
[16,17] and visible light [18]. Latest experiments have
started addressing the regime where the working agent
exhibits quantum coherences [19,20]. The potential extrac-
tion of work from quantum coherence leads to interesting
open questions related to the energetic aspects of quantum
information technologies [21–26]. Furthermore, novel
designs for quantum engines, based on various kinds of
quantum nonequilibrium reservoirs have been suggested
[27–32] and experimentally investigated [33,34].
Most quantum engines considered so far involve a hot

reservoir, which is the primary source of energy. In this
framework, measurements performed by the demon are
practical steps where information is extracted, without
changing the energy of the working agent. Ultimately,
measurement (just like decoherence) can appear as a
detrimental step of the thermodynamic cycle as it destroys
quantum coherences, further preventing to extract work
from them [35]. Here we adopt a different approach and
show that measurement itself can be exploited as a fuel in a
new kind of quantum engine. Originally here, the demon
can perform measurements that are sensitive to states in an
arbitrary basis of the system Hilbert space. It was recently

shown [36–39] that performing projective measurements
on a quantum system can change its average energy,
provided that the measured observable does not commute
with the system Hamiltonian. If the demon projects the
system state onto superpositions of energy eigenstates, it
can thus provide energy just by measuring. We study the
performance of the engine as a function of the measurement
basis and repetition rate, and evidence that a net work can
be extracted from the measurement channel, even in the
absence of any hot reservoir that would be directly coupled
to the qubit. In the Zeno limit of quickly repeating
measurements, the entropy of the demon’s memory van-
ishes, suppressing the energetic costs related to its erasure.
Thermally driven engine.—Before detailing our pro-

posal, we recall a possible operating mode for an elemen-
tary thermally driven engine assisted by a Maxwell’s
demon [Fig. 1(a)]. The working agent is a qubit whose
energy eigenstates are j0i and j1i, and transition frequency
is ω0. The bare system Hamiltonian is H0 ¼ ℏω0j1ih1j.
Before the cycle starts, the qubit is coupled to a hot bath
at temperature Thot verifying kBThot ≫ ℏω0, where kB is
the Boltzmann constant. It is thus thermalized in the
mixed state ρqð0Þ ¼ 1=2, where ρqðtÞ is the qubit
density matrix. During this heating step the qubit entropy
SqðtÞ ¼ −kBTr½ρqðtÞ log (ρqðtÞ)% (mean internal energy
UðtÞ ¼ Tr½ρðtÞH0%) increases up to Sqð0Þ ¼ kB logð2Þ
[Uð0Þ ¼ ℏω0=2 ¼ Qhot, where Qhot is the heat extracted
from the hot bath].
The qubit is then decoupled from the bath and measured

by a demon D in its energy basis. We first do not focus on
the physical implementation of the demon and treat it as a
device extracting and storing information on the qubit
onto some classical memory (readout), and exerting some
action on the qubit, conditioned to the readout (control).

PRL 118, 260603 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
30 JUNE 2017

0031-9007=17=118(26)=260603(6) 260603-1 © 2017 American Physical Society

𝑊 ≥ 0 𝑊 ≤ 0 | +> = good for work extraction J
| −> = bad for work extraction L

Resonant
drive

𝑊



Experiment done @ ENS Lyon
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Light

𝜎𝑥𝑄𝑞

|1 >

|0 >Stabilize the qubit in |+$>
Measurement of 𝜎$
Feedback in |+$>

New quantum Maxwell’s
demon experiment
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conversion
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Abstract This article presents recent progress in the theory of quantum measurement engines and discusses
the implications of them for quantum interpretations and philosophical implications of the theory. Several new
measurement engine designs are introduced and analyzed. We discuss a feedback-based atom-and-piston engine
that exactly associates all work with successful events and all quantum heat with the failed events, as well as
an unconditional but coherent qubit engine that can attain perfect efficiency. Any quantum measurement of an
observable that does not commute with the Hamiltonian will necessarily change the energy of the system. We
discuss different ways to extract that energy, the efficiency and work production of that process.

Keywords Quantummeasurement engines ·Resource theory ·Quantum thermodynamics ·Quantum interpretations

1 Introduction

The “Quantum Limits of Knowledge” Copenhagen conference brought together many experts of the foundational
aspects of quantum physics back to the birthplace of the still-dominant interpretation of quantum physics. Despite
its assault in the philosophical and physical literature, the Copenhagen interpretation remains the default rough
and ready interpretation of quantum mechanics, deriving from the thinking of Bohr [1]. Quantum physics—as
a science—provides a set of testable predictions of a formalism and set of prescriptions to apply to carry out a
comparison of theory and experiment. Quantum physics needs no more than this. Strictly speaking from a scientific
point of view, no further interpretation is necessary, as is evident from the history of interpretational disagreements
providing no barrier to quantum physics becoming our most accurate theory of nature.

Nevertheless, as scientists interested in philosophical matters, we may wish for more. There can be many reasons
for this. On one hand, we may wish to have a deeper understanding of the meaning of world, and to the extent
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Efficient Quantum Measurement Engines
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We propose quantum engines powered entirely by a position-resolving measurement performed on a
quantum particle. These engines produce work by moving the quantum particle against a force. Unlike
classical information-driven engines (e.g., Maxwell’s demon), the energy is not extracted from a thermal
hot source but directly from the observation process via a partial wave-function collapse of the particle. We
present results for the work done and the efficiency for different values of the engine parameters. Feedback
is required for optimal performance. We find that unit efficiency can be approached when one measurement
outcome prepares the initial state of the next engine cycle, while the other outcomes leave the original state
nearly unchanged.

DOI: 10.1103/PhysRevLett.120.260601

Traditional discussions on quantum measurements focus
on the probability to find different possible results and how
a given result changes the quantum state of the system
being interrogated. However, researchers have begun to
study the measurement process with the point of view of
thermodynamics, bringing surprising new insights. On the
one hand, it was shown that resources may be required to
make measurements [1], and certain measurements are
even forbidden from taking place, as they violate conserved
quantities, such as energy [2]. The Wigner, Araki, and
Yanase (WAY) theorem [3–5] and its generalizations [6,7]
imply that a source of energy is needed if one wants to
measure repeatedly and accurately observables which does
not commute with the system’s Hamiltonian.
On the other hand, when a measurement is allowed, it

can be seen as a thermodynamic resource, analogous to
heat or work reservoirs, such as a battery, in classical
thermodynamics. This resource is twofold: First, just as for
measurements on classical systems, the information gained
during a quantum measurement can be used to design work
extraction via an appropriate feedback. This is the principle
of Maxwell’s demon already implemented in various quan-
tum and classical systems [8–13]. In these setups, energy is
extracted from a hot thermal reservoir just as in a regular heat
engine. Second, in contrast with the classical world where
observation does not impact the measured system, quantum
measurement induces a nonunitary evolution that may
change (and in certain cases increase) the energy of the
system [14]. Combining these two properties allows quan-
tum engines to be designed that extract energy from the
observation process, in the absence of any hot thermal
reservoir. A recent work [15] proposed a quantum Maxwell
demon being able to extract energy from measurement-
induced coherences in a qubit, using Rabi oscillations to

transfer work into a coherent optical tone. However, as the
dispersive measurement of the qubit also involved an optical
field, the net result is simply using the qubit as an energy
transducer from one optical mode to another. Reference [16]
exploitsmeasurement to let the system dowork on a classical
magnetic field or a time-varying external potential.
Reference [17] also proposes a measurement-induced work
extraction relying on non-Markovian effects in a zero
temperature thermal reservoir.
In the current Letter, we propose quantum measurement-

fueled engines able to drive a single-particle current against
a potential barrier. These engines thus do useful work such
as raising an elevator or charging a battery. We stress that
this form of work extraction does not involve a time-
dependent Hamiltonian of the system: The work output is
directly stored in the potential energy of the particle,
described in a fully quantum-mechanical way. In addition,
the energy comes entirely from the process of observation:
Measuring the system in a basis that does not commute
with its Hamiltonian allows energy to be taken away from
the measurement apparatus and given to the system in such
a way as to be turned into useful work. This energy transfer
is stochastic in nature and so has some similarities to heat
in a stochastic thermodynamics context [14]. However, this
similarity is only superficial, in that we show the existing
thermodynamic bounds do not apply, and we are able to
design engines with this “quantum heat” that can approach
unit efficiency [15]. As recently stated, such an engine
would not operate if the measuring apparatus was isolated
[18]: Input power must be provided to the apparatus to
perform such measurements, which is taken into account
for the engine’s efficiency.
Setup.—We will now make a quantum measurement do

useful work by having a particle climb a tilted linear
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Quantum Measurement Cooling
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Invasiveness of quantum measurements is a genuinely quantum mechanical feature that is not
necessarily detrimental: Here we show how quantum measurements can be used to fuel a cooling engine.
We illustrate quantum measurement cooling (QMC) by means of a prototypical two-stroke two-qubit
engine which interacts with a measurement apparatus and two heat reservoirs at different temperatures.
We show that feedback control is not necessary for operation while entanglement must be present in the
measurement projectors. We quantify the probability that QMC occurs when the measurement basis is
chosen randomly, and find that it can be very large as compared to the probability of extracting energy (heat
engine operation), while remaining always smaller than the most useless operation, namely, dumping heat
in both baths. These results show that QMC can be very robust to experimental noise. A possible low-
temperature solid-state implementation that integrates circuit QED technology with circuit quantum
thermodynamics technology is presented.

DOI: 10.1103/PhysRevLett.122.070603

Introduction.—The second law of thermodynamics
dictates that heat naturally flows from hot bodies to cold
ones [1]. There are two standard ways to intervene and
reverse the natural flow of heat (see Fig. 1): (a) use work
supplied by an external time-dependent driving force fðtÞ
thus realizing a standard refrigeration machine, see, e.g.,
Refs. [2,3]; (b) implement a Maxwell demon that steers the
heat by means of a feedback control loop, consisting in
acquisition of information about the state jni of the working
substance by means of noninvasive measurement, followed
by the timely application of various driving forces fnðtÞ,
depending on the measurement outcome, that do not do
work on the system [4–6]. By noninvasive measurement
here we mean that the measurement basis coincides with
the basis in which the state of the measured system is
diagonal (in the present work that is the energy eigenbasis).
Here we will demonstrate yet another mechanism that is
genuinely quantum mechanical, namely, (c) to use invasive
quantum measurements as a resource, in fact a fuel, that
powers refrigeration, without any feedback control. We
shall call this mechanism “quantum measurement cooling”
QMC. QMC is performed by a demon who needs not be
intelligent. It rather needs to be knowledgeable, that is it has
to know which measurement basis fjψkig to employ in
order that QMC occurs.
While the idea of using measurement apparata to fuel

engines is currently emerging as a new paradigm in
quantum thermodynamics [7–10], attention has never been
posed before on whether it can be used for cooling, nor on

the fact that, as we elucidate below, feedback control is
not necessary for exploiting the quantum-measurement
fuel. We address these questions by means of a thorough
investigation of a prototypical two-qubit engine [2,3,5].
Our results shed new light on many facets of the second law
of thermodynamics. For example, it emerges that in order
for the device to work the measurement basis must contain

(a) (b) (c)

FIG. 1. Various ways to pump a heat current from a cold to a hot
reservoir. (a) In standard refrigeration the heat current is powered
by energy injected by a time dependent driving force fðtÞ. (b) In
Maxwell demon refrigeration heat current is generated by a
feedback loop where various driving forces fnðtÞ are applied
depending on the outcome n of noninvasive measurements on the
working substance, without energy injection. (c) In quantum
measurement cooling, put forward here, the heat current is
powered by energy provided via invasive measurements on an
appropriate measurement basis fjψkig, without performing feed-
back control. Solid arrows represent flow of energy.
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Characterizing the measurement fuel
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Energetics of pre-measurement

𝑡, 𝑡1

𝐸-./0 =Work paid
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Dynamics of energy exchanges
Complete energy balance including
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Pre-measurement = 
Relocalisation of the 
correlation energy



Measurement fuel: Work or heat?
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Is quantum heat fundamental?
It depends on your favourite interpretation...
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Is quantum heat fundamental?
It depends on your favourite interpretation...
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First conclusions on quantum energetics

S

Measurement backaction
Measurement-powered engines

S

Coupling with a non-equilibrium
reservoir, driven-dissipative systems

• These are open systems
• Big debates about heat and work definitions, and how to measure them

• Study of energy and entropy flows in the quantum realm
• No temperature, but a source of randomness
• Two typical situations:



A safer situation: bipartite quantum energetics
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Experimental analysis of energy transfers between a quantum emitter and light fields
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3Institute for Quantum Science and Technology and Department of Physics and Astronomy,

University of Calgary, Calgary, Alberta, Canada T2N 1N4
4Quandela SAS, 10 Boulevard Thomas Gobert, 91120 Palaiseau, France

5 MajuLab, CNRS-UCA-SU-NUS-NTU International Joint Research Laboratory
6Centre for Quantum Technologies, National University of Singapore, 117543 Singapore, Singapore

Energy transfer between quantum systems can either be achieved through an e↵ective unitary
interaction or through the generation of entanglement. This observation defines two types of energy
exchange: unitary and correlation energy. Here we propose and implement experimental protocols
to access these energy transfers in interactions between a quantum emitter and light fields. Upon
spontaneous emission, we measure the unitary energy transfer from the emitter to the optical field
and show that it never exceeds half of the total energy and is reduced when introducing decoherence.
We then study the interference of the emitted field and a laser field at a beam splitter and show
that the energy transfers quantitatively depend on the quantum purity of the emitted field.

The study of energy exchanges between closed, iso-
lated quantum systems is highly relevant to quantum
technologies, be it to study quantum batteries [1–3] or
the fundamental energetic cost of quantum information
processing [4–6]. These studies are important to under-
stand the energetic costs not only at the fundamental
level, but also at the macroscopic level [7]. In this con-
text, understanding and probing the nature of energy
exchanges is essential. In the canonical case of a bipar-
tite system, two di↵erent types of energy transfers can
be identified. We consider two quantum systems A and
B with the energy initially in A and subsequently trans-
ferred to B such that at the end of the interaction we
have ��EA = �EB . After the interaction, we can define
the unitary energy E

A,B
unit as the energy transferred from

A to B through an e↵ective unitary interaction from the
point of view of B. This unitary energy is limited by
quantum correlations that build up during the interac-
tion between the two systems. The remaining energy,
dubbed correlation energy E

A,B
corr = �EB � E

A,B
unit , signals

the presence of correlations or entanglement during the
interaction. In the limit where A becomes classical, cor-
relations disappear and B only receives unitary energy.
From a quantum thermodynamics perspective, this corre-
sponds to the unambiguous case where a closed quantum
system B is classically driven, such that it only receives
work [8]. As such, unitary energy is naturally associated
with a notion of work for closed quantum systems [9–12].

Theoretically, this framework has been applied to the
the case of a qubit coupled to a reservoir of electro-
magnetic modes [13–15], a situation relevant for quan-
tum light generation and qubit manipulation [16–19].
As an example, when a coherent and intense classical
field drives a qubit, both systems remain non-entangled

and only exchange unitary energy: the qubit purity is
unaltered, an ideal regime to implement single qubit
gates [18, 20]. The case of spontaneous emission, where
a quantum emitter releases its energy into a mode of
the electromagnetic field has theoretically been stud-
ied. It was predicted that the fraction of unitary energy
transferred is proportional to the initial quantum coher-
ence between the ground and excited state of the qubit
and represents at most 50 % of the total energy trans-
ferred [18].

Experimentally exploring these situations is very chal-
lenging: it not only requires the ability to accurately ac-
cess correlated (i.e. respecting global energy conserva-
tion) energy changes within two coupled quantum sys-
tems, but also to trace back how these systems ex-
changed energy. So far experiments have focused on en-
ergy changes experienced by only one (open) quantum
system, e.g. polarized photons [21], ions [22], spins in
MNR [23], or on average energy exchanges between two
systems, like a superconducting qubit and a field [4, 24].
Here, we take a leap forward, by proposing and imple-
menting experimental protocols to access the unitary and
correlation energies exchanged in a closed bipartite sys-
tem in two scenarios (Fig. 1(a,b)): the spontaneous emis-
sion of a quantum emitter, and interference between the
emitted field and a classical field. The emitter is a single
semiconductor quantum dot inserted in an optical mi-
crocavity. We experimentally access the fraction of the
unitary energy emitted during spontaneous emission by
performing self-homodyne measurements with the emit-
ted light field. At low temperature, we measure a fraction
very close to the 50% theoretical limit. By increasing
the emitter temperature, we study the impact of pure de-
phasing and observe a reduction in the fraction of unitary
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Application of BQE: Energetics of qubit-light 
interactions
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BQE provides an excellent framework to analyze:
• Fundamental mechanisms and devices of 

quantum optics
• Energy cost of quantum technologies 
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Energetics of quantum primitives

Energetic Cost of Measurements Using Quantum, Coherent, and Thermal Light
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Quantum measurements are basic operations that play a critical role in the study and application of
quantum information. We study how the use of quantum, coherent, and classical thermal states of light in a
circuit quantum electrodynamics setup impacts the performance of quantum measurements, by comparing
their respective measurement backaction and measurement signal to noise ratio per photon. In the strong
dispersive limit, we find that thermal light is capable of performing quantum measurements with
comparable efficiency to coherent light, both being outperformed by single-photon light. We then analyze
the thermodynamic cost of each measurement scheme. We show that single-photon light shows an
advantage in terms of energy cost per information gain, reaching the fundamental thermodynamic cost.
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Quantum measurements are ubiquitous in quantum
mechanics. They raise questions of fundamental nature
[1] and are essential operations in emerging quantum
technologies [2,3]. In this view, it is of fundamental and
practical importance to understand the cost of measurement
in the quantum realm [4–6]. Pioneering contributions have
analyzed the thermodynamic cost of measurement over an
elementary cycle, as the energy cost of creating correlations
between a system and a memory (readout step), followed
by the cost of erasing the memory (erasure step) [7]. For a
memory with degenerate energy states, the readout step is
energetically free, and the overall cost reduces to the
erasure cost. Generalizing to nondegenerate energy states,
it was shown that the total energy cost of the cycle is always
lower bounded by kBTDI, where kB is the Boltzmann
constant, TD is the temperature of the memory, and I is the
mutual information between the measured system and the
memory. Comparing the total energy cost of such a cycle to
this fundamental bound defines an energetic efficiency for
the measurement process.
The circuit quantum electrodynamics (cQED) architec-

tures provide convenient platforms to study the energetic
footprint of quantum measurement [8,9]. A microwave
cavity plays the role of the memory used to encode a qubit
state [10–12]. In this study, we investigate the energy cost
of qubit measurements in the strong dispersive limit. Here,
the interaction is Hint ¼ χa†aσz, where χ is the dispersive
shift, aða†Þ is the annihilation (creation) operator for the
cavity, and σz is the Pauli operator for the qubit. In the
strong dispersive limit, as the dispersive shift χ is much
greater than the cavity dissipation rate κ [13], the qubit state
can be distinguished by probing the transmission amplitude
of the cavity. The readout step consists of filling the initially

empty cavity with a field, whose final energy depends on
the qubit state. This can be performed using coherent,
thermal, and single-photon light, thereby enabling a direct
comparison of the energy cost using different light sources.
We examine the measurement backaction in these three
scenarios, and quantify their energy cost in terms of emitted
cavity photon number. Our analysis reveals that coherent
light and thermal light have the same measurement back-
action and similar measurement signal to noise ratio (SNR)
per photon. We identify an advantage of single-photon light
in that it has the lowest energy cost per information gain. In
a second step, we theoretically estimate the final meter
entropy and subsequent erasure cost assuming there is a
Maxwell’s demon that can extract the cavity energy. This
allows us to quantify the complete energy cost of the
measurement-and-erasure cycle and the efficiency of the
measurement process. While coherent and thermal light do
not operate at maximal efficiency, we show that single
photon light saturates the fundamental bound kBTDI.
Setup.—The experimental system comprises a transmon

circuit embedded in a three-dimensional aluminum cavity,
as illustrated in Fig. 1. The cavity has two ports; a weakly
coupled input port and a strongly coupled output port such
that intracavity photons predominantly leak out of the
output port. The transmon has a qubit transition frequency
of fðqÞ ¼ 5.122 GHz and an anharmonicity of ηðqÞ=2π ¼
−316 MHz. The cavity frequency depends on the qubit
state with fðcÞg ¼ 5.6185 GHz and fðcÞe ¼ 5.6060 GHz
corresponding to the qubit in the ground (jgi) and excited
(jei) states, respectively. When probed at high power,
the frequency converges to the bare-cavity frequency
fðcÞbare ¼ 5.6047 GHz. The cavity is coupled with the qubit

PHYSICAL REVIEW LETTERS 128, 220506 (2022)

0031-9007=22=128(22)=220506(6) 220506-1 © 2022 American Physical Society

Experiment

Energetics of a Single Qubit Gate
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1Ecole Normale Supérieure de Lyon, CNRS, Laboratoire de Physique, F-69342 Lyon, France
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Qubits are physical, a quantum gate thus not only acts on the information carried by the qubit but also on
its energy. What is then the corresponding flow of energy between the qubit and the controller that
implements the gate? Here we exploit a superconducting platform to answer this question in the case of a
quantum gate realized by a resonant drive field. During the gate, the superconducting qubit becomes
entangled with the microwave drive pulse so that there is a quantum superposition between energy flows.
We measure the energy change in the drive field conditioned on the outcome of a projective qubit
measurement. We demonstrate that the drive’s energy change associated with the measurement backaction
can exceed by far the energy that can be extracted by the qubit. This can be understood by considering the
qubit as a weak measurement apparatus of the driving field.
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Understanding the energetic resources needed to operate
quantum computers is crucial to assess their performance
limitations [1–10]. Beyond the fundamental costs associated
with information processing [11], e.g., reset [12] and mea-
surements [13,14], quantum gates need energy to manipu-
late qubits encoded in nondegenerate states [10,15]. Since a
gate can prepare a quantum superposition of states with
different energies, the energy balance between the gate
controller and the qubit can be seen as a quantum super-
position of energetic costs. Focusing on gates performed by
resonant driving, the drive appears to have exchanged
energy with the qubit. Yet the amount of transferred energy
is undetermined until the qubit state is measured. How is the
energy in the driving mode modified by the qubit measure-
ment and what does it reveal about the qubit-drive system?
Superconducting circuits offer a state-of-the-art platform for
exploring this question owing to the possibility to perform
single shot qubit readout using an ancillary cavity and
quantum-limited measurements of propagating microwave
modes [16]. In particular, it is possible to manipulate [17–
20] and probe [21–24] the fields interacting resonantly with
the qubit. Superconducting circuits have thus been useful to
explore quantum thermodynamics properties of their spon-
taneous or stimulated emission [25–28], and build quantum
thermal engines [29–31]. Correlations between the resonant
drive amplitude and the outcome of a later qubit measure-
ment have been evidenced by probing quantum trajectories
of superconducting qubits [32–36] including when a
projective measurement is used to perform postselection

[37–39]. However, the demonstration of correlations
between the energy of the drive mode and the qubit state
is missing.
In this Letter, we present an experiment in which we

directly probe the energy in the driving mode conditioned
on the measured qubit state. We observe that measuring the
qubit energy leads to a change in the energy of the driving
pulse owing to its entanglement with the qubit before
measurement. Strikingly, we also observe that the energy of
the pulse can change by more than a quantum depending on
the measured qubit state, revealing a subtle backaction of
the qubit measurement on the drive pulse.
In order to better understand the rise of these correla-

tions, let us consider the joint evolution of the qubit and
drive mode during the qubit gate. Assuming the qubit starts
in the ground state jgi, and is driven by a coherent state
jψ ini, the qubit and the propagating drive mode a are
initially in the separable state jψ ini ⊗ jgi [see Fig. 1(a)].
Owing to the light-matter coupling between the drive mode
and the qubit, they evolve into the entangled state [3,40,41]

λgjψgi ⊗ jgiþ λejψei ⊗ jei ð1Þ

where λg and λe are the probability amplitudes for each state
in the superposition, and jψg;ei designate the outgoing
states of the drive mode [see Fig. 1(b)]. Note that these
parameters and states depend on jψ ini implicitly. The qubit
gate is parametrized by the rotation of angle θ undergone
by the qubit Bloch vector, revealed by tracing over the field.
Interestingly, the entanglement above limits the fidelity of a
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qubit gate, a question which has been at the core of an
intense two decades old debate [2–4,7,40,42–45], since the
purity of the qubit density matrix ρ reads

trðρ2Þ ¼ 1 − 2jλgλej2ð1 − jhψejψgij2Þ: ð2Þ

Luckily for quantum computing, it is possible to reach large
gate fidelity since the minimum gate error 1 − trðρ2Þ scales
as the inverse of the average photon number in jψ ini
[1,3,40,46]. The lack of purity also determines how much
information can be extracted about the drive mode when
measuring the qubit state. When the qubit is measured, the

measurement backaction prepares the drive mode a in
states of different energy expectations. Conservation of the
expected energy before and after the resonant interaction
leads to the following equality relating the expected
number of quanta in the initial state jψ ini ⊗ jgi and the
final state (1):

hâ†âijψ ini ¼ jλgj2hâ†âijψgi þ jλej2½hâ†âijψei þ 1&: ð3Þ

In this Letter, we directly measure the energy contained in
the states jψgi and jψei, and its dependence on the drive
amplitude. Interestingly, from the point of view of the
driving mode, the qubit acts as a weak measurement
apparatus, which exerts a backaction that our experiment
is able to probe [Fig. 1(c)].
Our setup is schematically represented in Fig. 1(d) [47].

A transmon qubit of frequency ωQ ¼ 2π × 4.81 GHz is
embedded in a superconducting cavity of frequency ωR ¼
2π × 7.69 GHz below 15 mK. The qubit relaxation time
T1 ¼ 5.5' 0.3 μs is mainly limited by its coupling
rate Γa ¼ 2π × 20 kHz to a transmission line that carries
the driving mode a. The qubit pure dephasing time
is Tφ ¼ 2.4 μs.
We perform the following experiment. First, a pulse of

varying amplitude αin, whose phase is chosen so that
αin > 0, drives the qubit at frequency ωQ for a fixed
duration td ¼ 400 ns [Fig. 1(e)]. The pulse is reflected
and amplified using a traveling-wave parametric amplifier
(TWPA) [52]. A heterodyne measurement yields a con-
tinuous record of its two quadratures. This drive pulse
induces a rotation of the qubit of angle θ around σy. The
qubit is then measured dispersively 20 ns later using a
704 ns-long pulse at the cavity frequency ωR sent on a
weakly coupled auxiliary port. This readout pulse exits
through the strongly coupled output port used for driving
the qubit and its transmission is detected through the same
amplification chain.
We start by measuring the average energy in the reflected

drive pulse. From the heterodyne measurement it is
possible to access both the complex amplitude αm and
the instantaneous outgoing power _nm (in units of photons
per second) referred to the qubit output port [47]. To
account for the added noise of the amplifiers and possible
experimental gain drifts, we interleave the measurement
with a calibration sequence where the qubit is shifted out of
resonance using the ac-Stark effect. The average measured
photon flux outgoing from the qubit in state ρ is given by
[53–55]

_nm ρ ¼ α2in −
Ωa

2
hσ̂xiρ þ Γa

1þ hσ̂ziρ
2

ð4Þ

whereΩa ¼ 2
ffiffiffiffiffi
Γa

p
αin denotes the Rabi frequency and σ̂x;y;z

are the three Pauli matrices. In Fig. 2(a), we show the
evolution of _nm ρ for varying input drive powers. This

(a)

(c)

(d)

(e)

(b)

FIG. 1. Principle of the experiment. (a) Coherent wave packet
jψ ini (green arrow) at the qubit frequency interacts with a qubit
prepared in jgi (Bloch vector). (b) Resulting entangled state
Eq. (1). The energy of the outgoing drive wave packet is
measured and averaged conditionally on the outcome of a strong
readout of the qubit energy. (c) Schematics highlighting the
equivalence between the action of the projective qubit measure-
ment and that of a weak measurement apparatus on the pulse.
(d) The transmon qubit is placed inside a microwave cavity
(purple) to perform its readout by sending a pulse at the cavity
frequency through a weakly coupled port (left). The resonant
field (green) addressing the qubit is sent through a strongly
coupled port on the right. Both pulses exit through this port and
are directed by a circulator into low noise amplifiers. Their
quadratures are measured via two heterodyne setups based on
analog-to-digital converters (ADCs) operating at qubit and cavity
frequencies. (e) Scheme of the experimental pulse sequence,
where td ¼ 400 ns and tRO ¼ 704 ns [47].
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• From classical thermodynamics to quantum energetics
• Energetics of quantum measurement
• Energy-efficient quantum technologies
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A very schematic view on human activities
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Classical computing energy efficiency
𝑀 = Number of 
FLoating-point 
Operations Per 
second (FLOPs) 
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The promise of quantum computing

Classical 
computing
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“Quantum 
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“Quantum energy advantage”: 
=> when a quantum computer 
solves a problem with less 
energy than best in-class classical 
computers and algorithms.
=> when a qc solves larger 
problems with the same energy

Boosting energy efficiency with quantum?  
Efficiency = Problem 
size/Energy
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Fellous-Asiani et al, Optimizing
Resource Efficiencies for Scalable 
Full-Stack Quantum Computers, 
arXiv 2209.05469



Energy hog or energy advantage?

The question must 
be tackled now
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Control 
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Few errors
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Small 𝑀

Quantum processor

Need for interdisciplinarity

Resource

Control Noise

Resource-efficiency optimizations at the quantum level
Skills from quantum energetics / quantum information

𝜂 = 𝑀/ 𝑅



Control

Quantum processor

Noise

Need for interdisciplinarity

Quantum

Classical

Creating a quantum/classical boundary = a non-
equilibrium situation
Resource cost of trapping a Schrödinger cat? 
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Quantum processor

Noise

Need for interdisciplinarity
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control

Resource efficiency = a hybrid figure of merit
Need to articulate different levels of description in a 
crossed-disciplinary research lines => the QEI
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Jun 2022 : PRXQ QEI Vision paper
Aug 2022 : QEI website &  Manifesto
Jan 2023 : QEI board creation
May 2023: QEI WG@IEEE kickoff
July 2023 : 325 participants, 49 
countries, 29 partners
July 2023 : YouTube channel
Oct 2023 : COST network deadline
Nov 2023 : First QEI workshop, 
Singapore 

www.quantum-energy-initiative.org
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Key scientific questions and missions

Conditions of a quantum energy 
advantage

Fundamental bounds and relation to 
macroscopic energy costs...

Resource optimizations 
Impact on industrial roadmaps
Standard of energy efficiency for 
quantum computing...

Extension to other 
quantum technologies
Quantum communications, 
sensors, machine learning...

A worldwide, crossed-disciplinary community 
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