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08:30-09:45 Registration & Introduction Monday 15 July 2024
Session 1

9:45-10:30 Invited Talk Monday 15 July 2024

Jarostaw Korbicz (University)
TBA

Abstract: TBA

10:30-11:00 Contributed Talk Monday 15 July 2024

Sophie Engineer (Heriot-Watt & University of Bristol)
Equilibration of objective observables in a dynamical model of quantum measurements

Abstract: The challenge of understanding quantum measurement persists as a fundamental issue in
modern physics. Particularly, the abrupt and energy-non-conserving collapse of the wave function
appears to contradict classical thermodynamic laws. The contradiction can be resolved by considering
measurement itself to be an entropy-increasing process, driven by the second law of
thermodynamics. This proposal, dubbed the Measurement-Equilibration Hypothesis, builds on the
Quantum Darwinism framework derived to explain the emergence of the classical world.
Measurement outcomes thus emerge objectively from unitary dynamics via closed-system
equilibration.

Here, we work within this framework and construct the set of “objectifying observables' that best
encode the measurement statistics of a system in an objective manner, and establish a measurement
error bound to quantify the probability an observer will obtain an incorrect measurement outcome.

Using this error bound, we show that the objectifying observables readily equilibrate on average
under the set of Hamiltonians which preserve the outcome statistics on the measured system. Then,
using a random matrix model for this set, we numerically determine the measurement error bound,
finding that the error only approaches zero with increasing environment size when the environment
is coarse-grained into so-called observer systems. This result indicates the necessity of coarse-
graining an environment for the emergence of objective measurement outcomes.

11:00-11:30 Coffee Break Monday 15 July 2024

Session 2
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11:30-12:00 Contributed Talk Monday 15 July 2024

Mohammad Hamed Mohammady (Slovak Academy of Sciences)
Thermodynamic constraints on the quantum measurement process

Abstract: While quantum theory dictates that the act of measurement must perturb at least some
property of the measured system, it does allow for measurements that are minimally invasive.
Indeed, the existence of such measurements have played a crucial role in the development of the
foundations of quantum theory. For example, the Einstein-Podolsky-Rosen criterion of physical reality
implicitly assumes the existence of “ideal” measurements which do not perturb the state of the
measured system whenever the measurement outcome can be predicted with certainty.

Assuming the universal validity of quantum theory, a quantum system of interest is measured when it
undergoes an appropriate interaction with another quantum system which plays the role of a
measuring apparatus. It stands to reason, therefore, that minimally invasive measurements may be
ruled out if the measurement process is subjected to constraints imposed by the fundamental laws of
nature, such as the laws of thermodynamics. Indeed, the Wigner-Araki-Yanase theorem shows that
when the measurement process obeys a conservation law, such as the conservation of energy, then
ideal measurements are ruled out for any projection valued measure (PVM) which fails to commute
with the conserved quantity [1]. More recently, it has been shown that ideal measurements are ruled
out for all projection valued measures when the measurement process is constrained by the third law
of thermodynamics [2].

But in the more modern theory of quantum measurement, observables are more properly
represented as positive operator values measures (POVMs) which may be fundamentally “unsharp”.
One may therefore ask whether the aforementioned constraints on ideal measurements—or non-
disturbance more generally—may be circumvented by unsharp POVMs. We show that the laws of
thermodynamics can indeed be made compatible with an approximate or unsharp variant of the EPR
criterion of physical reality [3], but only if the measured observable is “completely unsharp” so that
all measurement outcomes are indefinite in every state—that is, no outcome can be said to obtain or
not obtain with probabilistic certainty in any state [4,5].

[1] H. Araki and M. M. Yanase, Measurement of quantum mechanical operators, Phys. Rev. 120, 622
(1960)

[2] Y. Guryanova, N. Friis, and M. Huber, Ideal Projective Measurements Have Infinite Resource Costs,
Quantum 4, 222 (2020)

[3] P. Busch and G. Jaeger, Unsharp quantum reality, Found. Phys. 40, 1341 (2010)

[4] M. H. Mohammady, T. Miyadera, and L. Loveridge, Measurement disturbance and conservation
laws in quantum mechanics, Quantum 7, 1033 (2023)

[5] M. H. Mohammady and T. Miyadera, Quantum measurements constrained by the third law of
thermodynamics, Phys. Rev. A 107, 022406 (2023)

12:00-12:30 Contributed Talk Monday 15 July 2024

Cyril Elouard (Univiersité de Lorraine)
Thermodynamically reversible quantum measurements and related work costs

Abstract: The measurement-induced dynamics -- that is, the stochastic evolution unavoidably
triggered by the observation of a quantum system's property -- stands as one of the most perplexing
phenomena in quantum mechanics. This famous effect has been thoroughly verified experimentally,
including in nonideal cases like weak or inefficient measurements, and the measured system's
dynamics can be efficiently modeled. However, the emergence of such stochastic dynamics from first
principle remains an active topic of investigations. Moreover, analysis of the measurement-induced
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dynamics as a thermodynamic transformation has revealed that the measured system can exchange
energy and entropy with the measuring apparatus. The energy received by the system can fuel
engine and refrigerator without classical counterparts [1]. This observation raises fundamental
questions: What is the origin of the energy received by the system? How much work must be paid to
perform a measurement, and how does this depend on the measurement performance (e.g.
efficiency or strength)?

To address these topics, we analyze with a nonequilibrium thermodynamic standpoint a generic
dynamical model of a quantum measuring apparatus coupled to the measured system. Our model is
inspired by insights into the irreversibility of the measurement process that has been related to
generation of multiple copies of the measurement's result [2] in degrees of freedom practically
inaccessible to the observer -- that is, a reservoir. This process turns the measurement result into an
objective fact, stored in classical-behaving degrees of freedom, thereby avoiding paradoxes
associated with Wigner's friend scenarios [3]. As it captures the irreversible behavior of the
measurement-induced dynamics, it also has a crucial contribution to the thermodynamic analysis.

Therefore, in our model, the apparatus is composed of a probe -- a quantum system interacting with
the measured system to acquire information about it, a thermal environment collapsing the probe
onto classically distinguishable states, and a classical battery providing the work necessary for the
measurement to take place. The final state of the unitary evolution of the global system determines
the quality of the measurement.

From the expression of the second law of thermodynamics in our setup, we derive a general lower
bound on the total work cost to perform the measurement, in terms of the energy received by the
system, and measures of the information acquired by the measurement -- that can be directly related
to the measurement quality. This bound generalizes earlier results by Sagawa and Ueda, focused on
efficient (purity-preserving) measurements [4].

By analyzing a more concrete setup and protocol, we prove that the lower bound can be reached. As

the measurement remains an irreversible process even if the protocol is operated quasi-statically,
reaching the lower bound requires to add extra steps devoted to fully exploit the information
acquired on the measuring apparatus state in order to extract work, in a way reminiscent to a
Maxwell Demon or Szilard Engine protocol. Finally, finite-time analysis of the work cost highlight a
double tradeoff between energy cost, measurement efficiency and measurement duration.

Our framework brings no insights about the origin of measurement-induced energy transfers, and
opens the possibility to analyze systematically the work cost of quantum measurements as a function
of target efficiency and measurement duration, which is a first step towards the energetic
optimization of error-correction code.

[1] C. Elouard, D. Herrera-Marti, B. Huard, and A. Auffeves,, Phys. Rev. Lett. 118, 260603 (2017)

[2] W. H. Zurek, Nature Physics 5, 181 (2009)

[3] C. Elouard, P. Lewalle, S. K. Manikandan, S. Rogers, A. Frank, A. N. Jordan, 5, 498 (2021).

[4] T. Sagawa and M. Ueda, Phys. Rev. Lett. 106, 189901 (2011), Phys. Rev. Lett. 102, 250602 (2009).

12:30-14:00 Lunch Break Monday 15 July 2024
Session 3
14:00-14:30 Contributed Talk Monday 15 July 2024

Diana A. Chisholm (Queen's University Belfast)
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Distinguishing between redundancy and consensus when quantifying quantum objectivity

Abstract: We give rigorous definitions of "redundancy" and "consensus", two different measures of
the degree of objectivity of quantum states, with clear operative interpretations that reflect their
meaning in the English language.

Although the two terms are often used interchangeably in discussions on quantum objectivity, they
actually represent distinct concepts that capture different aspects of the quantum to classical
transition.

Moreover, the key frameworks employed in the study of quantum objectivity, namely spectrum
broadcast structure and quantum Darwinism, naturally arise from these measures.While discussing
the differences between redundancy and consensus, and their usefulness in interpreting the degree
of objectivity of quantum states, we will employ them to show that, in the framework of quantum
Darwinism, failing to use the averaged mutual information can lead to misleading results.

Our framework offers a fresh perspective for interpreting both current and future findings in the
realm of quantum objectivity and, consequently, the emergence of classical behaviour from the
guantum domain.

[1] D.A. Chisholm, L. Innocenti and G.M. Palma; Quantum 7, 1074 (2023).
[2] D.A. Chisholm, L. Innocenti and G.M. Palma; arXiv:2401.04769 (2024).

14:30-15:00 Contributed Talk Monday 15 July 2024

Alexandre Orthey (Center for Theoretical Physics, Polish Academy of Sciences)
High-dimensional monitoring and the emergence of realism via multiple observers

Abstract: Quantum theory gives a prominent role to the notion of measurements. They are the basic
ingredients in several quantum technologies such as measurement-based quantum computation,
thermal devices fueled by measurements, measurement-based quantum communication protocol, as
well as in several foundational discussions regarding the measurement problem and on the
understanding of the quantum-to-classical transition. In particular, the emergence of objective reality
has been investigated with the framework of Quantum Darwinism (QD) [A. Touil et al., PRL 128,
010401 (2022)] through the process of redundancy, where multiple copies of information about the
guantum system are created in its environment, and from the closely related Spectrum Broadcast
Structure, where the environment of a quantum system can be thought of as a spectrum of
frequencies, each of them associated with a selected robust state.

Generalized measurements that can interpolate between weak and strong (projective) non-selective
regimes were employed to investigate the role of measurements in the emergence of realism from
the quantum substratum [Dieguez et al., PRA 97, 022107 (2018)], as quantified by the informational
measure known as irrealism [Bilobran et al., EPL 112, 40005 (2015)]. The quantum irrealism measure
is based on the contextual realism hypothesis which generalizes the notion of EPR elements of reality
by stating that for quantum systems, a measured property becomes well-defined after a projective
measurement of some discrete spectrum observable, even when one does not have access to the
specific measurement result. In other words, incoherent mixtures of all possible outcomes have
realism for the measured observable. Realism was investigated by employing monitoring with
continuous variable measurement systems, which showed to have a complementary relation with the
available information of a quantum system. The information-realism complementarity suggests that
the establishment of realism for some observable is grounded on the encoding of information about
it.

In this work, we propose to take a step further and investigate the emergence of realism via
monitoring modeled by discrete quantum systems with higher dimensions. We identify that a large
qgudit-environmental system is sufficient for the establishment of realism for all the range of
measurement strengths, corroborating the results obtained with continuous variable monitoring.
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Moreover, our model introduces a consistent interpolation model for weak to strong measurements
with high-dimensional systems. As a starting point, we discuss the qubit regime and address its
limitations as well as its direct generalizations. To address the qudit regime, we model the interaction
between the system and the environment through generalized observables [Kaniewski et al.,
Quantum 3, 198 (2019)], described by the Fourier transform of POVMs, which allows the control of
their disturbance on the measured quantum system, therefore, allowing an interpolation from a
weak to strong projective action. This interpolation regime has been already experimentally
investigated for qubits employing a trapped-ion platform, and with photonic weak measurements to
investigate the information-realism complementarity.

The most important conclusion of our analysis is that, for high-dimensional discrete monitoring, a
state of reality for a given observable can be reached regardless of the intensity of the interaction
between the system and the environment, as long as the latter is composed of a sufficiently large
number of particles. Following the QD framework, if the system manages to disseminate redundant
information about an observable to many particles in the environment, such a system will move
towards a state of objectivity. Therefore, we can conclude through our model that objectivity from
QD implies the emergence of states of reality for a given observable, as defined by [Bilobran et al.,
EPL 112, 40005 (2015)].

15:00-15:30 Contributed Talk Monday 15 July 2024

Arsalan Adil (University of California, Davis)
A search for classical subsystems in quantum worlds

Abstract: Decoherence and einselection have been effective in explaining several features of an
emergent classical world from an underlying quantum theory. However, the theory assumes a
particular factorization of the global Hilbert space into constituent system and environment
subsystems, as well as specially constructed Hamiltonians. In this work, we take a systematic
approach to discover, given a fixed Hamiltonian, several factorizations (or tensor product structures)
of a global Hilbert space that admit a quasi-classical description of subsystems in the sense that
certain states (the "pointer states") are robust to entanglement. We show that \textit{every}
Hamiltonian admits a pointer basis in the factorization where the energy eigenvectors are separable.
Furthermore, we implement an algorithm that allows us to discover a multitude of factorizations that
admit pointer states and use it to explore these quasi-classical “‘realms'" for both random and
structured Hamiltonians. We also derive several analytical forms that the Hamiltonian may take in
such factorizations, each with its unique set of features. Our approach has several implications: it
enables us to derive the division into quasi-classical subsystems, demonstrates that decohering
subsystems do not necessarily align with our classical notion of locality, and challenges the
conventional wisdom that the propensity of a system to exhibit classical dynamics relies on
minimizing the interaction between subsystems. From a quantum foundations perspective, these
results pose interesting ramifications for relative-state interpretations. From a quantum engineering
perspective, these results may be useful in characterizing decoherence free subspaces and other
passive error avoiding protocols.

15:30-16:00 Coffee Break Monday 15 July 2024
Session 4
16:00-16:30 Contributed Talk Monday 15 July 2024
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Tomonori Matsushita (Hiroshima University)
Quasiprobabilities in the back action dynamics of quantum measurements

Abstract: Obtaining information about the physical properties of a system through an external meter
requires some dynamical process of interaction between the system and the external meter. In
classical mechanics, we assume that the meter receives a force characterized by the physical property
of the system, determined before this interaction. The quantum analogue for such an assumption
would be that the meter receives a force as a unitary transformation, characterized by an eigenvalue
of the target observable. However, this analogy requires that the eigenvalue of the target observable
can be identified, e.g. in a subsequent measurement of the system. If we instead choose to measure
a different observable in this subsequent measurement, the effects of the system on the meter can
contradict the assignment of an eigenvalue to the physical property being measured. A complete
characterization of the measurement process must therefore combine the effects of the system on
the meter with additional information obtained in a subsequent measurement.

Understanding the relation between the outcome of the subsequent measurement and the quantum
statistics of the initial state is a non-trivial problem since the relation is partly determined by the
effects of the back-action of the initial measurements. Here, we show that the problem can be
addressed by using quasiprobabilities of the Kirkwood-Dirac type to evaluate the effects on the meter
as a function of the outcome of a subsequent measurement. Specifically, we consider a measurement
of the path taken by a particle in a multi-path interferometer, as expressed by the projection operator
representing the detection of the particle in that path. In the limit of weak measurement interactions,
the correlation between the meter response and the subsequent measurement is described by the
Kirkwood-Dirac quasiprobability of the initial state, as expected from previous research. As the
strength of the interaction increases, it is possible to relate the changes in the statistics of the
subsequent measurement caused by the back-action of the initial measurement with the
quasiprobabilities of the input state. We find that anomalous values of the quasiprobabilities (values
below zero or above one) are correlated with particularly large back-action effects, indicating that the
statistical distribution of the backaction effects plays an essential role in avoiding a direct
contradiction between the anomalous quasiprobabilities and the observed statistics of the actual
measurement outcomes.

11:30-12:00 Contributed Talk Monday 15 July 2024

Lorena Ballesteros Ferraz (Université de Lorraine, CNRS, LPCT)
Exploring the role of weak measurements in dissipative quantum systems

Abstract: A quantum weak measurement is a four-step procedure that involves a target system and
an ancillary meter [1]. In the initial phase, pre-selection occurs, necessitating the careful choice of the
system’s initial state. Proceeding to the second step, a weak interaction occurs via a unitary operator
that entangles both the ancillary meter and the system of interest. The third step encompasses a
post-selection procedure applied to the system, including a projective measurement process along
with subsequent filtration. Eventually, the meter wave function is readout. The meter wavefunction
exhibits two shifts. In the position representation, the shift is proportional to the real component of
the weak value Aw = <f | "A|Yid/<PF |Yi> . In contrast, the shift observed in the momentum
representation holds aproportionality to the imaginary part of the weak value.

In practice, genuine isolation of quantum systems remains an unattainable ideal. Under certain
approximations, the evolution of the system’s dynamics can be effectively characterized by a
Markovian master equation. This equation comprises a primary term derived from the von Neumann
equation governing the evolution of density matrices. The second term is the application of the
dissipator to the density operator, which presides over the dissipative dynamics of the system,
involving dissipation, decoherence, and dephasing. This term is proportional to the dissipation rates.
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We investigate weak measurements accompanied by dissipation, specifically exploring scenarios
where dissipation takes place subsequent to the weak interaction but before the post-selection stage
[2]. Notably, this scheme is present in any experimental setup with a time delay between the unitary
interaction and the post-selection. We assume a short duration of the weak interaction to neglect
concurrent dissipation.

We explore the interplay between dissipation and weak values when the dissipation time approaches
infinity. For non-degenerate systems, as this dissipation time increases, the distinctive characteristics
of the weak value disappear gradually as it converges towards the operator’s expectation value. In
the case of degenerate steady state systems, a contrasting phenomenon emerges : anomalous weak
values can persist even as the dissipation time extends infinitely.

Weak values can also be used at short times to extract information about the dissipative dynamics of
the system, notably to differentiate non-Markovian from Markovian dynamics. Our theoretical
framework allows us to glean insights into dissipative processes occurring over short time of
dissipation and featuring low dissipation rates. It is useful to determine if dissipation is relevant in
experiments.

We exemplify the model by using a two-level atom as the quantum system of interest, and a single-
photon cavity field serving as the meter. The weak measurement is obtained through the short
passage of the atom by the cavity. Subsequently, the atom suffers dissipation, by interacting with a
quantized radiation field. The radiation field is composed by a reservoir with an infinite number of
degrees of freedom. After post-selection, the real and imaginary parts of the weak value are
measured by reading out the quadratures of the cavity field. Interestingly, dissipation rates are
observed through the ancillary state across varying durations of dissipation with increased sensitivity.
When considering a non-Markovian dissipation, under certain circumstances, this type of dissipation
can be differentiated from a Markovian one, exploiting weak-value amplification.

[1] Yakir Aharonov, David Z Albert, and Lev Vaidman. How the result of a measurement of a
component of the spin of a spin-1/2 particle can turn out to be 100. Physical review letters,

60(14) :1351, 1988.

[2] Lorena Ballesteros Ferraz, John Martin, and Yves Caudano. On the relevance of weak
measurements in dissipative quantum systems. arXiv preprint arXiv :2308.00722, 2023.

11:30-12:00 Contributed Talk Monday 15 July 2024

Giuseppe Antonio Nistico (Universita della Calabria)
Classical behaviour enforced by Quantum Theory itself

Abstract: A first approach to address the problem of the emergence of classicality consisted in
verifyng that the predictions of quantum theory for the expected values have a behaviour obeying
classical theories in the limit h-->0 where h is the Planck constant [1]. However, this behaviour holds
only for short times and under specific conditions for the initial quantum state. Another approach,
avoiding this limitation, is based on the concept of decoherence. According to this approach, also a
weak interaction with the environment destroys the superposition, i.e. causes the collapse of a
genuine superposition state and a classical behaviour emerges. A different interesting investigation
has been pursued [2] showing how the classical trajectories of a particle in a cloud chamber emerge,
without making resort to the idea of collapse, but, instead, by a pure quantum theoretical treatment.
The present work gives evidence of a more fundamental theoretical mechanism that determines a
classical behaviour as the size of the system grows, in complete agreement with quantum theory. To
make clearer the subject, we restrict to the case of a "rigid" body, i.e. a quantum system formed by a
large number of identical particles, whose quantum state (rig) satisfies a definite rigidity condition.
Non-classicality of quantum theory, in its Hilbert space realization where observables are identified
with self-adjoint operators, traces back to the following basic feature: whenever two observables,
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identified by the self-adjoint operators A and B do not commute, then the same specimen of the
system cannot be assigned values a, b for A, B as objective properties of that specimen; in particular
they cannot be measured together. The possibility of emergence of classicality for a rigid body is
equivalent to the possibility of assigning the same specimen of the body values for the "classical"
observabels, e.g. the position of the center of mass g(cm) and its velocity v(cm). In general, the self-
adjoint operators Q and V representing these observables do not commute. Therefore the emergence
of classicality should be ruled out. Now, by making use of a concept of 'evaluation' introduced in [3]
we prove that if A and B do not commute, but the quantum state ¢ admits another self-adjoint
operator T such that AQ=Ty and [T,B]=0, to assign A the value obtained for T in a simultaneous
measurement of T and B is consistent with all actually performed measurements and with all
predictions of quantum theory. The consistency of this value assignment depends on the quantum
state . We prove that the condition of rigidity for our body implies that a self-adjoint operator T
exists such that Ty(rig)=V(cm)y(rig). Therefore, a system of a large number of particles can be
consistently assigned both the values of the position (directly measured) and of the velocity
(evaluated by measuring T) of its center of mass, if its quantum state characterizes the system as a
rigid body. Thus, classicality is enforced by quantum theory itself. The argument can be extended to
more general sets of classical observables.

[1] Robert D. Helv.Phys.Acta, 71 44
[2] Teta A. Eur.J.Phys. 31 215
[3] Nistico G., Sestito A. Int.J.Theor.Phys. 55:1798-1810

TUESDAY 16 July 2024

Session 5

09:30-10:15 Invited Talk Tuesday 16 July 2024

Howard Wiseman (Griffith University)
TBA

Abstract: TBA

10:15-10:45 Contributed Talk Tuesday 16 July 2024

Florian Meier (TU Wien)
On the 2nd law of thermodynamics in isolated quantum systems

Abstract: The second law of thermodynamics states that the entropy of an isolated system can only
increase over time. Isolated quantum systems, however, evolve unitarily and this preserves the von
Neumann entropy and yet, we find that with respect to most observables, such systems equilibrate.
These three concepts, (1) the second law of thermodynamics, (2) isolated quantum system evolution
and (3) equilibration raise the main question of this talk: In what sense does the entropy of a isolated
guantum system increase over time?

Historically, for classical systems, this question has been solved using a statistical interpretation,
where the high entropy states are simply the more likely ones. For open quantum systems a similar
reasoning works, but for isolated quantum systems whose von Neumann entropy does not change in
time, this argument does not go through. It has been found, though, that under mild assumptions on
the dynamics, systems equilibrate relative to most observables on average. We build upon this
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approach by investigating different entropies that are defined with respect to some observable and
recover a variant of the second law -- the entropy (relative to a given observable) for isolated
guantum systems tends towards it's equilibrium value. Entropy fluctuations as shadows of the
underlying reversible evolution are also possible and they are suppressed more the stronger they are
and the larger the system under observation.

10:45-11:15 Coffee Break Tuesday 16 July 2024
Session 6
11:15-11:45 Contributed Talk Tuesday 16 July 2024

Philip Taranto (The University of Tokyo)
Landauer vs. Nernst: what is the true cost of cooling a quantum system?

Abstract: Quantum computation can be performed using logically reversible gates in principle, but
also demands the initialisation of pure input registers, thus ultimately requiring irreversible
information erasure. However, information does not solely reside in the logical domain but must be
encoded in physical systems: information is physical. This is the cornerstone of Landauer's seminal
work connecting information and thermodynamics, which demonstrated that a (non-zero) minimum
amount of heat must be dissipated in any logically irreversible process. Heat is detrimental to reliable
quantum information processing as it induces errors and short coherence times rendering any
‘quantum advantages’ a mirage; hence, we must understand the limits of efficiently resetting
guantum systemes.

In attempting to do so, we are confronted with Nernst's third law of thermodynamics, stating that an
infinite amount of resources is needed to cool a system to the ground state. The precise nature of
these resources, however, was previously left in the dark, leaving one to grasp for isolated examples.
Landauer’s protocol, for instance, minimises the energy cost, but must take place quasi-statically and
hence requires diverging time. On the other hand, by investing a diverging amount of energy, one can
create a pure state in minimal time by swapping the target system with a sufficiently pure state of an
auxiliary machine system. Does this mean that one of these two resources---energy or time---must
diverge in order to cool perfectly?

As | will discuss, the answer is, perhaps surprisingly: No. For any quantum system, we show how one
can prepare a pure state with minimal energy and time. Subsequently, we identify the hidden
resource behind this seemingly paradoxical statement: control complexity. Specifically, we show that
for an unconstrained level of control (i.e., diverging control complexity), finite energy and finite time
suffice for perfect cooling; whereas, in the spirit of Nernst, finite control complexity is insufficient in
such a finite-time, finite-energy protocol. In addition to providing this deep conceptual insight, our
proofs are constructive in the sense that we present protocols that attain these ultimate limits.

Saturating the Landauer limit requires fine-tuned control that can only be implemented via a
coherent external work source, i.e., a quantum battery, highlighting the crucial role of control on a
more abstract level. From a thermodynamic perspective, this may seem unsatisfactory, as the joint
system-plus-machine is not energetically closed. To this end, we extend our analysis to include a
thermodynamic energy source (i.e., a heat bath) and close the joint system by restricting to global
energy-conserving unitaries. This incoherent control setting corresponds to minimal control, where
an agent need only switch on and off an interaction to generate spontaneous transformations. In this
paradigm, we show that the Landauer bound is not attainable (even asymptotically). In its stead, we
derive a novel ultimate limit---which we dub the Carnot-Landauer bound---and provide protocols that
saturate this fundamental bound.

10
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Our work thus both generalises Landauer’s erasure principle and, at the same time, unifies it with the
laws of thermodynamics. By explicitly accounting for the level of control and introducing the notion
of control complexity, we emphasise a crucial resource that is typically overlooked in quantum
thermodynamics. We anticipate that this work will initialise a shift in the way that resources are
perceived, especially in quantum thermodynamics, but also more broadly in all areas of quantum
information processing, from quantum computing to quantum sensing and beyond. In particular, our
results lay the foundations for a plethora of practically relevant follow-up opportunities concerning
finite-resource trade-offs in quantum technologies and the resulting intricate relationship between
energy, time and control complexity.

11:45-12:15 Contributed Talk Tuesday 16 July 2024

Sai Vinjanampathy (Indian Institute of Technology Bombay)
Consistency and efficiency of thermodynamics and optimal learning

Abstract: A primitive task in quantum information theory is the learning of a quantity of interest, be it
to tell apart classical or quantum hypothesis, learn parameters of interest or learn quantum states
and/or processes. Several primitive results are known wherein quantum resources can offer an
advantage in learning, measured in terms of a figure of merit. Examples of such figures of merit
include bounds due to Helstrom, Holevo and Fisher. All these rely on some assumptions about
performing optimal projective measurements or POVMs.

What is missing is an analysis of the energy costs of such measurements. It is well known that
measurements that result in non-full rank states costs infinite energy. Furthermore, it costs energy to
correlate quantum systems to measurement pointers and to perform algorithmic transformations.

This leads to two important questions: [1] is it ever thermodynamically consistent to attain these
fundamental bounds in quantum information and [2] when consistent, are these thermodynamically
consistent tasks efficient in comparison to their classical counterparts when the energetic costs of
performing measurements is taken into account? In this presentation, we address both questions.

12:15-14:00 Lunch Break Tuesday 16 July 2024
Session 7
14:00-14:30 Contributed Talk Tuesday 16 July 2024

Henning Kirchberg (University of Pennsylvania)

Maxwell Demon revisited: a microscopic protocol for quantum measurement, information gain, work
extraction and & energetic cost

Abstract: In many applications, the process of information gain is discussed without considering the
time and energy cost required to obtain information, with the assumption that the Maxwell Demon
can acquire information instantaneously at no additional energy cost except from memory erasure to
a heat bath.

This work addresses these issues. We examine a two-level system interacting with a (quantum) free
particle as a meter. We employ the two-step Von-Neumann measurement protocol to analyze two
aspects separately: (i) the evolution of the coupled system and meter and the entanglement between

11
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them considered as functions of the coupling and its duration, and the information gained during this
process, and (ii) the fundamental energetic cost for coupling and decoupling the system and meter.
This makes it possible to consider the energetic cost of acquiring information. Additionally, by
including photon-induced stimulated emission in the protocol we investigate the information-driven
work extraction from the measured system. Our analysis focuses on the ratio between the work
generated from the obtained information and the energy invested to acquire it, as well as the power
output (energy per measurement duration) and its optimization.

14:30-15:00 Contributed Talk Tuesday 16 July 2024

Shintaro Minagawa (Graduate School of Informatics, Nagoya University)
Universality of the second law of information thermodynamics

Abstract: This work explores the conditions under which the second law of information
thermodynamics holds, focusing on the work involved in quantum measurement, feedback control
and erasure protocols similar to Maxwell's Demon. While previous research required several
operationally unjustified assumptions, here we derive work formulas applicable to completely
general quantum measurement processes and feedback control protocols. This generalized approach
proves that the second law of information thermodynamics, previously shown to hold only in very
special situations, is in fact a universal law as long as the protocol obeys the laws of thermodynamics.

The second law of thermodynamics, a cornerstone of physics, appears to be challenged when
considering information obtained through measurement, as exemplified by Maxwell's demon
paradox [1]. This paradox suggests a potential violation of the second law by reducing entropy via
measurement and feedback control without adiabatically injecting work.

The consensus, both in classical and quantum theories, is that any work advantage gained through
feedback control should be offset by the work required for measurement and the erasure of the
information extracted by the measurement—a principle termed the second law of information
thermodynamics [2-4]. The setup, now considered standard, is the following: the system interacts
with the demon's memory, acting as the measuring device, followed by feedback control based on
the obtained measurement outcome, and memory erasure through interaction with a thermal bath.

However, these results were based on several assumptions about quantum measurement and
feedback control processes that severely limit the validity of the second law of information
thermodynamics derived from them. The most important assumptions are: first, the outcome
objectification, i.e., the measurement process on the demon's memory, is a projection. Second, the
measurement process on the target system is efficient (for each outcome, the measurement process
has a single Kraus operator). Third, feedback control is a unitary operation only on the target system.
Fourth, thermal equilibrium states are assumed as the initial states of both the target system and the
memory.

The natural question then is: are such assumptions essential? Indeed, by imposing these assumptions
from the beginning, the scope of the second law of information thermodynamics is unclear. In our
work [5], we fill this gap by providing a complete characterization of quantum feedback control and
erasure protocols consistent with the second law of thermodynamics. To do so, we eliminate the
assumption imposed by the previous results and derive general work formulas of the protocols. This
leads to the conclusion that the second law of information thermodynamics holds for any
thermodynamically consistent quantum feedback control and erasure protocols. In this sense, the
second law of information thermodynamics is indeed universal. Our result remains, however,
compatible with previous studies, which can be reproduced using the same or even fewer
assumptions.

[1] J. C. Maxwell, Theory of heat (Appleton, London, 1871).
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[2] T. Sagawa and M. Ueda, Phys. Rev. Lett. 100, 080403 (2008).

[3] T. Sagawa and M. Ueda, Phys. Rev. Lett. 102, 250602 (2009).

[4] T. Sagawa and M. Ueda, Phys. Rev. Lett. 106, 189901 (2011) (erratum of [3]).

[5] S. Minagawa, M. H. Mohammady, K. Sakai, K. Kato, and F. Buscemi, arXiv: 2308.15558 (2023).

15:00-15:30 Contributed Talk Tuesday 16 July 2024

Paul Skrzypczyk (University of Bristol)
How to use arbitrary measuring devices to perform almost perfect measurements

Abstract: | will present novel results concerning the problem of 'measurement reproduction'. | will
consider the problem of reproducing one quantum measurement given the ability to perform
another. For example, | will show how to use available "imperfect" measurements a small number of
times to implement a target measurement with average error that drops off exponentially with the
number of imperfect measurements used. In the most general setting, both the available and target
measurements are arbitrary generalised quantum measurements. | will show that this general
problem in fact reduces to the ability to reproduce the statistics of (complete) von Neumann
measurements, and that in the asymptotic limit of infinitely many uses of the available measurement,
a simple protocol based upon 'classical cloning' can perfectly achieve this task. This can be used to
show that asymptotically all (non-trivial) quantum measurements are equivalent. Finally, in a setting
where we perform multiple measurements in parallel, it is possible to achieve finite-rate
measurement reproduction, by using block-coding techniques from classical information theory.
These results are all contained in https://arxiv.org/abs/2203.02593.

15:30-17:30 Discussion Time Tuesday 16 July 2024
17:30-19:30 Poster Session Tuesday 16 July 2024
(Location)

Wednesday 17 July 2024

Session 8

09:30-10:15 Invited Talk Wednesday 17 July 2024

Lina Jansson (University of Nottingham)
Explanation and Emergence: Ontic, Epistemic and Pragmatic

Abstract: Different types of philosophical accounts of explanation correspond to different types of
explanatory emergence. In this talk, | defend an epistemic account of explanation as a viable
alternative to metaphysical and pragmatic accounts. | will go on to show how some traditional
interpretative challenges look different when formulated in epistemic terms.
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10:15-10:45 Contributed Talk Wednesday 17 July 2024

Caroline Jones (IQOQI Vienna)
Thinking twice inside the box: is Wigner's friend really quantum?

Abstract: There has been a surge of recent interest in the Wigner's friend paradox, sparking several
novel thought experiments and no-go theorems [1-3]. The main narrative has been that Wigner's
friend highlights a counterintuitive feature that is unique to quantum theory, and which is closely
related to the quantum measurement problem. In our paper, we challenge this view. We argue that
the gist of the Wigner's friend paradox can be reproduced without assuming quantum physics, and
that it underlies a much broader class of enigmas in the foundations of physics and philosophy. To
show this, we first consider several recently proposed extended Wigner's friend scenarios, and
demonstrate that their implications for the absoluteness of observations [4] can be reproduced by
classical thought experiments that involve the duplication of agents. Crucially, some of these classical
scenarios are technologically much easier to implement than their quantum counterparts. We claim
that the similarities between our classical thought experiments and the quantum extended Wigner’s
friend experiments (and, in particular, in their metaphysical consequences) motivate us to ask about
the common structural and mathematical elements of such scenarios.

This leads us to formulate a feature that we call “Restriction A”, which we argue is the essential
structural ingredient of scenarios in classical, quantum and indeed more general settings. In a
nutshell, Restriction A states that a physical theory cannot give us a probabilistic description of the
observations of all agents. We give an analysis of (extended) Wigner’s friend scenarios as well as our
classical thought experiments in terms of Restriction A, and, furthermore, argue that this difficulty is
at the core of other puzzles in the foundations of physics and philosophy, demonstrating this
explicitly for cosmology's Boltzmann brain problem. Our analysis suggests that Wigner's friend should
be studied in a larger context, addressing a frontier of human knowledge that exceeds the boundaries
of quantum physics: to obtain reliable predictions for experiments in which these predictions can be
privately but not intersubjectively verified.

[1] €. Brukner, On the quantum measurement problem, in Quantum [Un]Speakables II: Half a Century
of Bell’s Theorem, Springer (2017).

[2] D. Frauchiger and R. Renner, Quantum theory cannot consistently describe the use of itself, Nat.
Commun. 9, 3711 (2018).

[3] K-W. Bong, A. Utreras-Alarcon, F. Ghafari, Y.-C. Liang, N. Tischler, E. G. Cavalcanti, G. J. Pryde, and
H. M. Wiseman, A strong no-go theorem on the Wigner’s friend paradox, Nat. Phys. 16, 1199-1205
(2020)

[4] H. M. Wiseman, E. G. Cavalcanti, and E. G. Rieffel, A “thoughtful” Local Friendliness no-go
theorem: a prospective experiment with new assumptions to suit, Quantum 7, 1112 (2023).

10:45-11:15 Coffee Break Wednesday 17 July 2024
Session 9
11:15-11:45 Contributed Talk Wednesday 17 July 2024

William Zeng (Unitary Fund)

Towards violations of Local Friendliness with quantum computers
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Abstract: Experimental quantum mechanics has a long history of evidence that reality is different
than that expected by naive human intuition. In some cases, these experimental results go further
than supporting specific quantum mechanical predictions to give evidence against whole classes of
physical theories that obey certain principles. For example, Bell inequalities not only provide
evidence for quantum mechanics but also that reality is not described by theories that have both
local agency and predetermination. These results are part of experimental metaphysics in that they
give evidence about possible physical theories at the meta-level.

In recent years, new tests in experimental metaphysics have been proposed to study the
metaphysical property of Local Friendliness (LF). LF is loosely the conjunction of objective reality
across observers and local agency. Thus a violation of the LF property provides evidence that one of
these two assumptions needs to be jettisoned. It turns out that thought experiments can be designed
whereby textbook quantum mechanics looks to violate the assumption of LF. One such experiment is
the extended Wigner's friend scenario (EWFS) that was introduced as an extension of the original
thought experiment initially proposed by Wigner and later refined by Deutsch. In the referenced
work, the authors experimentally implemented the EWFS using a photonic qubit to play the role of
each of the friends to attain Bell-type inequality violations. Under reasonable assumptions, these
violations imply that absoluteness of observed events (AOE); every observed event happens for all
observers and local agency (LA); events are uncorrelated with other events outside its future light
cone are incompatible notions.

One may question whether a single photon as used in the experimental setting is a physical system of
sufficient complexity to be deemed as an observer and hence whether the outcome of the
experiment is metaphysically significant. To this end, we encode the EWFS as a quantum circuit such
that the components of the circuit that define the friend are quantum systems of increasing size. We
run this circuit on quantum simulators and hardware devices and observe inequality violations as the
system sizes scale.

Additionally, we propose using the branch factor, recently introduced by Taylor and McCulloch, to
quantify the observerness of a friend. We obtain violations of the LF inequalities while we increase
the friend size in such a way that the branch factor of the quantum state of the friend also increases.
We think of the branch factor as a measure of observerness, so as we increase the size of the friend
system such that the branch factor increases, the friend system gets closer to becoming an observer.
The improvement of quantum technology through academic and industrial development opens up
new avenues for studying fundamental scientific questions. We are optimistic that a program of LF
violations can motivate continued development and benchmarking of quantum technology by testing
important aspects of reality.

11:45-12:15 Contributed Talk Wednesday 17 July 2024

Johannes Fankhauser (University of Innsbruck)
Epistemic horizons from dynamical laws: Lessons from a nomic toy theory

Abstract: In physical theorizing the observer is often not explicitly modeled as a physical system itself.
Whereas in classical physics the observer has no special relevance, in quantum theory it is often
claimed to play a crucial role in the description, and that the system cannot be separated from the
observer. However, these claims are lacking a rigorous and satisfactory foundation.

As a first step we study the subject-object relationship in a simple toy theory that reproduces certain
aspects of quantum theory. More concretely, we provide a description of toy world where the
observer, i.e. the subject, is explicitly introduced in the theory as a toy system. A minimal set of
assumptions will characterize this system as an agent that can acquire information about toy objects
through measurement interactions.
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This specification of an information gathering and prediction making subject together with a natural
assumption on the dynamics of the theory we show that measurement interactions back-react on the
object such that it cannot fully be accessed, represented, and predicted. The results reconcile us to
features of quantum theory and the fully fledged Spekkens toy theory as aspects of the inseparability
of subject and object.

12:15-14:00 Lunch Break Wednesday 17 July 2024
Session 10
14:00-14:30 Contributed Talk Wednesday 17 July 2024

Markus Frembs (Okinawa Institute of Science and Technology)
Coming full circle? A cyclic perspective on Kochen-Specker contextuality

Abstract: The very problem of the emergence of classicality rests upon a series of no-go theorems by
Bell, Kochen and Specker [Rev. Mod. Phys., 38, 447 (1966), J. Math. Mech. 17, 59 (1967)],
demonstrating that quantum theory does not admit a classical description — unless it is either
nonlocal or (more generally) contextual. Contextuality therefore is the distinguishing feature between
classical and quantum physics. In turn, understood as a resource for quantum computation,
contextuality is expected to hold the key to quantum advantage.

Yet, despite its long recognised importance in quantum foundations and, more recently, in quantum
computation, the true essence of contextuality remains elusive. In particular, there is a glaring
discrepancy between the original definition of noncontextuality as introduced by Kochen and Specker
on the one side, and the modern approach of studying noncontextual correlations on the other [Rev.
Mod. Phys., 94, 045007 (2022)].

Similar to Bell local correlations, nonconcontextual correlations form a polytope, and can thus be
studied in terms of its facet-defining noncontextuality inequalities. One would expect - and
consistency between the respective notions demands - that the noncontextuality polytope captures
the essence of Kochen-Specker noncontextuality. However, this turns out not to be the case. While
every proof of the Kochen Specker theorem can be cast as a noncontextuality inequality that is
violated by quantum mechanics, the converse is false: there exist noncontextuality inequalities that
do not give rise to a proof of the Kochen-Specker theorem [Phys. Rev. Lett, 108, 030402 (2012)]. The
issue is thus quite severe: more than half a century after its discovery, we seem to lack a proper
understanding of this core principle underlying quantum mechanics.

In my talk, | will advocate a framework for contextuality which subsumes various existing notions and
approaches. Within this framework, | will motivate and introduce a conceptually and mathematically
new tool, which for the first time allows to fully characterise the notion of Kochen-Specker
noncontextuality, in the form of algebraic noncontextuality constraints.

| will then draw a number of consequences from this characterisation. Most importantly, | will resolve
the apparent discrepancy between the original notion of contextuality, as introduced by Kochen and
Specker, and the modern notion captured by noncontextuality inequalities.

This is the first time a full algebraic characterisation of Kochen Specker noncontextuality has been
obtained. Given the central role contextuality plays in quantum foundations, quantum information
and quantum computation, our characterisation is expected to be of similar impact.

First, an algebraic characterisation of contextuality has been the missing piece to quantifying
contextuality as a resource, which remains a central open problem in the field of quantum
computation.
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Second, our algebraic formulation unifies a number of existing frameworks for contextuality, thereby
connecting various results that had previously seemed unrelated and surprising. For instance, the
existence of noncontextual models due to Meyer, Clifton and Kent [Stud Hist Philos M P, 35, 151
(2004)] arises as a straightforward consequence in our setting.

Third, our framework opens the way to a new geometric proof of the Kochen-Specker theorem. Since
contextuality is the fundamental obstruction to a classical state space description of quantum theory,
such a proof would highlight, in geometric terms, the distinction between classical and quantum
theory, and possibly point towards quantum geometries in fundamental physics.

Finally, we expect our characterisation to hold new insights into the emergence of classicality.
Concretely, an intriguing direction would be to analyse physical regimes that avoid our algebraic
noncontextuality constraints, thus leading to a better understanding of the boundary between
guantum to classical.

14:30-15:00 Contributed Talk Wednesday 17 July 2024

Roberto Dobal Baldijao (ICTQT -- University of Gdansk)
Emergence of Noncontextuality under Quantum Darwinism

Abstract: Quantum Darwinism proposes that the proliferation of redundant information plays a
major role in the emergence of objectivity out of the quantum world. Is this kind of objectivity
necessarily classical? We show that if one takes Spekkens’s notion of noncontextuality as the notion
of classicality and the approach of Brandao, Piani, and Horodecki to quantum Darwinism, the answer
to the above question is “‘yes,” if the environment encodes the proliferated information sufficiently
well. Moreover, we propose a threshold on this encoding, above which one can unambiguously say
that classical objectivity has emerged under quantum Darwinism.

15:00-15:30 Contributed Talk Wednesday 17 July 2024

Carlo Cepollaro (University of Vienna)
Emergence of classicality from coarse-grained meaurements

Abstract: Among the several approaches to modeling the transition from quantum mechanics to
classical mechanics, a textbook definition of the classical limit is that quantum mechanics reduces to
classical mechanics when the value of the Planck constant approaches zero. This limit has two
significant consequences. Firstly, it imposes a kinematic condition on the states — since the
Heisenberg uncertainty is removed, it’s possible to choose states that are simultaneous eigenstates of
position and momentum. Secondly, in this limit, the Feynman propagator reduces to the exponential
of the classical action, and any other contribution to the evolution vanishes, meaning that the
evolution of the system obeys Liouville’s evolution. This happens when the ratio between the Planck
constant and the classical action of the system tends to zero. However, for no system, regardless of
how macroscopic it may be, this ratio is exactly zero. Even in the most classical scenario, the ratio will
be very close to zero, but still strictly positive. Thus, if we had incredibly precise measurement
instruments, we could still witness quantum effects, even for macroscopic systems (in the hypothesis
of isolated system, and hence absence of decoherence). This suggests that the classical limit should
not emerge from the properties of the systems alone, but from the interplay between the
measurement apparatus and the system. Conversely to the example above, if a truly quantum system
(with action of the same order as the Planck constant) is measur