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Resource theories and their applications in quantum thermodynamics and
nonlocality

by Patryk Lipka-Barrosik

The laws of physics are often expressed as limitations on what physical systems
can and cannot do. This fundamental idea is at the core of Quantum Resource
Theories, a rapidly evolving framework that postulates certain physical limitations
on the evolution of quantum systems, and formally describes their consequences.

The goal of this thesis is twofold. First, to use a resource-theoretic approach to
better understand the role and significance of quantum effects in thermodynamic
processes. Second, to utilise this approach in establishing a direct and operational
interpretation of nonclassical effects encountered in quantum nonlocality.

In the first part we investigate the resource theory of quantum thermodynamics.
First, we report a surprising property of quantum catalysis: We present numerical
results indicating that in quantum thermodynamics, contrary to the intuitive under-
standing of catalysis, any non-equilibrium quantum state, given sufficient dimension,
acts as a catalyst for all possible transformations. This result can be naturally ex-
tended to several other quantum resources theories, including the resource theories
of entanglement and coherence. Second, we address the problem of defining work
in quantum thermodynamics. We show that when the work reservoir is explicitly
modelled as a quantum system, the effects associated with its bounded spectrum
are emergent in the work distribution. These consequences are then shown have
implications for the form of the celebrated Jarzynski equality and the free energy
formulation of the second law of thermodynamics.

In the second part we provide an operational characterisation of certain nonlo-
cal phenomena. First, we look at “nonclassical teleportation”, a recently introduced
concept that can be though of as providing a complete description of the standard tele-
portation protocol. We show that “nonclassical teleportation” generalizes standard
teleportation in the sense that it is the resource responsible for teleporting quantum
correlations, instead of quantum states. Second, we discuss “Buscemi nonlocality”,
a concept that can be viewed as a generalization of Bell nonlocality. Notably, we
demonstrate that "Buscemi nonlocality" is a resource that allows two distant parties
to measure distributed quantum states in a way that could never be achieved using
only classical resources.
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Chapter 1

Introduction

1.1 Some initial remarks

In this chapter we discuss the structure of this thesis and briefly summarize the
content of each chapter. Then in Chapter 2 we review the mathematical framework
relevant for our purposes. These chapters do not contain any original results; Where
appropriate, they are accompanied with references to material that significantly
expands the presented concepts. In Chapters 3 up to 6 we present original work that
was published by the author and his co-authors in articles listed in Sec. 1.3. For
better clarity of presentation these chapters have the following unified structure:

1. Introduction, where we briefly sketch the background, motivate our work,
describe our particular contribution and display the chapters detailed structure,

2. Details, where we mention additional assumptions and specific details of the
particular framework we use,

3. Results, where we present our approach towards solving the problems de-
scribed in the Introduction,

4. Discussion and open problems, where we briefly discuss presented results,
their implications, and highlight relevant open problems.

5. Proofs, where we give the more technical details of the results described in the
chapter.

The most important notation, symbols and abbreviations are displayed in the
table on page xv. Please refer to this table when notation becomes unclear at any
point.

This main part of this thesis can be divided into two parts. Chapter 3 and
Chapter 4 address problems related to the so-called resource theory of quantum
thermodynamics. Chapters 5 and 6 address the theory of quantum nonlocality using
a resource-theoretic approach. In Fig. 1.1 we display this structure in a graphical
way.

To emphasize certain parts of this thesis we will use three types of color boxes.
These are described below.

Main question

This will be used to highlight the most relevant questions that we will try to
answer in this thesis.
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Quantum thermodynamics Quantum nonlocality

Quantum batteries Buscemi nonlocality

Quantum catalysis Nonclassical teleportation

Introduction/Preliminaries

Ficure 1.1: A schematic outline of this thesis.

Result 1.1. This will be used to differentiate our contribution from the results
already established in the literature.

This will be used to highlight explicit examples that will (hopefully) help
understand some of the concepts we discuss.

1.2 Outline

Below we briefly outline the content of each chapter.

Chapter 1: Introduction

In this chapter we discuss this thesis logistics. In particular, we explain its structure
and list which parts constitute the original contribution of the author and his co-
authors, and which parts contain a reviewed material. We also list the papers that
constitute the backbone of this thesis.
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Chapter 2: Preliminaries

This chapter introduces mathematical concepts necessary for addressing the more
specific problems studied in the remaining part of the thesis. In particular, we remind
some basic concepts of linear algebra that are widely used in quantum information.
We then briefly review the basic toolkit of convex optimization and related concepts
of convex analysis. After that we give a very short overview of entanglement and
quantum nonlocality, restricting only to concepts which will be used thoughout the
thesis. We finish by describing the framework of quantum resource theories.

Chapter 3: Catalytic universality

Quantum catalysts make previously impossible transformations possible. These spe-
cial quantum resources such as ancillary entangled states open up new possibilities
for manipulating objects without consuming or degrading the new resource. More-
over, quantum catalysts can be reused indefinitely, making them highly desirable
resources.

Our interactions with the macroscopic world suggest that quantum catalysts
must, at the very least, be finely tuned for a particular purpose. This intuition
comes from our everyday experience: Since quantum catalysts model the behavior
of thermal machines or ancillary experimental instruments, they need to be carefully
tuned before they can aid in performing the desired transformation. However, the
quantum world often behaves contrary to our intuitionand quantum catalysts are no
different.

In this chapter we describe a numerical analysis that draw from quantum ther-
modynamics to conjecture that all states can be used as universal catalysts, given
sufficient dimension. In this way, quantum catalysis is seen to be completely differ-
ent from macroscopic catalysis, with its own rich structure, much of which is still to
be understood.

Chapter 4: Quantum batteries with a ground state

In stochastic thermodynamics work is a random variable whose average is bounded
by the change in the free energy of the system. In most standard treatments, however,
the work reservoir that absorbs this change is either tacitly assumed or modelled
using unphysical systems with unbounded Hamiltonians (i.e. the ideal weight) that
assume a certain property called translational symmetry.

In this chapter we study a thermodynamic model with an explicit work reservoir
(battery). In particular, we describe the consequences of introducing the battery’s
ground state and hence — of breaking its translational symmetry. The most striking
consequence of this shift is the fact that the Jarzynski identity is replaced by a family
of inequalities. Using these inequalities we obtain corrections to the second law of
thermodynamics which vanish exponentially with the distance of the initial state of
the battery to the bottom of its spectrum. Finally, we study an exemplary thermal
operation which realizes the approximate Landauer erasure and demonstrate the
consequences which arise when the ground state of the battery is explicitly intro-
duced. In particular, we show that occupation of the ground state of any physical
battery sets a lower bound on fluctuations of work. In the same time batteries with
a Hamiltionian unbounded from below lead to certain unrealistic predictions, i.e.
allow for a fluctuation-free erasure.
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Chapter 5: Operational significance of nonclassical teleportation

Quantum teleportation is one of the most thought-provoking discoveries in the whole
tield of quantum information. The standard benchmark for assessing the quality of
teleportation is the so-called average fidelity of teleportation. Importantly, according
to this benchmark, some entangled states are not useful for teleportation. This means
that they do not allow for teleporting quantum states better than some classical,
i.e. separable, state. It was recently shown, however, that if one tries to describe
the teleportation experiment more carefully, then all entangled states can lead to
nonclassical effects appearing during the teleportation protocol. This means that
there is no classical scheme able to reproduce the states teleported to Bob.

This chapter is devoted to studying the operational significance of this result. On
the one hand, we demonstrate that every entangled state is useful for the task of
teleporting quantum correlations, a protocol whose natural benchmark is the gen-
eralization of the average fidelity of teleportation. On the other hand, we show the
strength of a particular entangled state and entangled measurement for teleportation
- as quantified by the so-called robustness of teleportation - precisely characterizes
their ability to offer an advantage in the task of subchannel discrimination with side
information. This connection allows us to prove that every entangled state outper-
forms all separable states when acting as a quantum memory in this discrimination
task. Finally, we describe quantum teleportation in the context of a resource theory
of teleportation and show that these two operational tasks provide complete sets of
monotones for two partial orders based on the notion of “teleportation simulation”,
one classical and one quantum.

Chapter 6: Operational significance of Buscemi nonlocality

Bell nonlocality is at the heart of the counterintuitive behavior of quantum mechan-
ics. At the same time, it is also the building block of a large number of promising
quantum technologies, like quantum cryptography or verification of quantum de-
vices. Depending on the specific physical context, the statistics obtained in a Bell
experiment can be viewed as a resource that can be utilized in various ways, pro-
viding genuine quantum advantages in a range of quantum information-processing
tasks.

In recent years, a broader notion of nonlocality has been proposed (Buscemi
nonlocality), one that can be understood as arising from the quantization of the stan-
dard Bell scenario. It has remained unclear, however, whether this extended notion
can also have a direct operational significance, in a manner similar to standard Bell
nonlocality. Such an operational characterization is of both theoretical and practi-
cal significance, as not only would it allow for a better understanding of quantum
nonlocality, but also show its suitability for addressing practical problems.

Our main result demonstrates that Buscemi nonlocality can also be viewed as a
resource, one that allows two distant parties to measure distributed quantum states
in a way that could never be achieved using only classical resources. We also show,
in a quantitatie way, how Buscemi nonlocality relates with nonclassical teleportation
and entanglement. Finally, we show that Buscemi nonlocality is directly related to the
classical single-shot capacity of an arbitrary bipartite quantum-to-classical channel.
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Chapter 2

Preliminaries

In this chapter we introduce the essential mathematical tools that will be used to
prove most of the results described in this thesis. The goal of this short introduction
is to remind about the most important technical concepts used in this thesis and to
introduce the relevant notation.

In Section 2.1 we describe the elementary formalism of quantum information.
In Section 2.2 we remind the toolbox of convex optimisation theory, including the
basics of semidefinite programming and duality. In Sec. 2.3 and Sec. 2.4 we briefly
mention the very basic concepts of entanglement theory and quantum nonlocality.
Finally, in Section 2.5 we remind the basic ingredients of quantum resource theories,
with a particular focus on the resource theory of quantum thermodynamics.

2.1 The formalism of quantum information

2.1.1 Basics of linear algebra

A Hilbert space J{ is a complex vector space equipped with an inner product. In
this thesis we will deal exclusively with Hilbert spaces that are finite-dimensional.
We will often associate Hilbert spaces with physical systems labelled with capital
letter, i.e. H(S) corresponds to a Hilbert space associated with a quantum system S.
Moreover, we will omit the label when the association is clear from the context.

We will make extensive use of Dirac’s bra-ket notation. In this convention vectors
in 3 are denoted with |-) € 3, where the label inside the ket unambiguously iden-
tifies a given vector. With each Hilbert space J{ we associate a dual space of a linear
functional J{* spanned by dual vectors (-|. Because J{ is finite-dimensional, it is iso-
morphic to its dual space H*. Consequently, each vector |u) € H has a corresponding
dual denoted with (u| € J".

The complex conjugate of a complex scalar z € C is denoted with z*. The inner
product of the Hilbert space is denoted (-|-) : H X H{ — C. The inner product is
Hermitian, meaning that it satisfies (u|v) = (v|u)* for all u,v € H and is linear in
one of its arguments. A natural norm ||-|| can be defined for the Hilbert space H as
||u|| :== y/{u|u). An orthonormal basis {|i)} is a collection of linearly independent
unit vectors |7) € H which span the whole Hilbert space.

Given two Hilbert spaces }{ and H’ and corresponding vectors |¢) € H and
|1,b’> € H’ we denote a linear operator that maps |1,b> into |1p’> using the convenient
notation |¢’>(¢|.

Let A : H{ — X be a linear operator acting on J{. Given a basis {|i)} of I
we can describe its action using its matrix representation, i.e. by constructing a
matrix with elements A;; = <i|A| ]> Consequently, the operator A can be written as
A= Zi,]- Ajj |i )( j | The space of all linear operators on H(S) is denoted with £(S).
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A linear operator A is positive semidefinite, denoted A > 0, if <¢| A |1,b> > 0 for all
ly) €3t

The adjoint of a linear operator A is the unique operator A’ satisfying <i|A+ lj > =
<j|A|i>* for all |i) and |]>

2.1.2 Quantum states

Quantum states are described by density operators, that is, positive semi-definite
operators with a unit trace, i.e.

p>0, tr[p] =1 (2.1)

A density operator is necessarily Hermitian, and has eigenvalues between zero and
one that sum to one. We will frequently denote density operators with greek letters,
e.g. p,o0OrYy.

The set of all density operators associated with a Hilbert space J{(S) will be
denoted by D(S). This is a convex set, meaning that any convex combination of
density operators {p;}, that is an object of the form p = }}; p(i) p; for some probability
distribution p(i), is also a valid density operator.

When its clear from context, we will omit writing explicitly that p € D(S). When
we want to emphasize that a quantum state is associated with a specific quantum
system, say S, we will write ps meaning p € D(S).

Density operators form a convex set in the space of all positive-semidefinite
operators. This means that any density operator ps can be written as a convex
combination of pure states |i)g in J((S), that is

ps = Z p(i) liXils, (2.2)

for some probability distribution p(i). Some classes of quantum states have their
own names due to their special properties. In what follows we display some of the
widely used conventions.

Pure states. A quantum state p is called pure if its rank is equal to one. This means
that there is a vector |1,b> in the system’s Hilbert space, such that p = |1,b><1,b|

Mixed states. Quantum states which are not pure are called mixed states.

Classical states. Classical probability distributions can be modeled as quantum
density operators that are diagonal in a fixed orthonormal basis. Therefore, a quan-
tum state p is said to be a classical state with respect to a basis {|i) } if it is diagonal in
that basis.

2.1.3 Quantum dynamics

The evolution of an open quantum system from £(A) to £(B) can be described by a
quantum channel, which is a linear map that is both completely positive (CP) and
trace-preserving (TP). We will denote quantum channels with caligraphic letters, for
example & : L(A) — L(B). The complete positivity not only ensures that the channel
maps positive operators into positive operators, but also that this remains true when
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the evolving system is a part of some larger system. When we describe channel-state
duality we will see a more compelling argument for why this should be the case.

Quantum channels can be represented in several equivalent ways. In what follows
we highlight the most frequently used representations.

Theorem 2.1 (Quantum channel representations). A linear map & from £(A) to £(B)
is completely positive and trace-preserving if and only if any one of the following
holds:

(i) (Kraus representation) There exists a set of linear operators {E;} called Kraus
operators acting from L(A) to £(B) which for all p € D(A) satisfy

Elpl = Z EipEl  and Z E'E; = 1. (2.3)

(ii) (Stinespring representation) There exists a system E with an associated Hilbert
space H(E) and an isometry Var such that for all p € D(A)

8(p) = trg [VAEPAVZE] . (2.4)

(iif) (Choi-Jamiotkowski representation) Given a matrix Jg (Choi matrix) defined as
Je = Z |i><j|A ®& Hixﬂfv] ’ (2.5)
ij

where {|i),} and {]i) 4 } are two orthonormal bases for isomorphic Hilbert
spaces H(A) and H(A’), the following holds

Je 20 and trar Je = 14. (2.6)
Furthermore, the map & can be recovered from Jg in the following way

E(p) = tral(p, ® 1a)Jg]- (2.7)

We now move on to a special class of quantum channels that can be used to
convert quantum information encoded in quantum states into classical information
that can be described using only classical states.

2.1.4 Quantum measurements

Quantum measurements are a particular class of quantum channels that describe
the most general way of extracting classical information from a quantum system.
The measurement channel acts on a quantum system and outputs two types of
information: a post-measurement quantum state that encodes the back-action of
the measuring apparatus, and a classical state that encodes the outcome of the
measurement.
More specifically, for measurements with discrete set of outcomesa € {1,2,...,04},

a quantum state p is transformed into another quantum state ¢, with some prob-
ability p(a). Quantum mechanics predicts that the post-measurement state of the
measured system and the classical register can be described by the following state

Ilpl= ) E.pE} ®aal, (2.8)
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where indices a € {1,...,04} indicate the outcomes of the measurement appearing
with probability p(a) := tr|E,pE}| and {E,} are Kraus operators describing the
action of the measuring apparatus on the quantum system. In general, we can
even consider situations where each outcome a corresponds to a different set of
Kraus operators; As here we will always associate a single Kraus operator with each
measurement outcome, will not use this more general description. Formally, we say
that the quantum channel of the form (2.8) is a quantum instrument. We will use this
convention to emphasize when we are interested in the post-measurement state of
the measured system. On the other hand, we will use the term quantum measurement
when we are interested only in the measurement statistics p(a). This process can
be formally described using a completely positive and trace-preserving map of the
form:

Mip] = trs I[p] = ) tr[Map] laXal, (2.9)

a

where M, := E:;Ea. Quantum measurement can be therefore interpreted as a quan-
tum instrument followed by discarding the post-measurement state. A quantum
measurement can be completely described using operators {M,}. A collection of
positive operators {M,} satisfying >, M, = 1 is called a POVM (positive operator-
valued measurement) and provides a complete description of the measurement pro-
cess when we are only interested in the measurement outcomes.

2.1.5 Distinguishing quantum states

Some pairs of quantum states can be distinguished quite easily. For instance, imagine
that we have two quantum devices, one that outputs a quantum state wo = |0){0| and
a second one that outputs w; = [1)(1|. The problem is that we do not a priori which
device outputs which state. Clearly, a simple projective measurement in the basis
{10),|1)} applied on the state produced by any of these devices yields an outcome
that can reveal which device we have at hand. In contrast, if the devices produce
wp = |0)0] and w1 = (1 — €) |0)X0| + € |1)(1| for some small and positive €, the task
becomes more difficult. This is because applying the same projective measurement
as before will yield an outcome |0) with high probability, and thus will not be able to
tell us which state was produced by the device. It turns out that in this simple case
no measurement, however complex, will ever be able to give us a better answer. This
provides an intuitive feeling that these two states are, in some sense, close to each
other.

Let us now approach this more formally. Consider again two devices, one that
outputs wp and another one that outputs w;. Our goal is to determine which of the
devices we have by applying a general quantum measurement M = {M, } to the state
produced by the device. Suppose that our prior probability of which device we have
is given by some distribution p(x), where outcome x = 0 is associated with wy and
x = 1 with w1. Then, given the results of the experiment we perform, we would like
the probability of correctly guessing x to be as large as possible. This probability can
be expressed as:

pguess(X) = M g%)\<]M Zx: p(x) tr[Mywy]. (2.10)
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Since x € {0,1} and p(0) = p(1) = 1/2, we can further write My = X and M; =1 - X
for some operator 0 < X < 1. With this Eq. (2.10) becomes:

Press(X) = 3 + 3 max il X(wp — w1)] 1)
We can regard the second term as a measure of distinguishability. If the two states
are disjoint (have disjoint support), then we can guess perfectly, which is reflected in
the fact that the second term becomes one. If they have an overlapping support then
the second term is smaller, meaning that the probability of guessing is closer to the
a priori distribution p(x). This motivates introducing the following definition.

Definition 2.1 (Trace distance)

Let p and o be quantum states in D. The trace distance, ||p — d||,, is defined as:
||p - 0”1 = max 2tr[X(p - 0)] (2.12)
subject to 0<X<1 (2.13)

A useful fact is that trace distance is a semi-definite optimisation problem, mean-
ing that it can be efficiently computed numerically. We will discuss this type of
problem in more detail In Sec. 2.2. Now as we have a well-motivated notion of a
distance between quantum states, we can introduce the concept of a ball for density
operators. In particular, we will denote

Be(p)={p": [l - ol < &} (2.14)

Therefore the set B,(p) € D contains all quantum states that cannot be distinguished
from p with a precision better than €.

Importantly, the reasoning presented above provides an operational characterisation
of the trace distance. By this we mean that trace distance not only can be viewed as
a convenient mathematical concept, but also may be interpreted as a benchmark in a
well-defined task. In Chapters 5 and 6 we will use analogous reasoning to establish
an operational characterisation of various quantifiers that are relevant for quantum
nonlocality.

2.1.6 Entropic quantifiers

In order to quantify information present in a quantum system we look at various
information-processing tasks. These are particular protocols, or games, which pro-
cess information in order to achieve certain goals. Performance in such tasks can be
very often benchmarked using the so-called entropic quantifiers. These are functions
that can be obtained from a single parent quantity called quantum relative entropy.

Definition 2.2 (Quantum relative entropy and quantum information variance)
Let p € D be a quantum state and o > 0 be a positive semidefinite operator such that

supp(p) € supp(o).
(i) The quantum relative entropy is defined as (Umegaki, 1962)

D(pl|o) = tr p(log p — log o). (2.15)
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(i) The quantum information variance is defined as (Li, 2014; Tomamichel and
Hayashi, 2013)

V(pllo) = tr p(log p —log o)* = D(p|o)*. (2.16)

The quantum relative entropy can be seen as a parent for the following funda-
mental quantum information-theoretic quantities.

Definition 2.3 (Entropies derived from relative entropy)
Let pap be a quantum state in D(AB) with marginals p4 and pp. Then we define

(i) the von Neuman entropy

S(A)p = S(pa) = =D(pallla) = —trpalogpa. (2.17)

If we write p, in its eigenbasis, i.e. pa = 3, A(a) [As){As]4, then the von
Neuman entropy reduces to the Shannon entropy of a probability distribution
A(a) given by

H(A); = - Z Aa)log A(a). (2.18)

When A(a) is a binary distribution, i.e. A(0) = € and A(1) = 1 — €, we call the
corresponding quantity binary entropy and denote

h(e) = —eloge — (1 —€)log(1l —e). (2.19)

(ii) the quantum conditional entropy

S(AIB), = =D(pasll1a ® ps) = S(AB), - S(B), (2.20)

(iii) the quantum mutual information

I(A|B)p = D(pasllpa ® pp) = S(A), + S(B), — S(AB), (2.21)

It is worth mentioning that the von Neuman entropy is continous with respect to
trace distance, i.e. two states close in trace distance have a similar amount of entropy.
This is captured by the following result from (Fannes, 1973; Audenaert, 2007).

Theorem 2.2 (Fannes-Audenaert inequality). Given two quantum states p,0 € D
such that ||p - a”l < € and 4 is the dimension of 7, it holds that

1S(p) - S(0)] < %elog(d Z 1)+ h(e/)2). (2.22)

This inequality is sharp, meaning that there exist states p and o for which it can be
saturated.

The entropic quantities we have presented so far are useful measures of infor-
mation in the ii.d limit, i.e. when the task is carried out using infinitely many
independent and identically distributed copies of a quantum system. Recent years
have spurred a renewed interest in single instances of information-theoretic tasks, a
scenario that is very often much more challenging to analyse. One of the reasons
for this problem is that the quantifiers derived from quantum relative entropy are
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no longer sufficient to characterise properties of quantum systems in this regime.
Consequently, different measures of information have to be employed, and often
such measures need to be tailored to the specific information-theoretic tasks. Such
entropic quantities can also be derived from a single parent quantity called the
sandwiched Renyi divergence that was introduced in (Miiller-Lennert et al., 2013) and
independently in (Wilde, Winter, and Yang, 2014). These single-shot measures are
more precise, and also generalize quantum relative entropy in the sense that they all
converge to this entropic quantity in the i.i.d. limit.

Definition 2.4 (Sandwiched Renyi divergences)
Let p € D be a quantum state and ¢ > 0 be a positive semi-definite operator such
that supp(p) € supp(o). Then the sandwiched Renyi divergences is defined as

sgn(a)
a—1

—a 1-a

log tr [(olz_apaﬁ)a] (2.23)

Da(PHG) =

When the state p and operator o from the above definition are classical, they
can be diagonalised in the same eigenbasis, for example p = > ; p(i) |i)(i]| and ¢ =
2. q(i) [i)(i]. In this case we can write the sandwiched Renyi divergence in a much
simpler form, that is

Du(pllo) =

sgn(a)
04

— log ) p(i)"q(i)' . (2.24)

2.2 Convex optimisation

Convex optimisation problems are far more general than the more common linear
optimisation problems. In the same time they share the desirable properties of linear
problems: in certain cases they can be solved quickly and reliably up to a relatively
large size. It turns out that many important problems in quantum information can be
formulated as convex optimisation problems. Several excellent textbooks, e.g. (Boyd
and Vandenberghe, 2004) and (Watrous, 2018), cover all of the material relevant for
us. Here we will briefly highlight the most important concepts that we will use
throughout the thesis.

2.2.1 Convexity

We say that a subset of a real vector space C is convex if the line segment between
any two points from the set lies in that set. More formally, we have the following
definition.

Definition 2.5 (Convex set)
Let C be a subset of a real vector space and let x, y be two points inside that subset.
We say C is convex if forall 0 < A < 1 we have

(I-A)x+AyecC. (2.25)

More generally, we can also consider convex combinations of points, that is
points of the form }; A(7)x; where each x; € Cand A(i) > 0 for all 7 and }}; A(7) = 1.
Equivalently, we can say thata set is convex if it contains all of its convex combinations,
that is >,; A(i)x; € C for all positive A(i) such that }}; A(i) = 1. We can think about
such a combination as a mixture of different objects x; from the set €, appearing with
respective probabilities A (7).
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The notion of convexity can be also addressed as a property of functions defined
over a convex set. In that case we have the following definition.

Definition 2.6 (Convex function)
A function f : € — R, where C is a convex set, is convex if for all points x, y € € and
all0 < A <1, we have:

fIA=x+ Ayl < (A= A)f(x) + Af(y). (2.26)

Geometrically, this means that the line segment between points [x, f(x)] and
[y, f(y)] lies everywhere above the graph of f. We say that a function f is strictly
convex if strict inequality holds in (2.26) whenever x # y and 0 < A < 1. We also say
that f is concave if —f is convex, and strictly concave if — f is strictly convex.

Finally, let us remind the notion of a cone. In particular, for any set C we say
that it is a cone if rescalling (multipliying by a scalar) its points does not move them
outside of the set. More formally we have the following definition.

Definition 2.7 (Cone)
Let C be a subset of a real vector space. We say that C is a cone if for every point x
inside the set and all A > 0 we have

Ax € C. (2.27)

Furthermore, we say that a subset of a real vector space is a convex cone if every
linear combination of its points lies in that set, that is for all A(i) > 0, not necessarily
normalised, we have

Z A(i)x; € €. (2.28)

With these definitions we can now describe some relevant concepts from the theory
of convex optimisation.

2.2.2 Semidefinite optimisation

General optimisation problems have the following form:

inf f(x), (2.29)
subject to xeX, (2.30)

We will refer to optimisation problems as programs. When the set X and the objective
function f(x) are both convex, the problem is said to be a convex optimisation problem.
Solving such problems in general can be difficult, as without any further information
about X not much can be done to make the problem more tractable.

Semidefinite programming is a subfield of convex optimization concerned with
optimizing a linear objective over the intersection of a cone of positive semidefinite
matrices with an affine space. In the last decades, semidefinite programs (or SDPs
for short) have received a renewed interest and became a standard tool for solving
engineering, combinatorial and mathematical problems. This is mainly due to the
emergence of efficient solvers that allow to work out relatively complex SDP problems
in a time that is polynomial in the size of the input. Moreover, many important prob-
lems can be relaxed and formulated as SDPs, therefore providing a useful analytical
tool for giving insight into apparently complex problems.
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A semidefinite optimisation problem, or semidefinite program, is specified by
two Hermitian matrices A and B and a Hermiticity-preserving linear map &. The
optimisation task is to find a positive semidefinite Hermitian matrix X € € which is
a solution to the following convex optimisation problem:

a= inf tr[AX] (2.31)
XeC

subject to &E(X) < B, (2.32)

X >0. (2.33)

Many relevant problems in quantum information can be formulated as semidefinite
problems.

Duality

Every feasible X gives an upper bound on the value of the semidefinite program
(2.31). In order to find upper bounds, we can add a non-negative term to the
optimisation function in Eq. (2.31), which can only lead to a larger (or equal) value.
Introducing positive semidefinite operators Y > 0 and Z > 0 we can infer that for all
feasible X the function:

L(X,Y,Z) = tr[AX] + tr[ Y(B = &(X))] + tr[ X Z] (2.34)
= tr[AX] + tr[BY] - tr[ 87 X] + tr[XZ] (2.35)
= tr[ X(A - EY(Y) + Z)] + tr[BY] (2.36)

is always larger or equal to the optimal value of the primal problem «. This can be
easily seen by choosing a particular set of dual variables, i.e. Y = Z = 0. Defining
B := maxy,z>0 L(X, Y, Z) leads to the following dual problem:

p= sup tr[BY] (2.37)
subjectto  ET(Y) < A4, (2.38)
Y > 0. (2.39)

The significance of the duality of convex optimisation problems in analytical calcu-
lations is twofold. First, it is a convenient (analytical!) tool that allows for computing
useful bounds for various information-theoretic tasks. Second, it can be viewed as
a simple method of reformulating complex problems. In particular, it is very often
the case that problems which may look difficult in their primal form become much
more intuitive when written in their dual forms. In Chapter 5 and Chapter 6 we will
see that the dual formulation of several information-theoretic measures often reveals
their operational character, i.e. can be interpreted as a benchmark of the performance
in some information-processing task.

Weak and strong duality

The primal (2.31) and the dual problem (2.37) are both closely related. It follows
directly from the definition of the dual that:

a>p. (2.40)

This relationship is known as weak duality and is valid for any pair of problems
defined as in Eq. (2.31) and Eq. (2.37). This simple observation gives us a way of



16 Chapter 2. Preliminaries

finding simple bounds for the optimal value attained by one of the two problems, by
choosing a feasible candidate in the other.

For some problems we can find an even stronger relationship between the so-
lutions of the primal and the dual problems. More specifically, under certain mild
conditions the optimal values of both problems coincide, leading to strong duality,
that is when

a=B. (2.41)

A sufficient set of conditions for strong duality to hold is know as Slater’s condi-
tions (Watrous, 2018) and can be summarised as follows.

Definition 2.8 (Slater’s conditions)
For any semidefinite program written as in Eq. (2.31) with a dual written as in Eq.
(2.37) strong duality holds when either of the following is true:

(i) The primal problem is feasible and the dual problem is strictly feasible. Then
there exists a choice for X such that tr[AX] = a.

(ii) The dual problem is feasible and the primal problem is strictly feasible. Then
there exists a choice for Y such that tr[BY] = .

(iii) Both problems are strictly feasible. Then there exist choices for X and Y such
that a = g = tr[AX] = tr[BY].

Even though we have described the notion of duality from the perspective of
semidefinite programs, an analogous reasoning is also valid for general convex op-
timisation problems. In the following chapters we will make extensive use of this
fact and use duality as a convenient tool of characterising problems that cannot be
written in a semidefinite form.

2.3 Entanglement theory

The existence of quantum entanglement is one of the most striking consequences
implied by the laws of quantum mechanics (Einstein, Podolsky, and Rosen, 1935;
Bell, 1964). It is manifested when correlations between different particles are strong
enough so that the action on one of them affects the other, in a way so subtle that
it cannot be explained by any classical mechanism. Although entanglement was
initially recognized as a bizarre property separating quantum from classical physics,
it is nowadays viewed as an indispensable resource with an enormous number of
modern applications.

One of the first results showing how entanglement can be processed and con-
sumed to provide a useful advantage was the cryptographic scheme proposed by
Ekert in (Ekert, 1991). In the next years it was realized that this is not a singular case,
and in fact entanglement can be used to fuel other quantum information process-
ing tasks as well. Several years later Shor presented a factorisation algorithm that
outperformed the best classical algorithm by using entanglement (Shor, 1997). Also
novel communication protocols such as teleportation of quantum states (Bennett et
al., 1993) and superdense coding (Bennett and Wiesner, 1992) were proposed, all of
them showing how entangled states can be seen as valuable resources.

Entangled quantum states are the basic fuel for all of the above tasks. To make
this statement precise, and to understand how entanglement is utilised in these tasks,
itis necessary to develop a mathematical theory of entanglement, a theory that could
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answer the questions: when is a quantum system in an entangled state, and how
much entanglement is required for a specific information-processing task?

The simplest scenario allowing for studying entanglement consists of two sub-
systems, often denoted Alice (A) and Bob (B) that are spatially separated. Such a
system can be described using a composite Hilbert space H(AB) that can be defined
in the following way.

Definition 2.9 (Composite Hilbert space)
The Hilbert space H{(AB) of a quantum system composed of two subsystems A and
B, each of them described using individual Hilbert spaces H(A) and H(B), is given

by
H(AB) = H(A) ® H(B) = span {|i) , ® |},

ij}, (2.42)

where i and j range over all elements from the basis of H(A) and H(B) respectively.

2.3.1 Bipartite quantum states

States on the composite Hilbert space H(AB) are called bipartite states and exhibit
a surprisingly rich structure. In what follows we will summarise the widely used
terminology due to (Schrodinger, 1936) (in the case of pure states) and (Werner, 1989)
(in the case of mixed states).

Definition 2.10
A quantum state pap is called a separable state if it can be written in the form:

pas = ) ppy ® Y, (2.43)

for some ensembles of states { px)} and { pg)} and a probability distribution p(i).
Separable states can only share classical correlations and can be further subdivided

into:

(i) product states, when the mixture contains only one element, meaning the
system is a tensor-product of two independent states. Such states share no
correlations.

(ii) classical states, when both ensembles of states share a common eigenbasis. In

other words, pg) = |iXi]4 and pg) = |i)Xi|p for some orthonormal bases {|i) 4}

and {]i)5}.

(iii) classical-quantum (CQ) states, when one of the systems is classical with respect
to some basis, i.e. pX) = |iXi| 4, while pg) are arbitrary.

Importantly, separable states form a convex subset of all density operators.
A quantum state is said to be entangled when it is not separable, i.e. cannot be
written as in Eq. (2.43).

2.3.2 Bipartite quantum operations

Let us now discuss different types of bipartite quantum operations, that is quantum
channels that can be performed in the bipartite scenario. In general we would like to
study quantum channels that obey certain realistic constraints, e.g. have unlimited
access only to classical communication. In what follows we will assume that two
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distant observers, Alice and Bob, are in possession of a system prepared in a bipartite
quantum state pp.

Local operations (LO)

A bipartite operation E4p is called a local operation (LO) if it can be written as a pair
of quantum channels applied separately by Alice and Bob, i.e. Eap = E4 ® Ep for
some local quantum channels &4 and Ep. Local operations can be mathematically
described as follows

Eaplpl = (Ea®Ep)[p] = Z (Ef1 ® Pf) PAB (E;‘l ® 1—";.3)Jr , (2.44)
ij

where {E?} and {F ;:3} are Kraus operators associated with local channels &4 and Ep
respectively.

Local operations and shared randomness (LOSR)

When Alice and Bob apply local operations and are additionally allowed to share
classical randomness, the resulting class of bipartite operations is called local opera-
tions and shared randomness. This type of operations can be mathematically described
in the following way

Easlpl = ) p(1) (€7 © EX) [p], (245)
A

where {8?} and {(‘J’IA3 } are two ensembles of local quantum channels (LO).

Local operations and classical communication (LOCC)

When Alice and Bob apply local operations and, additionally, Alice is allowed to
send classical information to Bob, the corresponding bipartite operation is called
1-LOCC(A — B). Such operation can be mathematically modelled as

Ealpl = ) (I ®EF) [p] (2:46)

1

where 74 = {Il.A} is a collection of subchannels, so that &4 := 3, IiA is a quantum
channel. Equivalently, the whole protocol can be seen as Alice applying a quantum
instrument locally to A with outcome i, sending this outcome to Bob via a classical
channel and then having Bob apply a corresponding local quantum channel 815.

If both parties are allowed to communicate with each other for an unlimited
number of rounds, then the corresponding bipartite operation is called an LOCC.
Every operation of this form can be understood as a sequence of 1-LOCC(A — B)
and 1-LOCC(B — A) operations. It can be readily verified that the following chain
of relations hold

LO c LOSR c 1-LOCC c LOCC. (2.47)

The mathematical structure of LOCC’s is complicated and more details can be
found in (Chitambar et al., 2014).
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2.4 Quantum nonlocality

In the early years of quantum mechanics entanglement was recognized mainly as
a bizarre property that distinguished it from classical physics. It was mainly due
to the discovery of Bell nonlocality (Bell, 1964) and subsequent development of Bell
inequalities that allowed this distinction to be formulated quantitatively and to verify
the predictions of quantum theory in an experimentally feasible setting.

In simple terms Bell nonlocality refers to the situation when correlations shared
between spatially separated parties cannot be explained as arising from a shared
classical source (so called local hidden variable). We refer to such correlations as
nonlocal correlations. These correlations are one of the most intriguing aspects of
nature. Importantly, besides their foundational interest, nonlocal correlations find
applications in cryptographic and information-processing tasks such as, for example,
device-independent quantum key distribution (Ekert, 1991; Pironio et al., 2009) or
reduction of communication complexity (Dam, 2013; Brassard et al., 2006).

Bell nonlocality is today perceived as a phenomenon in its own right and can
be defined and tested irrespectively of the underlying theory. In this thesis we will
be exclusively interested in quantum correlations, and so we will assume that they
are produced according to the laws of quantum mechanics. Under this assumption
the concept of Bell nonlocality is perhaps best understood in terms of a quantum
Bell experiment, which is sometimes also called a “no-signalling game”. In the next
section we will formulate Bell nonlocality using this type of tasks.

2.4.1 Nonlocality from the perspective of no-signalling games

Bell nonlocality can be understood from the perspective of no-signalling games,
which also provides an intuitive understanding of Bell inequalities. Such games
have been extensively studied in computer science for a long time, where they form
a special instance of interactive proof systems (Cleve et al., 2004).

The standard scenario of a no-signalling game involves two cooperating players
(Alice and Bob) who play the game against a third party, the referee. The referee
chooses a question x € X for Alice and y € Y for Bob according to some probability
distribution p(x, y) : X x Y — [0, 1], where X and Y denote finite sets of questions.
Without communicating, and therefore, without knowing what question the other
player was asked, Alice (Bob) returns an answer a € A (b € B) from a finite set of
possible answers A (B). Based on the questions asked and the received answers,
the referee determines whether the players win or lose the game, according to a
pre-arranged set of rules. Such rules are typically expressed using a function V :
AXBXxXxY — [0,1], where V(a, b, x,y) = 1if and only if Alice and Bob win the
game by answering a and b for questions x and y.

Alice and Bob know the rules of the game, that is, they know the function V and
the distribution of questions p(x, y). Before the game starts they can agree on any
strategy which provides them with the best chances of winning. However, once the
game starts, they are not allowed to communicate any more. In the classical setting
any strategy they can possibly devise can be encoded in a classical memory system,
represented by a shared random variable A and a probability distribution p(A). In
the more general quantum case, any possible strategy can be described by a shared
quantum state p and a choice of local measurements.

In order to relate the above game setting with Bell inequalities note that the
referee’s questions x and y can be thought of as labels for different measurement
settings. Similarly, the answers correspond to the outcomes of local measurements.
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Any measurement strategy (be it classical or quantum) leads to a conditional prob-
ability p(a, b|x, y) which describes when Alice and Bob give answers a and b for
questions x and y, respectively. In the language of Bell inequalities p(a, b|x, y) de-
termine the probability that Alice and Bob obtain measurement outcomes a and b
when performing the measurements labelled by x and y. The average probability
that Alice and Bob win can be written as:

Pauess(G Ma, Mp) = Z p(x, y)p(a, blx, y)V(a,b,x,y), (2.48)
a,b,x,y

where G = {p(x, y), V'} defines the game and the conditional probabilities p(a, b|x, y)
are related to the local measurements My = {M;‘Ix} for Alice and Mg = {M;y} for

Bob, via the Born rule:
p(a,blx, y) = tr[(M;“lx ®M5|y) pAB]. (2.49)

With this in mind, Bell inequalities can be thought of as upper bounds on the average
guessing probability pguess(G, M) with which Alice and Bob can win a nonlocal game
G using a classical strategy (i.e. when p“P is a separable state), optimized over all
local measurements {Mflx} and {M Ely} . A violation of a Bell inequality corresponds

to the situation when there is a quantum strategy which uses an entangled shared
state and outperforms the best classical strategy in a particular game G.

Importantly, there are entangled states which can never violate any Bell inequal-
ity (Werner, 1989; Barrett, 2002; Augusiak, Demianowicz, and Acin, 2014). In the
language of no-signalling games this means that there are states p‘? which, al-
though entangled, can never outperform the best classical strategy. Interestingly, in
(Buscemi, 2012) Buscemi showed that when we modify the rules of the no-signalling
game and allow the referee to ask quantum instead of classical questions, then all
entangled states can outperform the best classical strategy in some nonlocal game,
or equivalently, violate the corresponding Bell inequality. This realisation leads to
a new notion of nonlocality, one that can be refered to as Buscemi nonlocality. We
will address this type of nonlocality in more detail in Chapter 6. In particular, we
will show that, similar to the more standard Bell nonlocality, it also admits a direct
operational characterization.

2.5 The formalism of quantum resource theories

2.5.1 The general structure of quantum resource theories

Ever since quantum information theory was conceived, it was clear that it is a the-
ory centered around the problem of converting different resources. The formal-
ism of quantum resource theories is a set of mathematical tools and methods that
aims to mimic this reasoning to solve more general problems, i.e., those that can
be associated with resources other than information or entanglement. It has been
developed with the goal to systematically quantify different properties of quantum
systems. Quantum resource theories (QRTs) can be nowadays classified in terms
of objects and resources studied in a given theory. Classification of QRTs with re-
spect to the object lead to the resource theories of states (Brandao and Gour, 2015),
measurements (Skrzypczyk and Linden, 2019; Designolle, Farkas, and Kaniewski,
2019a; Oszmaniec et al., 2017), channels (Devetak, Harrow, and Winter, 2008; Liu
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and Winter, 2019; Liu and Yuan, 2019; Wilde, 2013), and boxes (Skrzypczyk, Brun-
ner, and Popescu, 2009; Schmid, Rosset, and Buscemi, 2020). On the other hand,
classifying QRTs with respect to the type of the studied resource leads to the re-
source theories of pure (Bennett and Wiesner, 1992; Bennett et al., 1993; Nielsen,
1999) and mixed-state entanglement (Bennett et al., 1996b; Vidal and Tarrach, 1999),
coherence (Baumgratz, Cramer, and Plenio, 2014; Winter and Yang, 2016; Napoli
et al., 2016), purity (Horodecki, Horodecki, and Oppenheim, 2003; Streltsov et al.,
2018), athermality (Janzing et al., 2000; Horodecki and Oppenheim, 2013), nonlocal-
ity (Cavalcanti and Skrzypczyk, 2016), asymmetry (Marvian and Spekkens, 2013),
measurement incompatibility (Buscemi, Chitambar, and Zhou, 2020), teleportation
(Cavalcanti, Skrzypczyk, and Supic, 2017), amongst many more. Its worth mention-
ing that although many QRTs use essentially the same mathematical formalism, their
physical implications can be genuinely different. Hence the wide applicability of the
framework to otherwise unrelated problems is a truly surprising aspect of nature.

Irrespective of the above classification, all QRTs share a common set of core
postulates. We now present the axioms that abstractly define the notion of a Quantum
Resource Theory (Chitambar and Gour, 2019). We will then discuss some of its
implications and present a particular example of a resource theory that fits in this
framework.

Consider a subset of quantum channels ¥ € CPTP and denote by (A — B)
a set obtained by assigning to any pair of input/output quantum systems A and
B, a corresponding set of quantum channels from J that act from A to B. Let us
also denote with “1” a trivial quantum system. With this we can now present the
following definition.

Definition 2.11 (Quantum Resource Theory)
A set of quantum channels J is called a Quantum Resource Theory (QRT) if it includes

1. For any system A the identity map ida € F(A — A).

2. For any three physical systems A, B and C, if the channels & € (A — B) and
N € F(B — C) then their concatenation N o & € F(A — C).

3. For any system A, the set (A — 1) is not empty, i.e F(A — 1) = {Tr}.
4. For any three systems A, B and C and any channel & € (A — B), we have

&4 ®idc € F(AC — BC). (2.50)

Let us briefly discuss these conditions and some of their consequences. The
first condition means that any QRT must necessarily have the identity map as a free
operation. This is intuitive, since if we don’t do anything with our physical system
then we should not expect that it suddenly turns it into a resource. The second
condition means that any QRT is closed under channel compositions. In other
words, we cannot generate resources by successively applying only free operations.
The third condition means that discarding physical systems can be always done for
free, i.e. the trace is always a free operation. The final condition means that free
operations are “completely free”. This means that we cannot turn a free operation
into a resourceful one by doing something trivial, i.e appending another system and
doing nothing to it.

Definition 2.12 (Free states)
The set F(A) = F(1 — A) is called the set of free states.



22 Chapter 2. Preliminaries

Maps which take the trivial input 1 to quantum systems can be thought of as prepa-
rations of quantum states. This identification is a convention that allows to formally
infer an important principle valid for all QRT’s satisfying conditions (1-3).

Fact 2.1 (The Golden Rule). If p € F(A) and & € F(A — B) then E(p) € F(B).

This means that it is impossible to generate new resources using only free operations.
We can view this as the most important property of all QRT’s, as violating it will
make the theory (asymptotically) trivial. More specifically, given a sufficient number
of free states, one would be able to create arbitrary non-free states. As a result, every
state becomes free and the theory becomes trivial.

Proof. The fact follows simply from the identification of the set of free states F(A)
with channels (1 — A) and condition (2). ]

Let us now consider two free channels & € F(A — 1) and N € F(1 — B) defined
as &lpal = tr[pA] and N[1] := op. Due to the axiom (2) their concatenation
N o & € F(A — B) is also free. Therefore we have the following

Fact 2.2. In any QRT the replacement channel:
Nf_)B(pA) = tr[pA] OB VpA € D(A) (2.51)
with o being a free state, is free, i.e. N278 € F(A — B).

This simple fact has powerful consequences, i.e. every state can be converted to
an arbitrary free state by some free operation. In other words, all free states are
equivalent.

The last condition from Definition (2.11) allows to infer a few interesting and
general properties of QRT’s. In particular, using properties (2) and (4) we may
conclude that a tensor product of two free maps is also free, i.e.

Fact 2.3. For & € F(A — B) and &, € F(A” — B’) we have:
(188 =(E1®id)o (id® &) € F(AA” — BB). (2.52)

Furthermore, using this fact and identifying the set of free states with free maps that
have a trivial input from Definition (2.12), we can infer that the product of two (or
more) free states is also free, i.e.

Fact 2.4. For p € (A) and ¢ € F(B) we have p ® 0 € F(AB)
Similarily we find that appending a free state is a free operation, i.e.

Fact 2.5. For p € D(A) and ¢ € F(B) the channel NA~48(p ) := pa ® 05 € F(A —
AB).

Many relevant resource theories found in the literature are convex, meaning that
the set of free states J(A) is convex. This is an important property that assures certain
important mathematical properties, as well as allows for quantifying the resource
content in a very illustrative and natural way using the notion of a distance. More
physically, convexity of resource theory means that when we toss a coin to obtain a
probabilistic mixture of free states or free channels, this mixture will also be a free
object of this resource theory. From now on we will only consider convex QRTs.
Moreover, we will be interested in theories whose set of free states F(A) is closed.
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This effectively means that when we take an infimum or supremum over that set, we
can replace it with taking simply the minimal or maximal element of that set.

Having established the very basic formal structure of general QRTs, let us now
move on to the problem of quantifying the resource content of a given quantum state.
For simplicity in what follows we will focus exclusively on quantifying properties of
states. However, the measures we are going to define can be naturally extended to
other objects like, for example, measurements or quantum channels.

2.5.2 Quantifying resources

One of the benefits of formulating problems using the formalism of resource the-
ories is that it readily provides precise and operationally well-motivated methods
to quantify the resource content. This problem has been studied in multiple ways,
ranging from more axiomatic (Regula, 2017), to more operational approaches (Liu,
Hu, and Lloyd, 2017). Here we will only review the measures that are relevant for
our purposes. Before we do that, however, let us first state some desirable properties
of resource measures.

Definition 2.13 (Resource measure)
A function f : F(A) — R is a resource measure if it is non-increasing under free
operations, that is

f(p) = fIF (p)], (2.53)
forall ¥ € F(A — A)

In this thesis we will also consider resource measures that satisfy additional
properties, that is

(i) Faithfulness, meaning that it vanishes if and only if the state is free, i.e

f(p)=0 = peF(A). (2.54)

(ii) Convexity, meaning that by mixing two quantum states p; and p; one cannot
obtain a more resourceful one, i.e for

pmix = (L =p)p1+pp2, (2.55)

and for any 0 < p < 1 we necessarily have
flpmix) < (L=p) f(p1) +p f(p2). (2.56)

Naturally, demanding both of these properties at once may not lead to useful
resource measures; One can easily imagine situations where faithfulness does not
necessarily hold (e.g. when measuring entanglement using a fixed entanglement
witnesses in the case of the resource theory of bipartite entanglement). In general,
depending on the specific situation, we will be interested in resource measures that
satisfy one of (or both) properties (i — ii).

For convex QRTs we can quite easily define a natural resource measure, one
that in the same time admits an appealing geometric interpretation. The main
idea is to associate the resource content of a state with its distance from the set
of free states. Naturally, this depends on the accepted notion of distance, i.e. a
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function that is contractive under quantum channels. Let us recall that a function
d: D(A) ® D(A) — Ry is a contraction under quantum channels if and only if

d(p,0) 2 d[&(p), E(0)] (2.57)

for all p,o € D(A). If d is such a function then a natural resource measure can be
defined by taking

fa(p) = 0?53&) d(p, o). (2.58)

It can be easily verified that any measure defined in this way satisfies the conditions
from Def. 2.13. Notice also that the distance measure in Eq. (2.58) is only assumed
to be monotonic under CPTP maps, hence it is not necessarily a metric and does not
need to be symmetric in its arguments. Now, depending on the specific function d we
can define very general and wide classes of resource measures. We will focus here on
two such classes: the so-called entropic measures and robustness-based measures.

Entropic measures

Many tasks in quantum information theory can be quantified using quantum Renyi
divergences. In fact these general functions can be also used to obtain a family of
useful measures of resources that have quite interesting properties. In particular, we
say that a function is an entropic resource measure if it is of the form

Da(plIF(4) = min D(pllo), (2.59)

where o € R is an arbitrary parameter that specifies a particular measure from this
family. Let us now mention a few important examples of such measures that can
be obtained by looking at the limiting cases of quantum Renyi divergences. For
quantum states p and o such that p € 0 we have

Dy(pllo) = EEE) D.(pllo) = —logtr[l_[pa] , (2.60)
Di(pllo) = lim Da(pllo) = Dipllo), @61)
D« (pllo) = lim D,(pllo) = min{/\ lp < 2/\0} . (2.62)

In the above we used I, to denote the projector onto the support of p. Sometimes
in the literature the quantity in Eq. (2.60) is referred to as the min-relative entropy.
Similarly we see that Eq. (2.61) is just our ordinary quantum relative entropy. The
final quantity in Eq. (2.62) is also sometimes called max-relative entropy. These
quantities can be then supplied into Eq. (2.59) to construct resource measures. Of
particular importance for our purposes is the so-called max-relative entropy of a
resource that corresponds to

Do (pl|F(A)) = Urer;i&) {Alp <2ta}. (2.63)

The relative entropies are not proper metrics in the mathematical sense, as they
do not satisfy the triangle inequality. This fact, however, does not diminish their
significance for resource theories in general. In the following chapters we will study
a particular example of a resource theory, the so-called resource theory of quantum
thermodynamics. We will later see that in that theory the quantities D, (p||F(A)) form
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an important (and in some cases also complete) family of monotones that generalise
the standard second law of thermodynamics.

Robustness-based measures

An alternative way of quantifying the resource content of a quantum state can be
obtained by specifying its robustness against noise. Let p be a quantum state whose
resource content we want to quantify and let (A) be the set of free states of our QRT.
Consider the mixture

Pmix = (1= A)p+ Ay, (2.64)

where 0 < A < 1 and y is an arbitrary quantum state that encodes the structure of
the noise. Our goal is to choose the noise y, as well as its minimal magnitude A so
that the mixture in Eq. (2.64) becomes a free state, i.e. pmix € F(A). When this can
be achieved for A = 0, then it follows that the state p must be a free state. Using
this reasoning we can obtain different resource measures by allowing for different
types of noise in Eq. (2.64). For the purpose of this thesis we will resort with the
most general choice, that is we will allow y to be any quantum state, i.e. y € D(A).
Furthermore, for some mathematical reasons that will become clear later on, we will
parametrise the noise with a parameter r = A /(1—A). We are now ready to introduce
a general robustness-based measure that will be used throughout this thesis.

Definition 2.14 (Generalised robustness of a quantum state)
For a quantum state p € D(A) the generalised robustness with respect to the free set
F(A) is given by

Rya)(p) = min 7 (2.65)
. 1 _

subject to TPtV =° (2.66)

o€ F(A), yeDA). (2.67)

Different robustness-based measures can be also obtained by choosing different
free sets F(A). Moreover, one can even define an analogous quantity for more
general objects like ensembles of quantum states, generalised measurements or even
quantum channels. Beyond its study in entanglement theory (Takagi and Zhuang,
2018), the notion of robustness has recently been investigated in the QRTs of coherence
and asymmetry (Napoli et al., 2016), steering (Piani and Watrous, 2015) and many
more. Interestingly, generalised robustness is closely related with the max-relative
entropy of a resource defined in Eq. (2.63). More specifically, we have the following
relationship between resource measures

DaolplIF(A)) = log [1 + Ra)(p)] (2.68)

This connection had been noticed for the first time in (Datta, 2009).

2.6 Majorization in quantum resource theories

The set of free channels induces a natural preorder between quantum states. How-
ever, characterising this preorder in the general case is impossible without exploiting
additional properties of a specific resource theory. In general, determining whether
there exists a free operation ¥ € F(A — B) such that ¥ (pa) = op is difficult
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and in most cases strongly depends on the structure of a particular resource the-
ory. However, some of the well-known resource theories exhibit a certain degree
of universality when it comes to answering this question. More specifically, in such
theories the question of whether one state can be converted into another state can
be answered using a mathematical concept of majorization. This allows for a much
simpler characterisation of such theories, and very often leads to a computationally
efficient method of determining the free channel that performs the desired conver-
sion. Quantum resource theories that can be characterised using majorization are
called majorization-based and are the main topic of this section.

2.6.1 Majorization

Majorization is a mathematical concept from matrix analysis (Marshall, Olkin, and
Arnold, 2011). It has found applications in various areas of science, ranging from
mathematics (Hardy et al., 1952), economics (Kleiner, Moldovanu, and Strack, 2020),
social sciences (Boland, 1989) up to quantum information (Nielsen, 1999) and even
quantum thermodynamics (Horodecki and Oppenheim, 2013).

Before we define majorization, let us first discuss what we mean by “mixing” two
probability distributions. Formally, we say that g is more mixed than p when there
exists a doubly-stochastic matrix M that can take p into g, i.e

q =Mp forsome M doubly-stochastic (2.69)

Doubly-stochastic matrices can be viewed as classical channels, i.e. they are linear
maps that map probability vectors into probability vectors (since their columns sum
to one) and whose fixed point is the uniform distribution.

In simple term majorization is a quantitative way of answering the following
question: given two probability vectors p and g, which one of them is more mixed?
For certain simple cases this can be easily solved, e.g when p = [1,0,0] and g =
[1/3,1/3,1/3] we can deduce that g is more mixed than p since g can be obtained by
uniformly mixing all elements of p. However, for generic probability distributions it
may not be so easy to give a straightforward answer here. Moreover, for some pairs
of vectors determining which one of them is more mixed may not be even possible. In
this sense majorization is a binary relationship, denoted here with “ >, that captures
when one state is more mixed than another. More formally, we have the following
definition.

Definition 2.15 (Majorization)
Let p € RY and q € R be two probability vectors. Then p majorizes g, denoted
p > q,if and only if

k k
D> opli)< ) q) forall k=1,...,d. (2.70)
i=1 i=1

Technically, the relationship between majorization as defined in Def. 2.15 and
the notion of mixedness (defined using doubly-stochastic matrices) is not trivial,
and is the main content of the celebrated theorem by Hardy, Littlewood and Polya
(Hardy, 1929). For our purposes it is enough to remember that these two notions are
equivalent.
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2.6.2 Relative majorization

The statement that p > g can be regarded as saying that the elements of p are more
equal than those of g. In other words, p is closer than g to the uniform vector
u = (1/d,...,1/d). A simple generalization of majorization can be obtained by
substituting a more general probability vector g € R? in place of u. The resulting
generalization is termed relative majorization.

Definition 2.16 (Relative majorization)

Let p € R? and g € R? be two probability vectors and let g € R? be a reference vector.
Then p majorizes g relative to g, denoted p >, g, if and only if there exists a matrix
R such that

(i) Rp =4,
(ii) Rg =g,
(iii) 17R =17.

To be more precise, what in the literature is widely known as “relative majoriza-
tion” corresponds to the case when the relative state may also change, i.e. the
condition (ii) states instead Rg = g’. Since in this thesis we will exclusively use the
simpler case when g’ = g, we will refer to this less general notion of majorization
also using the term “relative majorization”.

As we can see, the generalisation is obtained by considering linear maps that
preserve a fixed (rather than uniform) vector. Intuitively, any such classical channel
can only map states closer to g, therefore making them less distinguishable from g.

Let us now describe a technical tool that was introduced in (Brandao and Gour,
2015). In practice, it makes the computation much easier as it allows to formu-
late problems initially related to relative majorization using the ordinary notion of
majorization.

Definition 2.17 (Embedding map)
The embedding map I'y : R" — RP is a transformation between vectors such that

x(1) x(1) x(2) x(2) x(n) x(n)

T = P , P P .., 2.71
e I TR A UL A § &
dq terms dp terms d, terms
n
= (D x0pu, 272)
k=1

where d = (dq,d,, ..., d,) is a vector of natural numbers which sum to D = )7, d;
and uy := % (1,1,...,1) is a k—dimensional uniform vector.

Intuitively, the embedding map is is a transformation that allows for translating
between different (equivalent) descriptions of a physical system. For example, if p
and g are statistical descriptions of a system in the canonical ensemble, then I'; (p)
and I'; (q) for a suitably chosen d describe these two states in the microcanonical
ensemble (see e.g. Egloff et al., 2015).

Majorization admits several equivalent characterizations. So far we have intro-
duced two of them: the standard formulation using partial sums, and a stochastic
formulation using doubly-stochastic matrices. We have also seen that this second
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formulation allows to extend it to relative majorization. In what follows we will ex-
plore a third formulation using a graphical characterization in terms of the so-called
Lorenz curves.

2.6.3 Lorenz curve formulation

Majorization relation, as well as its generalization called relative majorization, can
be described graphically using the concept of a Lorenz curve.

Definition 2.18 (Lorenz curve)
Let L(p||g) be a piece-wise linear curve on the plane constructed by joining points
of the form [x(i), y(i)] where

x(0) =0, x(i) = g(n(i)) for i=1,...,d, (2.73)
y(0) =0, y(@) =p(n(i)) for i=1,...,d, (2.74)

and (i) is a permutation that orders p(7)/g(i) non-increasingly.

Lorenz curves give an equivalent characterization of the (relative) majorization
relation. This is captured by the following lemma from (Horodecki and Oppenheim,
2013).

Lemma 2.1 (Lorenz curve characterisation of majorization). A probability vector p
majorizes g relative to g, that is

P>¢q (2.75)

if and only if L(p||g) lies everywhere above L(g||g).

Having established some basic facts about majorization let us discuss its relevance
for quantum resource theories.

2.6.4 Majorization-based quantum resource theories

In Sec. 2.5.1 we have seen that free operations in a natural way induce a preorder on
the set of all quantum states. More specifically, we say that p can be transformed into
o using free operations if we can find a free operation ¥ € F(A) such that ¥ (p) = o.
In general checking if there exist a free operation that can take one state into another
is a difficult problem. Moreover, it may be the case that the natural preorder induced
by free operations does not have a simple characterisation. Hopefully, some of the
most important resource theories share a certain property that allows this preorder
to be simply characterised using the concept of majorization. This class of resource
theories is known as majorization-based QRTs.

More specifically, within majorization-based QRTs quantum states can be rep-
resented using appropriately chosen probability distributions. These distributions
encode state’s affiliation to the specific resource, and decompose the set of all quan-
tum states into equivalence classes depending on the resource contained within a
given quantum state. Such an encoding is specific to a given resource theory. For
example, in the case of quantum thermodynamics we associate:

p=I[p),pQ2),...,p@d)] q=1[91),492),...,q(d)], (2.76)

where p(i) = (Ei|p|E;) and q; = (E;|0|E;) are the state’s occupations in the energy
eigenbasis {|E;)}. Each majorization-based QRT is equipped with a function that
maps quantum states into a corresponding resource encoding.
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Given such an encoding, in all majorization-based QRTs a free operation trans-
forming the input into the output exists if and only if the resource encoding of the
input relatively majorizes the resource encoding of the output.

Some examples of majorization-based QRTs are presented in Table 2.1.

QRT Free ops. Free states Reference
Entanglement (pure) | LOCC SEP(A : B) (Nielsen, 1999; Bennett et al., 1996a)
Coherence (pure) 10 Yiaili) st aia; = 0jj (Du, Bai, and Guo, 2015)
Purity NO %l (Gour et al., 2015)
Thermodynamics TO %e‘ﬁH (Horodecki and Oppenheim, 2013)

TaBLE 2.1: Quantum resource theories whose transformation laws are governed by majoriza-
tion. The corresponding free operations are: local operations and classical communication
(LOCCQ), incoherent operations (I0) and noisy operations (NO) and thermal operations (TO).

In the next section we will carefully examine a specific majorization-based QRT
to show how all these concepts can be used to study a particular problem.

2.6.5 Resource theory of quantum thermodynamics

In this section we will address a specific majorization-based QRT called the resource
theory of quantum thermodynamics, also sometimes referred to as the resource
theory of thermal operations. A more complete description of this framework can be
found in several excellent reviews, i.e (Goold et al., 2016; Vinjanampathy and Anders,
2016; Lostaglio, 2019). Our presentation is also influenced by the very illustrative
review (Landi and Paternostro, 2020), which provides a complimentary description
of how the information-theoretic approach fits within the surroundings of more
standard approaches to quantum thermodynamics.

Basic assumptions

The setting of thermal operations consists of a system S and a heat bath B with
respective Hamiltonians Hs and Hp. We prepare these systems in states ps and pp
and model their interaction by means of a global unitary U. The final state of the
system after the interaction becomes

T (ps) = trp[U(ps ® pp)U']. (2.77)

Before describing the basic assumptions of the theory, let us emphasize that Eq.
(2.77) describes a very general family of maps. All interactions between the two syb-
systems are contained in the unitary U, which may describe either a weak or strong
coupling interaction, cyclic and time-dependent processes, as well as protocols in-
volving external driving forces. Moreover, at this point we make no assumptions
about the initial state of the bath (other than that it starts in a product state with
respect to the system). Therefore it may very well describe a macroscopic reference
frame, a genuine thermodynamic heat bath, or even an ancilla with dimension com-
parable to S. In fact, if we also accept that the choice of the Hamiltonian and initial
state of the B subsystem is arbitrary, then (2.77) describes the most general type of
evolution allowed by quantum theory. Since we are interested in thermodynamic
transformations, we need to make some additional assumptions.
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Assumption 1 (Zeroth Law). Our first assumption is the quantum mechanical analog
of the zeroth law of thermodynamics. In particular, we assume that the heat bath
starts in a state that is in thermal equilibrium with respect to an inverse temperature
B = 1/kT. There are multiple ways of defining what thermal equilibrium means in
this context; For our purposes it is enough to note that all of these imply that the
initial state of the heat bath is described by the Gibbs state, that is

1
PB=1Tp = Z—Be—ﬁHB, (2.78)

where Zp := e P is the partition function of the heat bath. This also allows us to
associate the change in the baths internal energy with heat flowing from the heat
bath to the system, i.e.

Qp = —ptr[Hp(p} — t8)], (2.79)
where pj, = trs[U(ps ® pp)U'] is the final reduced state of the heat bath.

Assumption 2 (First Law). We further assume that the energy of the system and the
bath is conserved at all times during the interaction. Formally this means that the
unitary U commutes with the total Hamiltoninan of the composite system, i.e.

[U,Hg + Hz] =0, (2.80)

where Hs + Hp = Hs ® 1p + 15 ® Hg. We will refer to any map of the form (2.77)
satisfying the above two assumptions as a thermal operation. Therefore the set of all
thermal operations acting on system S, denoted F(S — S), is the set of free channels
of this particular resource theory. In the same time, the free states associated with
system S are given by:

FS)=F1—98)=r1s, (2.81)

that is, all Gibbs states of the corresponding Hamiltonian Hs.

Thermomajorization

In general, a complete characterization of transformations that are possible un-
der thermal operations is far from trivial and, despite some success in the low-
dimensional case (Cwiklinski et al., 2015), the general problem is still open. Still, for
states block-diagonal in the energy eigenbasis, there is a simple criterion determining
when there exists a thermal operation such that 7 [ps] = os. This criterion can be
formulated using relative majorization.

Let us start by constructing a resource representation of the input and output
states. To do so, we first write the Hamiltonian of the system as Hs = Z?il E;|iXilg
and define

p=I[p),p?2),...,pds)], q=1[9(1),492),...,q9(ds)], (2.82)

where p(i) = (i|ps|i) and q(i) = (ilos|i) are occupations in the energy eigenbasis.
Similarly we denote the thermal state with 7, = diag[g] = [g(1),g(2),..., g(ds)]
where g(i) = e PEi/Zs and Zs = }; e"PEi. With this we can now recall the following
theorem proven in (Horodecki and Oppenheim, 2013).
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Theorem 2.3 (Thermal operations for block-diagonal states). A thermal operation 7~
such that 7 [p] = o exists if and only if

pP>¢q. (2.83)

Notice that also recovers, as a special case, the relation between the resource
theory of purity and standard majorization by either considering the limit of infinite
temperature (f — 0) or fully degenerate system’s Hamiltonian (Hs o 1g). In these
limits thermal operations turn into noisy operations, that is the most general maps
that can be implemented by unitary dynamics and access to a source of randomness.

In practice, to check this condition we can use two different approaches. First, we
can use the Lorenz curve construction described in Sec. 2.6.3 to construct respective
Lorenz curves and compare their elbows, which amounts to ds — 1 comparisons in
total. Alternatively, we can write an linear program and compute the stochastic
matrix associated with the transformation. Both of these routines can be viewed as
a special case of relative majorization with g corresponding to the Gibbs state.

Although the Lorenz curve in practice gives the easiest way of checking the
existance of the desired thermal operation, it does not tell us anything about the
very transformation. Therefore in some cases it may be more useful to use a more
computationally expensive method based on finding a stochastic matrix. Let us
briefly discuss this approach.

Stochastic description

For states block-diagonal in the energy eigenbasis the action of any thermal operation
can be fully encoded in a stochastic matrix R with elements R;; := r(j|i) defined via:

r(jli) == (| TUiXEN|7) - (2.84)

Due to the Assumptions 1 and 2, matrix elements r(j|7) must satisfy certain conditions
in order to describe a valid thermal operation that takes the state ps = diag[p] =
2. p(i) |i)Xi] to another state o5 = diag[q] = Z]- q(j) |]><]| These constraints take the
following form.

Definition 2.19 (Stochastic characterization of thermomajorization)
A resource encoding p >¢ q if and only if there is a matrix R with elements given by
R;j = r(jli) such that:

2Pl =q()  forallj (2:85)
le r(jliyePEE) =1 forallj, (2.86)
Zl: r(jli)=1 foralli, (2.87)

] r(jli) = 0 foralli, j, (2.88)

Let us briefly discuss the meaning of these constraints. Condition (2.85) implies
that the map 7 is able to transform ps into o5, and condition (2.86) ensures that the
fixed point of the map is the Gibbs state 75. Conditions (2.87) and (2.88) ensure that
R is a stochastic matrix and therefore 7™ is a completely positive and trace-preserving
channel. All of these conditions are linear in r(j|i) and therefore finding a matrix R
that transforms p into g can be cast in the form of a linear program.
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The themormajorization criteria can be viewed as a refined version of the second
law of thermodynamics, valid for arbitrary (hence, neither macroscopic nor average)
thermodynamic processes. Still, we would expect that they correctly reproduce the
standard second law of thermodynamics in an appropriate (e.g. the ii.d) limit.
However, this is not the case for the resource theory of quantum thermodynamics as
defined so far. In Chapters 3 and 4 we will see, however, that natural extensions of
the framework allow to easily reproduce this desired macroscopic behavior.

Thermodynamic work

An important thermodynamic concept which we have not discussed yet is the no-
tion of thermodynamic work. From a purely thermodynamic perspective, work is a
controlled flow of energy that can be defined in various equivalent ways in classical
thermodynamics. Strikingly, this is not the case in quantum thermodynamics where
the very definition of work is difficult to formulate. One of the reasons for this is that,
in order to define work in a meaningful way, one has to use a measurement to deter-
mine the system’s initial and final energy. ! This comes at a cost, as the measurement
inevitably disturbs the state of the system, so that some part of the energy change has
to be associated with the measurement back-action, rather than work performed on
the system. Moreover, a quantum measurement in most cases destroys coherences
between energy levels, therefore also affecting potential quantum effects.

Standard approach. The standard and widely accepted approach to define
work in the quantum regime involves the so-called two-projective measurement scheme
(Campisi, Hinggi, and Talkner, 2011; Talkner, Lutz, and Hanggi, 2007). For simplic-
ity we will assume that the initial and final Hamiltonian of the system are the same.
The protocol of measuring work can be then described as follows.

Definition 2.20 (Two-projective measurement scheme)
The standard approach of measuring work in quantum systems relies on two energy
measurements, before and after the evolution U, that is

1. Projective energy measurement on ps, yielding outcome E; with probability
p(i) = (i|psl|i), that is

p— > p()iXil. (2.89)
i
2. Unitary evolution U of the post-measurement state:
|1y — U |i) (2.90)

3. Projective energy measurement on the evolved state, resulting in E; with prob-
ability p(j|i) := |(j|U|i}|* and such that

D pGulixitut = > p@p(ili i)l (2.91)
i i

1There are ways to define thermodynamic work that do not make reference to explicit measurements,
or minimize their backaction on the analysed thermodynamic system. Most of them, however, are still
subject to a debate and therefore we will not be addressing them here.
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The above procedure allows to collect statistics corresponding to a random variable
w := E; — E; that is distributed according to

pw) = > p(i)p(ili)slw — (E; - E)]. (292)
ij

It can be found that the average work obtained in this protocol is given by:

(w) = Z p(w)yw = tr[HD(p)] - tr[H'UD(p)U'], (2.93)

where D[X] := > (i| X|i) |i)(i| is a channel that is completely dephasing in the energy
eigenbasis of H. For general quantum states ps, the average value in Eq. (2.93) can
be different than the corresponding average energy change on the system, that is

(w) < AEg, (2.94)

where AEg := tr[Hp] - tr[H'UpU*] .

Explicit battery models. A different way of defining work can be obtained by
explicitly modelling the behavior of an ancillary work register, responsible for storing
and supplying work. This clearly follows the resource theoretic spirit of explicitly
accounting for all systems that are involved in the process. In what follows we will
describe the two most common battery models that appear in the literature.

Qubit battery. The first model of a battery in the framework of thermal operations
was introduced by Horodecki and Oppenheim in (Horodecki and Oppenheim, 2013),
who considered the battery to be a two-level system (called by them a wit) with
Hamiltonian Hyw = 6 |1)(1|}y. This allowed them to define a notion of deterministic
work as the energy difference between the ground state and the excited state of the
wit [see also (Aberg, 2013)]. In this way thermal operations assisted with a wit battery
take the form:

Twit [ps ® liXilw] = o5 ® i), . (2.95)

where (i, j) = (0, 1) when the transformation stores work in the battery (distillation) or
(i, j) = (1,0) when the transformation consumes work (formation). The deterministic
work of transition is defined to be the maximal (distillation) or minimal (formation)
value of energy separation 6 for which the input state thermomajorizes the output
state, i.e.:

ps ® liXilw >p o5 @ [i){jl,y - (2.96)

For distillation this optimization yields the maximal amount of work that we are
guaranteed to extract from the state ps by converting it into another state os. For
formation it gives the least amount of work that has to be supplied to guarantee
transition from ps to os. This can be further generalized to cases where one allows
the transformation to fail with some error probability €. This is equivalent to trans-
forming the input into a state o which is at most e-close to the desired output state
os according to the trace distance. When we take the input state to be a thermal state
ps = Ts, then the corresponding work is called work of formation and is defined as

wi(p) = min [Fmax(p’) = F(7)] , (2.97)
p’eB(p)
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where F(p) = tr [Hs ps] — kTS(ps) is the non-equilibrium free energy, Fmax(p) =
kTD«(p||7) and the minimum is taken over all states p’ that are ¢-close to p in trace
distance. For the case when the output state is a thermal state, one defines the work
of distillation as:

wh(p) = max [F() = Fain(p')] (2.98)
p’eB(p)

'eB(p

where Fmin(p) = kKT Do(pl| 7).

Ideal weight battery. Some recent works (Skrzypczyk, Short, and Popescu, 2014;
Richens and Masanes, 2016; Alhambra et al., 2016) have proposed a different model
of a thermodynamic battery, an ideal weight with Hamiltonian Hy = f x| x) x|y dx,
where the basis is formed from orthonormal states {|x)y,, ,x € R} representing
position of the weight. Thermal operations acting on the system S and the weight
are then given by a map defined as in Eq. (2.77), but now with an additional
assumption that the global unitary U commutes with translations on the weight.
This ensures that the weight cannot be used as an entropy dump, i.e. the joint
entropy of the system S and heat bath B can never decrease by applying this type of
transformation. More formally, translational invariance (TT) implies that any thermal
operation reduced to the system and bath, that is 7sp[-] := trw [U((-)sw ® pw)U'],
for any initial state of the weight pw = f_ 0; pw(x)|x)x|y dx, can be written as a
mixture of unitaries (Masanes and Oppenheim, 2017), that is

Tss[]= D pOUL(OU], (2.99)

for some ensemble {p(x), U,} where {U,} depend only on the global unitary U and
not on the state pw. Such a mixture cannot decrease the entropy of the system and
the bath (but can increase it). In this way the energy difference of the battery may
be associated solely with the work exerted by (or extracted from) system S. This
can be viewed as a way of “proving” one of the statements of the second law of
thermodynamics using purely the resource theoretic paradigm.
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Chapter 3

Catalytic universality

3.1 Introduction

3.1.1 Background

It is a folklore knowledge that quantum resources must be consumed in order to
perform useful tasks. A paradigmatic example is that of entanglement used in
the ideal teleportation experiment, where a single maximally-entangled pair fuels
the process of transferring an unknown quantum state between remote recipients.
What is less known, however, is that in certain cases the very presence of quantum
resources can be useful, without the resources being consumed or degraded. This
surprising and yet not clearly understood phenomenon is called quantum catalysis
and was introduced in (Jonathan and Plenio, 1999) and further analysed in a series
of works (Turgut, 2007; Daftuar and Klimesh, 2001; Dam and Hayden, 2003; Duarte,
Drumond, and Cunha, 2015; Aubrun and Nechita, 2007; Aubrun and Nechita, 2009).
In simple terms, quantum catalysis demonstrates that access to a special resourceful
state (the catalyst) can sometimes allow two distant parties to use their primary
resource in a way that would otherwise be impossible. Importantly, the catalytic
ancillary state is not consumed during the process, so that the agent can repeat their
task again, or use the catalyst for a different task. This makes catalysis a particularly
interesting extension of standard resource theories.

One of the most promising directions for catalysis is in the resource theory of
quantum thermodynamics where catalysts are natural models of thermal machines,
clocks or ancillary apparatuses that facilitate thermodynamic transformations.

3.1.2 Motivation

The laws of physics are often expressed as limitations on what physical systems can
and cannot do. The second law of thermodynamics is a cardinal example of this
approach: it says which thermodynamic transformations can be performed under
given conditions. Specifically, at a constant background temperature and volume
the transition between two equilibrium states can occur if and only if the Helmholtz
free energy decreases during the process. The second law describes a relationship
between average quantities (energy and entropy) and hence specifies the typical
thermodynamic behavior, i.e. justified in the limit of a large number of identically
distributed and weakly interacting systems.

One of the most striking differences between standard thermodynamics and its
microscopic counterpart is that transformations between states can become signif-
icantly more demanding. More specifically, there are paradigms where they are
no longer described by a single second law, but an entire family of conditions, the
so-called “second laws of quantum thermodynamics” (Brandao et al., 2015). In this
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way the free energy loses its meaning as the unique indicator of which state transi-
tions are possible — its role is replaced by a family of generalized free energies, a
collection of information-theoretic quantities closely related to the Renyi entropies
(Rényi, 1961). This captures the idea that for microscopic systems more structure of
the energy distribution must be specified in order to determine their thermodynamic
properties. Importantly, by invoking typicality arguments it can be shown that in
the limit of identically distributed and weakly interacting systems all members of
this family of quantities approach the Helmholtz free energy, thus recovering the
standard second law as a special case.

However, these results rely on a specific assumption: that there exists some
thermal machine or ‘catalyst” which is not consumed by the protocol but nonetheless
makes the transformation possible. More specifically, if the second laws are satisfied
for a pair of states p and o then there is a quantum state @ which is unchanged by
the protocol but still enables the joint transformation p ® w — ¢ ® @. This becomes
more natural once we realize that standard treatments implicitly adopt an analogous
assumption; to perform a thermodynamic transformation one always needs to supply
additional devices which can be cyclically reused (e.g. engines, refrigerators or heat
pumps). In this way the ancillary state « models the behavior of a thermal machine
or an experimental apparatus which facilitates or even enables the transformation.
This phenomenon of “lifting restrictions without being consumed” is called quantum
catalysis.

Arguably, one of the most important problems within this approach to thermo-
dynamics is how to find a catalyst which can be useful for a given transformation.
Many of the existing results are based on constructing a very specific catalyst. This,
however, may be obscuring the true physical mechanism behind catalysis. Further-
more, it is still not well understood which properties of quantum states are relevant
for catalysis. The second laws only guarantee the existence of the catalyst; even if they
are satisfied by a pair of states, it may still be difficult to find which state catalyzes a
particular process. This intuition comes from our macroscopic experience: chemical
reactions can be catalyzed only by appropriately chosen chemical compounds; simi-
larly thermal machines need to be carefully tuned so that the desired transformation
may happen. In this way a natural question appears: how can we find a state which
catalyzes a given transformation and how special are these states?

3.1.3 Contribution

In this chapter we push forward our understanding of catalysis by numerically report-
ing a surprising property of multi-copy catalysts which we term catalytic universality.
More specifically, we present a numerical analysis that demonstrates that generic
large-dimensional states can act as universal catalysts. Moreover, we conjecture that
any state, as long as enough copies of it are available, can serve as a catalyst for all
allowable transformations.

3.1.4 Structure

This chapter is structured as follows. In Sec. 3.2 we introduce the relevant framework
that we use to study catalysis in quantum thermodynamics. In Sec. 3.3 we describe
catalytic universality and present numerical results indicating that generic large-
dimensional states act as universal catalysts. Finally, we conjecture that all multi-
copy states can be universal catalysts, given sufficiently many copies. To conclude,
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in Sec. 3.4 we briefly summarise our results, discuss their implications and highlight
some open problems that follow naturally from these findings.

3.2 Catalysis in quantum thermodynamics

3.2.1 Second laws of thermodynamics

One of the most striking differences between standard thermodynamics and its mi-
croscopic counterpart is that transformations between states can become significantly
more demanding. More specifically, in the resource theory of quantum thermody-
namics transformations are no longer described by a single second law, but an en-
tire family of conditions, the so-called “second laws of quantum thermodynamics”
(Brandao et al., 2015). In this way the free energy loses its meaning as the unique
indicator of which state transitions are possible — its role is replaced by a family
of generalized free energies, a collection of information-theoretic quantities closely
related to quantum Renyi divergences (Rényi, 1961):

Falp) := % [Dalplir) ~log Z] , (3.1)

where 7 = ¢ /Z is a Gibbs state, Z = tr e P is the partition function and D,(p||7)
are the quantum (sandwiched) Renyi divergences (Wilde, Winter, and Yang, 2014).
These entropic quantities provide necessary conditions for the existence of a trans-
formation between states. In particular, an important result of (Brandao et al., 2015)
states that there exists a catalyst w that enables the transformation p — ¢ only if:

Fu(p)>Fa(o)  Ya>0. (3.2)

Clearly, these relations are much stricter than the standard second law that can be
seen as Eq. (3.2) for the case @ = 1. One way to understand this intuitively is that
transforming microscopic systems requires a complete knowledge about the structure
of the system’s energy distribution. In other words, all moments of the system’s
energy distribution must be specified to determine its thermodynamic properties.

To be more precise, the statement of the second laws which we give here requires
two additional technical assumptions to be formally correct. First, it assumes an arbi-
trarily small but nonzero error in the transformation. Second, it requires borrowing
a qubit in a pure state that is given back with an arbitrarily small, but again, nonzero
error '.

Unfortunately, for general quantum states the conditions (3.2) are necessary, but
not sufficient. This means that they do not guarantee the existence of a suitable
catalyst @ and a thermal operation mapping p ® w — 0 ® w. However, these
conditions do become sulfficient if the states p and ¢ are block-diagonal in the basis
determined by Hs (energy eigenbasis). This implies that they commute with the
operator 7 and hence the sandwiched Renyi divergence D,(p||7) for a > 0 simplifies
to:

Du(pllg) =

Z p? g}—“] . (3.3)

1Without these two technical assumptions the precise form of the second laws should read:
VaeR Fulps) > Falos)

1
a_llog
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This also allows the second laws to be written in a much simpler form, and to see more
clearly the connection between F, and the non-equilibrium Helmholtz free energy,
which is given by F; = —kpT log Zs. It is important to note that the second laws
(3.2) are strictly looser than the thermo-majorization criteria. This means that there
are transformations which cannot be realized via thermal operations, i.e. without a
catalyst, but can be performed when given access to a one. This is precisely due to
this realization that catalysis is an important and highly non-trivial phenomenon in
the resource theory of thermodynamics.

3.2.2 Thermodynamic limit

The standard second law of thermodynamics not only can be seen as a special case of
(3.2), but also as their macroscopic limit. To see this consider transforming collectively
alarge number 1 of copies of p into 1 copies of o, where both states are block-diagonal
in the energy eigenbasis [therefore the relative entropy term can be simply written
as in (3.3)]. In particular, it was shown in (Brandao et al., 2015) that for any € > 0 we
have

. Fo(p®")
lim max ——

=F . 3.4
n—0oo 5eBc(p) n 1(P) ( )

In other words, in the limit of identically distributed and weakly interacting systems
all members of the family of generalised free energies approach nonequilibrium free
energy Fi(p) = F(p), thus recovering the standard second law as a special case.

3.2.3 Disturbing the catalyst

So far we have discussed the case of exact catalysis, corresponding to an idealised
scenario where the catalyst is returned perfectly undisturbed. In reality, however,
any physical map will inevitably modify the catalyst. It is then important that our
definition of catalysis is robust against such implementation imperfections.

Catalysis can be very naturally generalized to more physical scenarios which
allow for small perturbation in the final state of the catalyst. This relaxation leads
to inexact catalysis, where the error on the catalyst ec is defined in the most general
form as:

ec :=||Trs Tsclps ® wcl — wel|,, (3.5)

where 7sc is a CPTP map acting on the system and the catalyst. The case of exact
catalysis can be recovered by (i) setting the error on the catalyst to zero, i.e. ec =0
and (ii) allowing no correlations between the system and the catalyst, i.e. demanding
that the two subsystems end up in a product form. This will assure that not only
the state of the catalyst remains the same, but also that it remains uncorrelated with
the system. This is also the regime in which all of the second laws must be satisfied
in order to transform one state into another. The case when ec = 0 but arbitrary
correlations between S and C are allowed to build up has been thoroughly studied
in (Miiller, 2018). There it was found that using a finely-tuned catalyst one can
transform ps into os, as long as the free energy of ps is higher than the free energy of
os. This leads to the conclusion that only one of the family of second laws remains,
namely the non-equilibrium Helmholtz free energy Fi;. Moreover, the authors of
(Brandao et al., 2015) showed that when the error on the catalyst scales linearly with
the number of particles (up to a constant factor) n = logdc, that is when ec ~ 1/n,
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then the non-equilibrium Helmholtz free energy F; again completely describes all
possible transformations. Finally, in (Ng et al., 2015) it was found that the second
laws completely vanish (meaning that all state transitions become possible) when the
error on the catalyst surpasses a certain threshold. This threshold was determined
to be:

gbnd _ ds —1 ~ l
= ]+(d5—1)10gdc n

(3.6)

In other words, this is the minimal error which can be achieved under the assumption
that all states can be converted between each other. Intuitively, one might view this as
a process where the resource required to carrry out the transformation is extracted
from the catalyst and used to facilitate the transformation. This sets a boundary
between genuine catalysis and exploiting the catalyst; whenever error on the catalyst
scales with its dimension better than (3.6) then there are state transitions which are
not allowed and so the partial order induced by the second laws is recovered to a
certain degree. Whenever the scaling of ec is worse or equal to (3.6) we will refer to
the corresponding regime of catalysis as embezzlement regime. On the contrary, we
will use the term genuine catalysis to indicate that transformations are still governed
by the second laws (or some non-empty subset of them).

3.24 Embezzlement

In the last section we saw that expressing error on the catalyst using trace distance
leads to certain difficulties, e.g. thermodynamic work can be extracted from a ther-
mal state with arbitrarily small disturbance on the catalyst. This phenomenon is
generally known as thermal embezzlement and clearly contradicts the first two laws of
thermodynamics.

Clearly, embezzlement is a form of cheating and as such, our bookkeeping should
make it clear when we use the catalyst properly, or when work — or other resources
— are being embezzled during the transformation. It turns out that there are two
natural ways in which we can eliminate embezzlement from thermodynamics. The
first approach is to change the distance measure quantifying the error. For example,
Ref. (Branddo et al., 2015) proposed to consider as the thermodynamic distance
measure the so-called work distance which they defined as:

Waist(p, 0) := KT inf [Fa(p) = Fa(o)] (3.7)

Using work distance in (3.5) allows to solve the embezzlement problem, i.e. small
disturbance as quantified by work distance implies small work cost in recovering the
initial catalyst state. However, this modification in the same time leads to new diffi-
culties; First, it is not clear if work distance has any direct operational meaning and
secondly, computing it requires solving a relatively difficult optimisation problem.

An alternative approach involves keeping track of how the error on the catalyst
scales with its dimension. This has been a fruitful approach, as it allows to precisely
determine when the error is large enough for the embezzlement to occur.

Even though embezzlement is not a proper form of catalysis, it is still an inter-
esting phenomenon which has found several important applications mostly in the
resource theory of pure-state entanglement. The power of embezzling has been ex-
ploited in several areas of quantum information, such as coherent state exchange
protocols (Leung, Toner, and Watrous, 2008) or entangled projection games (Dinur,
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Steurer, and Vidick, 2013). Moreover, embezzlement can also be viewed as a pro-
tocol for hiding quantum states from external observers. With this interpretation
it was used to prove the quantum version of the reverse Shannon theorem (Berta,
Christandl, and Renner, 2011; Bennett et al., 2014).

Today embezzlement is still a mysterious concept and its full significance in a
thermodynamic context still constitutes an important open problem. Even though
its role is not well understood, quantifying which states can be used as embezzlers
is a very relevant problem. Recent studies revealed a few families of universal
embezzling states, both in the context of the resource theory of entanglement (Leung,
Toner, and Watrous, 2008) and thermodynamics (Ng et al., 2015). Such universal
embezzlers have the power to ”catalyze” any state transformation. In the case of the
resource theory of entanglement, a further study exposed another family of universal
embezzling states and some of their properties were examined in (Leung and Wang,
2014). In general, however, very few such families of universal embezzlers are known,
and the effects related to the dimension, entropy or energy of the embezzler have
been hardly studied.

3.2.5 The state of the catalyst

One of the most ubiquitous aspects of the results on catalysis is their silence about
the precise form of the state of the catalyst. In particular, the very result of (Brandao
et al., 2015) only guarantees existence of a catalyst; it does not specify which state of
the catalyst w might be used to carry out the desired transformation. This theme is
present in most results on catalysis; they are very often based on existence proofs,
or more rarely - constructing a very specific and hardly feasible catalyst state. This,
however, may be obscuring the true physical mechanism behind catalysis. Further-
more, it is still not well understood which properties of quantum states are relevant
for catalysis. The second laws only guarantee the existence of the catalyst; even if they
are satisfied by a pair of states, it may still be difficult to find which state catalyzes a
particular process.

This intuition comes from our macroscopic experience: chemical reactions can
be catalyzed only by appropriately chosen chemical compounds; similarly thermal
machines need to be carefully tuned so that the desired transformation may happen.
Therefore, both macroscopic intuition, as well as previous results hint that we should
expect that this fine-tuning of catalysts is necessary to exploit the power of catalysis
in thermodynamic protocols.

This leads us to one of the most important problems in the subfield of catalysis.

Main question

How can we find a catalyst that will be useful for a given transformation?

Consequently, we can further ask which properties of states make them good
catalysts and how special are these states? Finally, not much is also known about
thermodynamic properties of catalysts, like their average energy, entropy or dimen-
sion. As such, there is still a lot to be understood about catalysis.

In this chapter we approach these questions in detail. In particular, we extend the
understanding of catalysis by reporting a surprising property of multi-copy states
which we term catalytic universality. We describe numerical results indicating that
generic large-dimensional states act as universal catalysts, given sufficient dimension.
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3.3 Results

In this section we will present the main result of this Chapter, i.e. we describe a
numerical analysis showing that generic large-dimensional states act as universal
catalysts, given sufficient dimension.

3.3.1 Catalytic universality for generic catalysts

In this section we present numerical evidence which indicates that the catalytic
universality phenomenon concerns almost all large dimensional states. While this
analysis is entirely based on numerical results, we finish with a plausible conjecture
that catalytic universality holds for any state, as long as the catalyst is composed of
sufficiently many particles. The proof of this conjecture was published in (Lipka-
Bartosik and Skrzypczyk, 2021a), though later on it was realised that the proof has a
serious flaw. We leave the correction of the proof for the near future.

Throughout this section the Hamiltonians of the system S and the catalyst C
are fully degenerate, meaning that Hs o« Hc o 1. This will allow us to simplify
both the presentation and numerical computation, since checking majorization is
computationally easier than checking thermo-majorization. It should be noted that
this does not reduce generality of our findings, as thermo-majorization criteria can
always be expressed in terms of standard majorization using the embedding map
(Brandao et al., 2015). Moreover, for the purpose of visualisation we focus here
on the case when ds = 3. This will allow us to describe the numerical findings
in a more natural and visually appealing way. In the Appendix we report further
numerical evidence which indicates that these conclusions naturally extend to larger
dimensional systems.

Fixed initial and final state

Let us consider two states ps and os such that p = diag[ps] and g = diag[os] and
chosen such that (i) they satisfy the corresponding second laws (3.2), meaning that
H.(p) < Hu(q) for all a > 0 and such that (ii) the probability vector p does not
majorize q and vice versa. In this way we know that neither of ps and os can be
transformed into each other, but there exists a catalyst wc which can be used to
facilitate the transformation from ps to os. For illustrative purposes let us choose the
following two representative states:

p* =(0.65, 0.2, 0.15), g* =(0.5,0.4,0.1). (3.8)

It is easy to check that p* and g* are incomparable using e.g. the concept of Lorenz
curves (Horodecki and Oppenheim, 2013). In this part of the section we focus
exclusively on these particular states.

Suppose now that we choose a probability distribution Pgist and draw dc positive
numbers according to this distribution. We organize them in a vector and then
normalize, obtaining a valid probability vector. In this way we have a simple method

of sampling random catalysts, which for a large dimension dc well approximates
(i)
‘ .,C dc]
an i-th probability vector obtained via this method. Each ¢ will model a random
catalyst drawn according to a respective probability distribution. In this way the

drawing from the probability simplex. Let us denote with ¢! = [cgi), cg), .
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elements of each such random catalyst are given by:

: xk
CI(;) — dC dlStk , (39)
Zk:1 Xdist

where Xéist is a random variable drawn according to the probability distribution
Pist- In what follows we will consider three different distributions:

Pray — Prob(Xk,, = x) ~ xe™ /2, (3.10)
Puni — Prob(XE . = x) ~ const, (3.11)
Pexp — Prob(X’gXp =x)~e . (3.12)

Next we fix the error which we can tolerate on the catalyst ec and repeat the process
of sampling catalysts many times. Having done so we can now ask: how frequently
does a randomly chosen catalyst catalyzes a given state transformation for a fixed
error? Counting the frequency of cases in which the following transformation is
possible:

p*ec) - g*ec?, (3.13)

with ¢ chosen such that ||E(i) - c(i)”1 < ec, leads to the success probability denoted
with psucc(p*, g%, €c). This is an estimate of the probability that a randomly chosen
catalyst can help in facilitating a given state transformation, with the disturbance on
the catalyst at most ec. Moreover, using the results of Ref. (Horodecki, Oppenheim,
and Sparaciari, 2018) we can readily determine the final state of the catalyst ¢ ) to be
the so-called e-flattest state [see (ibid.) for the general method of constructing these
states]. To summarise, the success probability psucc(p*, 4*, €c) is computed using
the following set of steps.

Algorithm 1: Estimating psucc(p, 4, €c) by sampling

Input: p, g, dc, ec, Paist
Output: Estimate of psucc(p, g, €c)
Parameters: N¢ // precision of estimation
pos =0
foreachi € {1,...,Nc} do

¢ « random catalyst sampled using P;s:

if there exists ¢ s.t. p ® ¢ > g ® ¢ and [[c - ¢!)||, < ec then

L pos « pos +1

Psucc(P/ q, eC) — pOS/NC

The results of this numerical experiment are summarized in Fig. 3.1. As we can
see, when we increase the dimension dc, the probability that a randomly chosen
catalyst can catalyze a given transformation increases and very rapidly approaches
a fixed value. This value, as well as the rate at which it is approached, depends on
the specific distribution Pgist we choose. This indicates that the success probability
Psucc(p™, 4%, €c) depends both on the dimension of the catalyst and the distribution
of its eigenvalues. This numerical experiment allows us to conclude that:
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Random states are universal catalysts

There are state transformations for which random states act as catalysts with
high probability.

Fixed initial state and arbitrary final state

In the previous section we studied how useful random catalysts are for a fixed state
transformation. We now go one step further and generalise this investigation to
arbitrary final states, while still keeping the initial state fixed. Let us then consider
again the state p* given by Eq. (3.8) as the input state and let g be an arbitrary state.
Since p* and g are ds-dimensional probability vectors, it is useful to think of them as
points in the space of all ds-dimensional probability vectors, the so-called probability
simplex Ay, defined as:

N
AN ::{x:(xl,...,xN)lxiZOand inzl} (3.14)
i=1
Let us now define two sets of states inside Ay;:
S(p)={qlp — q and q € Ay}, (3.15)
Tp)={qlp®c—>qg®c, g €A, and c € A}, (3.16)

where A is the set of all N-dimensional probability simplices Ay for all natural N.
The set S(p) contains all states g which are (thermo-) majorised by p, that is all states
which can be reached via thermal operations when starting from a state described
by p. Mathematically, such a set is often referred to as a downward closure at p. The
set T(p) contains all states g which can be reached via thermal operations with the
help of some (unspecified) catalyst (i.e. a catalytic downward closure). We will refer to
these sets as the thermal and the catalytic-thermal set, respectively. It can be readily
verified that S(p) C T(p) for all p. In this language, the main result of Ref. (Jonathan
and Plenio, 1999) shows that S(p) C T(p) for some p. Moreover, due to the results
of Refs. (Daftuar and Klimesh, 2001; Turgut, 2007; Brandao et al., 2015) a complete
characterisation of the set T(p) is known and whether g € T(p) is determined by the
second laws (3.2).

Let us now perform our second numerical experiment. In the previous section we
saw that for a fixed transformation, catalysts sampled from the exponential distribu-
tion (3.12) achieve a high probability of success psucc(p*, 4%, €c), even for moderate
dimensions of catalysts. Let us now use the exponential distribution to sample
random catalysts and compute the associated success probability. Furthermore, to
assure that we do not work in the embezzlement regime, we also fix the allowable
error on the catalyst to be ec = ye’é”d, where ebC”d is the embezzlement bound from
Eq. (3.6)and 0 < u < 1. For arbitrary points g € A4, we then estimate psucc(p*, 4, €c),
the probability that a random catalyst can be used to transform p* into g using the
method described in Alg. 1.

The results of this numerical experiment are summarized in Fig. 3.2. For
the purpose of illustration we also draw the sets S(p*) and T(p*). The numerics
demonstrate that the probability psucc(p*, q,€c) is large for most g in the region
D(p*) := T(p*) \ S(p*) even for small dimension of the catalyst (e.g. when dc = 2%).
Interestingly, the success probability increases significantly with the dimension of
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the catalyst, so that for dc = 28 the value of Psucc(p*, 4, €c) = 1 for almost all points
g inside D(p*). As a consequence, we can infer the following.

Random states are universal catalysts

There are (input) states for which random states act as catalysts with high
probability for all possible output states.

Arbitrary initial and final states

In the previous section we saw that a random catalyst can catalyze most of the
possible state transformations for a fixed state p, even for catalysts with a moderate
dimension. In this section we extend our analysis and show that this behavior is a
generic feature valid for arbitrary initial states.

Before going into the details, let us emphasize that not all initial states p lead to
an interesting catalytic advantage. For example, when the system starts in a thermal
state, p = g, there is no catalyst which can enhance the system’s transformation
potential. In that case the thermal and catalytic-thermal sets coincide, i.e. S(g) =
T(g). Similar situation happens when the initial state of the system is a pure state,
i.e. when it is already the maximally-resourceful state. One natural way to quantify
the potential for a catalytic improvement is to estimate the volume of set defined as
the difference between the thermal and the catalytic-thermal set. In what follows
we will refer to such a set of states D(p) := T(p) \ S(p) as the catalytic activation set
(CAS). Naturally, the volume of this region in the space of distributions largely varies
between different initial states p.

The aim of the next numerical experiment is to extend the results from the
previous section to arbitrary initial states. We again fix a small error on the catalyst
€c = yelg’d to assure that we do not work in the embezzlement regime. We then
sample uniformly the initial state p and compute the associated CAS, denoted D(p).
For each point g € D(p) we estimate the probability that a random catalyst can be
used to transform p into g using the methods described in Alg. 1. Finally, we
calculate the number of states inside D(p) for which the probability of catalysing
using random catalysts, psucc(€c), is larger than a fixed threshold value yy;4 2. This
allows us to estimate, for each p, the fraction f(p) of all possible transformations
which can be catalyzed using random catalysts with probability at least 4, i.e.:

_|D(p)]

TP = o))

(3.17)

where 5(p) C D(p)and g € 5(;9) if and only if psucc(p, g, €c) = Yina. The quantity
f(p) can be estimated using the following simple algorithm:

2It’s worth to remind that the transformations which we consider here are always deterministic
and the probability psucc(ec) refers to the sampled catalysts, i.e. how probable it is to deterministically
catalyze a given transformation using a catalyst drawn at random.
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Algorithm 2: Estimating f(p) by sampling

Input: p,dc, ec, Vina, Paist
Output: Estimate of f(p)
Parameters: Ng

A(p) « initialise uniformly N states of dimension d
S(p) « all states in A(p) satisfying (3.15)
T(p) < all states in A(p) satisfying (3.16)
D(p) < T(p) \ S(p)
pos =0
foreach g € D(p) do
Psucc(P, 4, €c) < compute using Alg. 1

if psucc(P/ q, €C) = Vthd then
| pos < pos+1

f(p) < pos/|D(p)|

The results of this numerical experiment are summarized in Fig. 3.3. Interest-
ingly, even for relatively small catalyst dimensions (e.g. dc = 16) there is a modest
fraction of possible transformations that with high probability can be catalysed with
arandom catalyst. Furthermore, by increasing dimension of the catalyst this fraction
improves significantly, so that already for moderate sized catalysts (dc = 256) most
of the possible transformations can be catalysed using random catalysts with a large
probability. As a consequence, this numerical investigation allows us to infer the
following.

Random states are universal catalysts

Most of all possible transformations can be catalytically activated with high
probability using random states as catalysts.

In Sec. 3.5 we give analogous plots for a different choice of the relative error y,
the threshold value y14 and system dimension ds, to demonstrate that this behavior
is generic, i.e. it does not depend on our particular choice of parameters.

Conjecture for multi-copy states

In the previous sections we numerically showed that it is plausible to expect that
catalysts with a sufficiently large dimension can, with high probability, be used as
universal catalysts. We tried to describe this effect analytically and realized that
the analysis greatly simplifies under the assumption that the catalyst starts in a
multi-copy form. In that case a protocol that uses a multi-copy catalyst to acti-
vate all possible catalytic transformations has been proposed (Lipka-Bartosik and
Skrzypczyk, 2021a). Later on we realised that our proof technique has a serious flaw
and the protocol relies on the fact that, for any thermal operation, one can always
find a suitable unitary that does not correlate the system with its environment. Since
we do not know if this is true, the main protocol from (ibid.) may not be valid in
general. We leave solving this conundrum for the near future. Still, we believe that
the insights gained from the presented numerics, as well as the protocol described
in (ibid.), make it a fair point to conjecture that catalytic universality might hold for
all multi-copy catalysts comprised of sufficiently many copies.
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Comparison with multi-copy states

In the previous sections we studied how useful random states are in catalysing
thermodynamic transformations. In the final numerical experiment we check how
these insights compare with the conjecture that multi-copy states make universal
catalysts. In particular, we compute the quantity f(p) defined in Eq. (3.17) using as
a catalyst multiple copies of a fixed state.

We again fix the error on the catalyst to be ec = yebc”d and compute the quantity
f(p) using Alg. 2, with the only difference that now psucc(p, g, €c) is computed using
a fixed multi-copy catalyst. Hence, it can be either 0 (the multi-copy catalyst does not
allow to transform p into g within the allowed error on the catalyst) or 1 (when p can
be transformed into g within the allowed error). The single-copy catalyst is chosen to
be a qubit in a state wc = diag(1—r, r) with 0 < r < 1/2. The results of this numerical
experiment are summarised in Fig. 3.4. Comparing these with Fig. 3.3 illustrates that
multi-copy catalysts generally achieve a larger fraction f(p) (i.e. fraction of activated
transformations / all activable transformations) for a fixed catalyst dimension. However, in
the multi-copy case the improvement in f(p) obtained by increasing the catalyst’s
dimension is generally smaller than in the case of random catalysts. This indicates
that: catalytic universality using only few copies might be generally possible when
the catalyst is sufficiently mixed. Finally, Fig. 3.4 demonstrates that some marks
of catalytic universality can be observed for a relatively modest number of particles
comprising the catalyst.

Summary of numerical findings

Although still somewhat preliminary in nature, these numerical findings strongly
suggest that high-dimensional states, with high probability, will act as catalysts.. It
seems reasonable to expect that a potential route to further analytic results will be
to look for statements which hold with high probability. We leave this tantalising
extension of this results for future work.

Finally, in the Sec. 3.5 we provide further numerical evidence that the catalytic
universality phenomenon is a generic feature of sufficiently high dimensional cat-
alysts. In particular, we (i) perform numerical calculations for larger dimensional
systems S, (ii) change the sampling of catalysts to other distributions and (ii7) choose
different thresholds for the catalyst error ec and 0.

3.4 Discussion and open problems

In this chapter we have presented a surprising property of large-dimensional states:
that, given sufficiently large dimension, generic states can act as a universal catalyst
for most of potential transformations. We believe that this realisation is a step forward
in our understanding of catalysis and provides new insights both in the field of
quantum thermodynamics and resource theories, as finding the right catalyst is one
of the main difficulties when employing catalysis in any resource theory.

What is more, we believe this opens the door for new avenues of exploration
which will be of independent interest. In the following subsections we briefly sketch
the most promising, in our opinion, directions of extending the results presented in
this chapter.
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3.4.1 The mechanism of catalysis

Since the seminal paper of Jonathan and Plenio (Jonathan and Plenio, 1999) our
understanding of catalysis has grown significantly. However, we still do not fully
understand the real mechanism behind catalysis and how it allows for lifting some
of the restrictions imposed by allowable operations.

Here we made a step forward in explaining this mechanism. However, before
a satisfactory understanding can be reached, several important challenges still need
to be tackled. In particular, a long-standing open problem is determining which
physical properties of states are important for catalysis? Moreover, we do not know
how is the set of states reachable via catalytic transformations modified when ad-
ditional constraints on the catalyst are made - e.g. in terms of energy, entropy or
the distribution of its eigenvalues. What is the main property or “resource” relevant
for catalysis? Our analytic results and preliminary numerics strongly suggest that
dimension of the catalyst and distribution of its eigenvalues are both important prop-
erties which make a good catalyst. This also indicates a trade-off relation between
catalyst dimension and its ability to catalyze transformations. Quantifying and un-
derstanding this potential trade-off will significantly advance our understanding of
catalysis.

3.4.2 Catalytic universality for generic states

In Sec. 3.3.1 we presented a simple numerical evidence which indicates that the
catalytic universality might appear for arbitrary large-dimensional catalysts. We
believe that solving this problem will shed more light on the fundamental problem
of what does the catalyst really do to facilitate the transformation. In particular,
should we expect to find only specific catalysts if we modify some of our initial
assumptions?

Another interesting way to proceed would be to study how important for the
catalytic universality are correlations between the subsystems which form the cata-
lyst. Looking more closely at the proofs presented here we can see that both in the
embezzlement and genuine catalysis regime the main catalytic transformation Egc
does not build such correlations. In this respect, the only time where correlations can
increase is during the pre and post-processing steps. However, since this potential
increase in correlations is only due to the transformation error, we conjecture that it
is not a necessary requirement for our results to hold.

In this respect, it would be also interesting to revisit the results from (Miiller,
2018) and check whether in the regime where only correlations are allowed to build
up (that is when the reduced state of the catalyst subsystems remain undisturbed),
multi-copy catalysts can be still viewed as universal catalysts.

3.4.3 Catalytic universality and second laws for coherence

In our work we have not explored catalysis in the regime where states ps and o5
contain coherences between energy levels. It is known that in this case the second
laws (3.2) provide only necessary but not sufficient conditions for state transforma-
tions. When considering fully general states with coherences, one has to additionally
satisfy a completely new set of conditions resulting from the time symmetry con-
straints (Lostaglio, Jennings, and Rudolph, 2015). Loosely speaking, these new laws
tell us that coherences between energy levels must decrease during thermodynamic
transformation. In that case it would be interesting to see if the catalytic universality
phenomenon can appear also for fully general coherent states.
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3.4.4 Other potential directions

Extending catalytic universality to arbitrary QRTs. A natural question which arises
when studying catalysis in the context of majorization-based QRT’s is whether the
catalysis phenomenon can be properly defined and studied for general resource
theories as well. Interestingly, there are examples of QRTs for which catalysis does
not enlarge the set of states which can be reached using free operations (Schmid
et al., 2020). This leads to an interesting question: what are the necessary properties
of a general QRT which allow it to have a nontrivial catalysis? Consequently, one
can further ask if the catalytic universality phenomenon can also emerge for such
theories. If not, then it would mean that catalytic universality is a unique feature of
majorization-based QRTs and it would be interesting to see which special aspects of
such theories allow for the catalytic universality?

3.5 Additional numerics

3.5.1 Numerical analysis for higher dimensional systems

In this section we present the results of a supplementary numerical computation
that provides further evidence that catalytic universality is a generic phenomenon.
In particular, we compute the fraction f(p) for different dimensions of the system ds
and different choices of the error parameter u and threshold value 4. The results
are presented in Fig. 3.5.
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Ficure 3.1: The probability psucc(p*, q*, €c) that a random state of dimension dc drawn
from probability distribution Pgist can catalyze a fixed state transformation p* — g*. Each
panel corresponds to a different distribution: (a) Rayleigh #ray, (b) uniform Pyyi¢ and (c)

exponential Pexp. Inset plots illustrate an exemplary distribution of eigenvalues C1(<i) of a

random catalyst ¢() drawn according to a respective distribution and then normalized. We
can see that in all cases psucc(p*, 4%, €c) saturates at some point; This is means that for a fixed
catalyst dimension, it may be impossible to activate all potential transformations.
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Ficure 3.2: The probability psucc(p*, q,€c) that a random state can be used to enable the
transformation from p* to q approximately catalytically, i.e. with an error ec = yez(’:”d and
¢ = 0.1. Plots (a) — (c) correspond to different dimension of the random catalyst (dc = 24,
2% and 28 respectively). States inside the region bounded by dashed lines define the thermal
set S(p™*), consisting of all states that can be reached from p* using thermal operations. The
solid line corresponds to the catalytic-thermal set T(p*), consisting of all states which can
be reached from p* with the help of some (potentially finely-tuned) catalyst. Note that the
probability of success psucc(p*, g, €c) is generally very close to 1 for most final states g inside
D(p*) := T(p*) \ S(p*), even when the dimension of the catalyst is relatively small. Plot
(d) illustrates the cumulative distribution of psucc(p*, 9, €c). To simplify interpretation, an
exemplary point is drawn in red. It corresponds to the case when 30% of all states g € D(p*)
can be reached using random catalysts of dimension dc = 2%, with probability less than 0.4.
In other words, 70% of all possible catalytic transformations can be realised using random
catalysts with probability 0.4 or higher.
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Ficure 3.3: The fraction f(p) of all states inside the catalytic activation set D(p) (CAS) for
which the probability psucc(p, 9, €c) thatarandom state can be used as a catalyst, is larger than
the threshold value y;,4 = 0.9. Plots (a — ¢) correspond to random catalysts of dimensions
24,2 and 28 respectively. Plot (d) illustrates the cumulative distribution of f(p), therefore
indicating what fraction of all possible transformations can ever be activated using a given
catalyst. As an example, the red point corresponds to the situation where random states of
dimension dc = 2* are used to catalyze possible transformations. These random catalysts are
not useful for roughly 25% of all possible initial states p, i.e. for each such state they allow at
most =~ 30% of all output states g in CAS to be reached with probability equal to or greater
than ymig. In other words, such random catalysts can be used to reach more than 30% of all
possible output states g € D(p), with probability at least y¢1q, for at least 75% of all initial
states p.
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Ficure 3.4: The fraction f(p) of all states inside the catalytic activation set of p which can be
catalysed using a multi-copy catalyst composed of n € {4, 8,10} qubits wc = diag(l -, ),
for different values of parameter r. Column 4 shows a cumulative distribution of f(p), i.e. it
illustrates the fraction of catalytic transformations that can be activated using a multi-copy
catalyst. For example, the red exemplary point indicates that for around 0.25 of all possible
input states p, a quantum system composed of n = 10 qubits in a state with r = 0.3 acts as a
catalyst for less than 0.5 of all possible output states g in CAS. Equivalently, for this choice of
parameters, the multi-copy catalyst can activate more than 0.5 of all possible transformations
for approximately 0.75 of all possible input states.
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Figure 3.5: Cumulative distribution of f(p) for different choices of parameters: (a) [ds =
4,1 =0.05, ynig = 0.9], (b) [ds =5, 4 = 0.05, yng = 0.9], (¢) [ds =4, u = 0.1, yyia = 0.8] (d)
[ds =5,u=0.1, ygq = 0.8].
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Chapter 4

Quantum batteries with a ground
state

4.1 Introduction

411 Background

The second law of thermodynamics sets limits for all thermodynamic processes. It
determines which state transformations are possible, regardless of the microscopic
details of the process. From a practical point of view it imposes fundamental restric-
tions on the amount of average work (w) performed by the system which evolves from
the state p towards p’ and interacts with a thermal reservoir at a fixed temperature,
ie

(w) < F(p) — F(p’) = —AF, (4.1)

where F(p) is the non-equilibrium free energy. The second law of thermodynamics
is a statistical law and as such, it governs how thermodynamic systems behave when
averaged over many realizations of the experiment. This information is relevant for
a macroscopic observer, however, it does not provide much information about the
microscopic details of the occuring process.

Recent developments in experimental techniques allow for manipulating and
measuring systems at the nanoscale level, see for example (Koski et al., 2014; Koski
et al., 2015; Chida et al., 2017; Camati et al., 2016; P. et al., 2016; Zanin et al., 2019).
In order to take full advantage of these techniques it is crucial to understand how
thermodynamic laws translate into the non-equilibrium domain, where fluctuations
of thermodynamic quantities begin to play a significant role and averaged quantities
are no longer enough to characterize their thermodynamic behaviour. This moti-
vates extending thermodynamic framework to systems driven out of equilibrium, a
setting which has been extensively studied in the recent literature (Jarzynski, 1997b;
Jarzynski, 1997a; Alhambra et al., 2016; Richens and Masanes, 2016; Ito et al., 2019;
Debarba et al., 2019).

Fortunately, there exist much stronger constraints on the possible distributions
of thermodynamic work than the second law of thermodynamics (4.1). These con-
straints are often referred to as fluctuation relations. Arguably the best-known relation
from this family is the Jarzynski equality which for a system composed of n particles
implies that the probability of extracting more work per particle than the free en-
ergy difference vanishes exponentially the number of particles composing the system
(Jarzynski, 1997b). The Jarzynski equality has been thoroughly studied both theo-
retically (Cohen and Mauzerall, 2004; Palmieri and Ronis, 2007) and experimentally
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(Douarche et al., 2005; An et al., 2015; Hoang et al., 2018), and also formulated in the
fully coherent case (Kurchan, 2000; Tasaki, 2000; Alhambra et al., 2016).

4.1.2 Motivation

A standard and often implicitly accepted assumption in thermodynamics is the
existence of a perfect work receiver. This allows to treat the whole free energy
difference as thermodynamic work. However, in some cases the existence of such a
perfect receiver is difficult to motivate — especially in the quantum regime, where
the device has to be modelled itself as a quantum system. The common approach is
to consider the explicit work receiver (or the “battery”) as an ancillary system which
interacts with the working body and the heat bath during the transformation. In such
situations the battery device is often modelled using either a classical Hamiltonian
(Deffner and Jarzynski, 2013) or a Hamiltonian unbounded from below (Alhambra
et al., 2016). Both of these approaches, although perfectly valid in the classical
regime, cannot be justified when the battery’s energy is close to its ground state.
Therefore, in order to understand the effects arising in small-scale thermodynamics,
it is important to understand how the presence of the battery ground state influences
thermodynamic protocols.

This approach is fundamental to the modern (resource-theoretic) program of
thermodynamics which attempts to systematically account for all possible resources
involved in the process. One then studies their conversions under a restricted set
of physically motivated interactions between the system, the heat bath and the bat-
tery device. In the most general case this interaction is modelled using an arbitrary
energy-preserving unitary acting on these three subsystems. This is precisely the
framework of thermal operations which we have already seen in Chapter 2. Ther-
modynamic work is then defined by specifying an “explicit battery model”, which
amounts to:

(i) specifying the Hamiltonian of the ancillary battery system,
(ii) the work quantifier (e.g. average energy),

(iii) the allowed interactions between the battery, the system and the bath (or re-
strictions on the allowable battery states).

The two most widely used models in the literature involve a qubit battery (wit) where
the battery is in a pure state at all times and work is defined using average energy,
and an ideal weight battery. In this model work is also defined using average en-
ergy of the battery, however the global unitary in addition has to commute with the
translations on the battery, leading to the notion of translational invariance (TI). This
is, however, only possible when the energy spectrum of the battery ranges over the
whole real line, i.e. the battery is unbounded from both above and below. The ideal
weight model is a common way of defining work in the quantum regime which was
considered for the first time in (Skrzypczyk, Short, and Popescu, 2014) and then uti-
lized to prove several fundamental results in the field of quantum thermodynamics
(Alhambra et al., 2016; Aberg, 2014; Aberg, 2018; Masanes and Oppenheim, 2017;
Richens and Masanes, 2016). Importantly, this additional assumption has powerful
physical implications: it assures that work satisfies the second law of thermodynam-
ics (Masanes and Oppenheim, 2017) and furthermore leads to the Jarzynski equality
(Alhambra et al., 2016).

Naturally, one can argue that the ideal weight is not a realistic model of a battery
as it does not have a ground state energy. On the other hand, one can also argue that



4.1. Introduction 57

if the transformation is performed sufficiently far from the vacuum, the evolution
assisted with a battery with a ground state (which we will refer to as the physical
battery) should be equivalent to the evolution assisted with the ideal weight (Aberg,
2014; Faist, 2016) and should reproduce the same quantitative results (i.e. work
distributions) as a physical battery. However, the nature we observe often does not
follow this scheme; the existence of the ground state can be very often perceived, no
matter how far we are from it. A basic question then appears:

Main question

Does the existence of the vacuum state of the battery have any implications for
thermodynamic processes?

In this chapter we will carefully examine this question and will try to develop a
satisfactory and comprehensive answer.

4.1.3 Contribution

In this Chapter we examine two different regimes of battery operation: the high-
energy regime in which the average energy of the battery is far from the ground state
energy (i.e. population of the ground state is small) and low-energy regime in which
the occupation of the ground state cannot be ignored. While we corroborate the
intuition that the battery with vacuum essentially behaves like the ideal weight in
the high energy regime, we investigate quantitatively different predictions to which
it leads in the low-energy regime, in particular with respect to the Jarzynski equality,
second law of thermodynamics and fluctuations of work.

More precisely, we introduce a generalization of the translational invariance prop-
erty which we term effective translational invariance (ETI). This allows to consider
thermodynamic processes with broken translational symmetry, and hence provides
a convenient tool for studying quantum thermodynamics using arbitrary physical
batteries.

We further show that ETI in the framework of thermal operations implies a
generalization of the standard Jarzynski equality, i.e., a family of inequalities which
impose looser constraints on the allowable work distributions than the standard
Jarzynski equality. This is our first main result.

Using these new inequalities we show that one can still recover the second law
of thermodynamics in an approximate form, i.e., with correction terms decaying
exponentially fast with the distance to the ground state. This allows to identify heat
contributions to the average energy change when the battery is bounded from below
and shows that global translational symmetry is not necessary to satisfy the second
law of thermodynamics. Importantly, these deviations are related to the average
work rather than just work and hence they are of a completely different character
than the deviations reported by standard fluctuation theorems. This is the second
main contribution of this chapter.

In the next part of the chapter we show that our model correctly reproduces the
single-shot results on the work of formation originally derived using qubit as the
battery system (Horodecki and Oppenheim, 2013). This answers an open problem
from the field of quantum thermodynamics by showing that the notions of single-shot
and fluctuating work can be both properly defined and studied for a battery with a
ground state. This is the third main result of this chapter.
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In the last part of the chapter we study a paradigmatic example of Landauer
erasure and compare how the two battery models (the ideal weight battery and the
harmonic oscillator with vacuum) behave when assisting this type of transformation.
Notice that the second case contrasts with the classical treatment of work as the
battery can no longer supply arbitrary values of energy when it operates close to
its vacuum state. Because of this both batteries experience quantitative differences
in their behavior in the low-energy regime. We show that for any battery model
the very existence of the vacuum state implies a lower bound on the size of work
fluctuations whenever energy is taken from the battery. In this way the occupation
of the vacuum state is the fundamental factor which forbids performing Landauer
erasure with deterministic (or arbitrarily concentrated) work distribution. We further
show that the ideal weight violates this bound and hence allows for transformations
which cannot be achieved in the low-energy regime.

We finish the chapter with a short summary and present several related open
problems which we believe to be relevant for the field of quantum thermodynamics.

4.1.4 Structure

In Sec. 4.2 we describe an extension of the framework of thermal operations that
accounts for using battery systems. Then in Sec. 4.3 we describe our main results. In
particular, in Sec. 4.3.1 and Sec. 4.3.2 we describe the consequences of introducing
the battery’s ground state for thermodynamic protocols. In Sec. 4.3.3 we show that
the model of a harmonic oscillator battery reproduces deterministic work and in
Sec. 4.3.4 we analyse the problem of fluctuations during Landauer erasure using
two battery models: a harmonic oscillator and an ideal weight. We summarise this
Chapter in Sec. 4.4 and discuss several open problems.

4.2 Thermal operations with work

In Chapter 2 we described the resource theory of thermal operations, our main
working horse throughout this chapter. Let us start by recalling that in this resource
theory, the necessary and sufficient conditions for state transformations involving
the system and external bath, are given by thermomajorisation criteria. However, in
order to provide a complete description, we must extend this model to the case when
thermodynamic work can be performed.

A natural question to ask is how thermomajorisation criteria change when ther-
modynamic work is allowed. Arguably the most widely-studied modification of the
framework involves adding an ancillary battery system W and studying transfor-
mation of the form (2.77) where system S is now replaced by the joint system SW.
One then identifies thermodynamic work as the change in the average energy of this
ancillary system. More precisely, the battery is measured in the energy eigenbasis
before and after the process, yielding outcomes € and € + w respectively. Work w is
then a random variable distributed according to:

pw) = / de tr | (15 @ Tevw ® 1p) U(ps © Tl py e @ )| (42)
€
where I'T; = |x)(x|}y is a projector onto one of the energy eigenstates of W. This way
of defining work, however, leads to two fundamental questions:

(i) When can we treat work stored in the battery as a legitimate thermodynamic
work?
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(ii) What are the necessary and sufficient conditions for the work-assisted state

. TO
transformations ps—o0s?

It is perhaps surprising that answering those questions relies on which model of the
battery we use. In the next sections we will describe and discuss properties of the
main battery models found in the literature.

4.2.1 Thermal operations with a qubit battery

The simplest approach proposed in (Horodecki and Oppenheim, 2013) is to use as a
battery a two-level qubit (wit) with a tunable energy gap 6 and a Hamiltonian:

Hiy = 8 [1)(1]yy 4.3)

Furthermore, one then assumes that the battery always starts either in the ground
or the excited state. This simple construction allows to introduce a notion of work
valid in the single-shot regime and was described in Chapter 2. The arising work is
referred to as deterministic work and is defined as the optimal 6 for which there exists
a TO realizing:

ps ® [iXilyy —> a5 ® |1}l - (4.4)

where (i, j) = (0, 1) when the work is stored in the battery (distillation) and (7, j) =
(1,0) when it is consumed (formation). Since the battery starts and ends up in a pure
energy eigenstate, its energy difference can be fully associated with the work that
needs to be performed (or can be extracted) during the transformation. To determine
whether a given state ps can be converted into os using 6 of work one has to check
the thermomajorization criteria between the joint states of SW [see Chapter 2 for the
details].

Naturally, transformations in which the wit ends up in a pure state are practically
impossible to achieve. That is why for a theory to be applicable to realistic protocols
one should consider transformations of the form (4.4), where now the battery is
allowed to finish in a slightly mixed state. However, at this point it is not clear if we
can interpret the average energy change of the wit as valid thermodynamic work.
Since its entropy has changed, it is impossible to differentiate it between work and
heat. To see this more explicitly, consider the following example.

Example 1: Thermalization of a wit

Consider a process which outputs a joint Gibbs state irrespective of the input,
ie.
TO
Vps,.pw  ps®pw — Ts @ Tw. (4.5)

Notice that this is a valid thermal operation as it always preserves the total
Gibbs state. Consider applying this map to the state ps ® pw = 75 ® |0)0]y.
The average work associated with this transformation is given by:

(w) = tr[Hw (tw = [0)X0]w)]

o
= m > 0. (4.6)
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Hence, thermalization of a wit yields a positive amount of work on average,
in contradiction to the second law of thermodynamics (4.1). Notice that the
above example does not show that wit is a deficient battery model, but rather
that it does not behave well in a non-ideal scenario. It may give us reasonable
estimates for the work cost of a process only in the regime where the battery
does not change its entropy. In this line, allowing for changing its entropy
(however slightly) poses certain difficulties in interpreting its average energy
change as thermodynamic work.

4.2.2 Thermal operations with an ideal weight battery

To resolve the problem we observed in the previous section we can use a different
battery model, i.e. an ideal weight with Hamiltonian:

Hw =/ x| x) (x| dx 4.7)
where the basis {|x)y | x € R} is formed from continuous orthonormal states repre-
senting the position of the weight. Notice that assuming this particular Hamiltonian
is in some sense an arbitrary choice. We can also choose to store work in the kinetic
energy of a moving particle or angular momentum of a rotating wheel. What is im-
portant is that the model is doubly-infinite, i.e. it has the capacity to store and provide
arbitrary amounts of work for any possible transformation. This is of course not a
realistic assumption as every physical implementation of the ideal weight must have
an energetic minimum, as well as moving particles and rotating wheels eventually
halt.

Furthermore, the global unitary U is assumed to commute with the shift operator

on the weight. The shift operator is defined as A, := /_ O:o |x + y><x|wdx. The
commutation assumption can be then written as
Vy [Uspw, idsp ® Ay] =0. (4.8)

This additional assumption is often referred to as translational invariance (T1) and its
importance was highlighted in (Masanes and Oppenheim, 2017) where it was shown
that this combined with the energy conservation assures that dumping entropy into
the joint state of the system and the battery (as we saw in the previous example) is
impossible. TIis also enough to recover not only the second law of thermodynamics,
but also quantum versions of the Jarzynski and Crooks fluctuation theorems (Al-
hambra et al., 2016). These results provide solid grounds to interpret shifts on the
ideal weight as legitimate thermodynamic work. Moreover, the authors of (ibid.)
also proved that the necessary and sufficient conditions for a work-assisted transfor-
mation between incoherent states in this case can be expressed by a generalization of
thermomajorization which they termed Gibbs-stochasticity, i.e.:

Vs p(s wls)eP BB < (4.9)

s, W

where p(s’, w|s) is the conditional probability of the final state of the system having
energy levels E (energy of the final Hamiltonian Hs) and work w being done by the
system, given that the initial state of the system had energy level E; (energies of the
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initial Hamiltonian Hs). Interestingly, by setting w = 0 one can recover from (4.9) the
thermomajorization criteria, as described in (ibid.).

However, even though this approach is convenient mathematically and recovers
the standard thermodynamic results, this proposal leads to new problems. First,
Nature does not allow for Hamiltonians which are unbounded from below and
thus it is not clear how well the ideal weight model describes any physical battery.
Secondly, the conditions (4.9) lead to certain limitations when one tries to study
deterministic work, as described by the following example:

Example 2: No deterministic work for ideal weight battery

Consider the following process realized using the ideal weight and a qubit
system S with a fully-degenerate Hamiltonian Hs = 0, i.e.:

TO
Vps  ps— a|0X0ls +b[1X1]s, (4.10)

where g, b are positive such that 2 + b = 1. When explicitly including the ideal
weight we have that for all ps the input state ps ® |0)(0|yy is transformed into:

Z ps(s)p(s’, wls) |s"Xs"ls ® lw)Xwly , (4.11)

s,s’, w

where ps = 5 ps(s) |s)(s|s and we used the fact that due to TI we can start in
an arbitrary energy eigenstate of the battery. Now the probability distribution
p(s’, w|s) reads:

p(s’,wls) = p(s’|s) p(wls, s”). (4.12)

In our particular example we have p(s” = 0|s) = a and p(s” = 1|s) = b for all
s € {0,1}. However, notice that if we now demand a deterministic work cost,
i.e. p(w) = Oy, for some real number w*, then conditions (4.9) imply:

s'=0: w- = —kTlog2 - kT loga, (4.13)
s"=1: w-=-kTlog2—kTlogbh. (4.14)
This can only be satisfied if # = b = 1/2 and hence shows that it is impossible

to obtain a fluctuation-free work when performing (4.10) using an ideal weight
battery.

J

It is tempting to think that this behavior is a consequence of the third law of
thermodynamics. However, note that in this case we have access to two infinitely big
systems: an infinite heat bath and an (infinite) ideal weight and we put no constraints
on how many degrees of freedom we may access. Notice also that if we lift the TI
constraint and choose two distinct energy levels of the battery separated by an energy
difference 6 then we are able to exactly recover any deterministic transformation of
the form (4.4) [see e.g. (Faist, 2016) for a proof of this statement]. Hence the problem
must be somehow related to the TI property. Surprisingly, we will see that by
assuming a less demanding notion of translational invariance we can recover both a
proper behavior in the macroscopic limit (second law) and the desired behavior in
the microscopic limit (deterministic work).
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4.2.3 Thermal operations with a harmonic oscillator battery

Motivated by these realizations we now consider a battery model which has an
energy spectrum bounded from below. Arguably the simplest model which satisfies
this property is a harmonic oscillator:

N
Hy = Z ex lexXexlw (4.15)
=0

with € := k6 and N is the number of energy levels of the oscillator. For diagonal
states any thermal operation 75w acting on a harmonic oscillator battery can be
fully characterized by a set of transition probabilities {r(s’k’|sk)} which describe the
probability that the state |s)s ® |ex)y gets mapped to another state |s”) ® |ex ).
They can be extracted from 7sy via:

r(s'K 1K) = tr (155" ® lewXew| Tow[ Is)s| @ lexXenl ] ). (416)

For 7sw to be a valid thermal operation the associated transition probabilities must
necessarily satisfy:

Vs, k Z r(s'K'|sk) = 1, (4.17)
s’k

Vs’ k' Z r(s'k’|sk)ePEs—Ester—er) = 1 (4.18)
s,k

The first line of these conditions means that 75y is a trace-preserving map whereas
the second line assures that the channel preserves the Gibbs state. Note that for a
battery with spectrum bounded from below the commutation relation (4.8) cannot be
satisfied for all y (unless the map is the identity map), and therefore a more general
notion of translational invariance is needed. In many physically relevant situations
it is impossible to have precise control over the global unitary acting on SBW and
hence it may be very difficult to impose the TI condition in practice. Here, instead of
constraining the global unitary, we will put constraints on the effective map on the
system and the battery arising from this unitary. This is a much looser constraint
than (4.8) and is potentially easier to implement in practice.

Effective translational invariance

Let us consider a discrete energy translation operator acting on the harmonic oscil-
lator battery:

A= ) k= n)kly (4.19)

k>n

We are going to assume that the thermal operation 75y is invariant with respect
to translations of the battery only above a certain threshold energy €min := 0 kmin for
some 0 < knmin < N. We will refer to this notion as effective translational invariance
(ETI). Formally this means that the channel commutation relation:

Tsw,ids ® Al 185 [psw] =0, (420)
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holds for all states of the battery whose minimum occupied energy is above the
threshold energy €min, i.e. YV psw s.t. tr[(ls ® He)psw] = 0 for € < €min. Notice that
this condition is less stringent than the commutation relation (4.8), i.e. TIimplies ETI
but the converse is not true in general. In terms of transition probabilities {r(s"k’|sk)}
this condition can be restated as (see Sec. 4.5 for details):

r(s’k’|sk) = r(s’, k" + n|s, k + n), (4.21)

for all integer n such that 0 < k" + n < N and kmin < k + 71 < N. In what follows we
will refer to the set of energy levels below and above €min as the vacuum and invariant
regime respectively. Intuitively, the ETI assumption means that whenever a given
process has a non-zero probability of taking the battery from |ex)y to |€x )y, then
all transitions related to the associated work cost w = €} — €y are equally probable.
For a graphical explanation see Fig. 4.1.

a) b)

Ficure4.1: A battery with unbounded spectrum (a), attached to the system and environment,
works as a tool to define work by changes of its average energy (w) during operations de-
scribed by unitaries applied to the system, battery and environment. A common assumption
that the unitaries commute with the shift operator on the unbounded battery (a) leads to the
conclusion that probabilities of transitions on the battery are the same for the same energy
gain on the battery, disregarding what is its initial state. For a physical model of a battery
bounded from below, unitaries cannot commute with the shift operator, as the presence of
the vacuum affects the final distribution of battery populations (b). We model this by al-
lowing transitions emerging from levels below emin to break translational invariance. This
introduces corrections to the standard second law inequality for (w), which shows that the
average change of energy of the battery ceases to serve as a good measure of work.
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4.3 Results

4.3.1 Jarzynski equality for physical batteries

Let us now move to the more general case of thermodynamic protocols that allow
for the Hamiltonian of the system to be changed. In this case the standard Jarzynski
equality can be written as (Jarzynski, 1997b; Jarzynski, 1997a):

(ebvy = 23, (4.22)
Zs

where Z s and Zs are partition function associated with the final and initial Hamilto-
nian on the system S. Recently, Alhambra et. al in (Alhambra et al., 2016) using the
framework of thermal operations with the ideal weight derived a quantum analog
of (4.22) relating fluctuations of work in an arbitrary thermodynamic process. In
particular they showed that for states block-diagonal in the energy eigenbasis the
following identity holds:

(P = 7, (4.23)

where the fine-grained free energy f; := E; + % log ps(i) and w are random variables,
E; is the energy of i-th level of the system S and averaging is over p(s, w), that is,
the probability that system S starts in level |s)g and performs work w. The above
equality can be thought of as an extension of (4.22) to the case when the initial state
of the system is out of equilibrium. Moreover, it can be easily verified that when the
initial state is thermal (i.e., ps o e PHs) then (4.23) reduces to the standard Jarzynski
equality (4.22).

The proof of (4.23) presented in (ibid.) relies crucially on the TI assumption
imposed on thermal operations. In the following theorem we show that when trans-
lational symmetry is broken the equality (4.23) turns into a family of Jarzynski-like
inequalities. The crucial difference here is that in the regime of broken translational
symmetry (vacuum regime) there are no constraints of this form. At first glance this
may lead to the conclusion that Jarzynski equality in the form (4.23) can be violated
arbitrarily well. However, in the following theorem we show that by looking at an
analog of (4.23) conditioned on the battery level k, we can deduce nontrivial bounds
which hold in the translationally invariant regime of our model. Moreover, in the
next section we will show that these relations imply that the work fluctuations are
constrained in such a way that the second law of thermodynamics still holds.

Before we present the main result of this section let us first rewrite (4.23) in a form
which explicitly demonstrates its dependence on the initial battery state:

N
pw = > pw(k) lexXexlw (4.24)
k=0
Rewriting (4.23) we get:
@y = 3 pwlk)eP Ry, (4.25)

k,k’
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where we denoted wyy = e — €, and labelled:

(eﬁ(wkk'—fs)>k = Z PS(S) 7(S,k/|5k)€ﬁ(wkk’_f5).

s,s’,k’
With this in mind we can present our first main result of this section.

Jarzynski-like inequalities

Result 4.1. Let 75 be a thermal operation acting on a harmonic oscillator
battery and satisfying (4.20). Then for all k > k,,

(ePeon=Ry < Zs (1+¢7%), (426)

where 0 := €k — €min + 0 is the energy difference between the state |ex)yy and
the top of the vacuum regime |€min — 0) -

Importantly, this result does not constrain fluctuations of work when the battery
starts in the energy subspace without translational symmetry (k < kpin). In other
words, if the symmetry (4.20) is violated for some energy subspace and the battery
starts in that subspace, the r.h.s. of (4.23) can be made arbitrarily large (and in
fact depends on the dimension of the battery as can be seen from the proof of the
theorem). This phenomenon did not occur for the ideal weight because in that case
(4.20) was satisfied for all energy levels (meaning that the battery had effectively no
vacuum regime). When the initial state of the system is the equilibrium state then
(4.26) leads to the following family of inequalities:

V4
V2 ki (P < 25 (1 + e—ﬁék) , (4.27)
S

Finally, the following example explicitly demonstrates that work can fluctuate arbi-
trarily for a valid thermal operation when the battery starts in the vacuum regime.

Deviation from the Jarzynski expression

Consider a qubit system S and a thermal operation 7sw with a constant trivial
Hamiltonian Hs = Hs = 0 and described by its action on the basis states:

s)sls ® [exXexlw — 10)0]s ® |ex-1Xex-1lw , (4.28)

IsXsls ® leoXeolw = 11115 ® yw, (4.29)

where yw = Zg=02_k/‘l |ex Xew|w and k > 0. Below, we will take the limit

N — oo, which assures proper normalisation, and with the energy gap 6 =

B~!1og 2 implies that the map is a valid thermal operation. The process can be
fully characterized using transition probabilities:

k>0: r0, k-1|s, k) =1, (4.30)

k=0: r(1, k'|s, 0) = 27K -1, (4.31)

where all other transition probabilities are equal to zero. Notice that the
process satisfies (4.21) for all k > 0, i.e. the vacuum regime is spanned just by
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one energy level |e€p){€g|y. Let us now compute the averaged term from the
Jarzynski equality (4.25). We have:

Py, =) 25 it >0, (4.32)
Zo(N+1) ifk =0.

This means that the average (4.25) goes to infinity (in the limit N — oo)
whenever the initial occupation of the battery ground state is non-zero.

We described a thermal operation for which Jarzynski equality does not provide a
meaningful bound on work fluctuations when the battery initially occupies an energy
eigenstate for which ETI does not hold. According to Result 4.1, when the battery
is initiated in such an eigenstate, these fluctuations may be higher than in the case
of the ideal weight (for which the standard Jarzynski equality holds “everywhere”).
Surprisingly, in such cases it is still possible to derive a form of the second law of
thermodynamics with corrections depending on these occupations and the distance
of the battery state to the vacuum regime. These correction terms quantify which part
of the average energy change on the battery must be associated with heat rather than
work. In the next section we present a general theorem which allows to quantitatively
determine which part of the average energy change on the battery can be considered
as heat and which as useful work.

4.3.2 Second law of thermodynamics for physical batteries

Thermodynamic work can be largely influenced by energy fluctuations in the system.
Although both of them contribute to the change in the system’s average energy, the
work should be stored in an ordered form so that it can be later used for another
transformation. At the same time heat is irreversibly dissipated and lost. In this
section we describe the second main contribution of this chapter which is a modified
version of the second law of thermodynamics valid for batteries bounded from below.
This allows to estimate how much of the average energy change on the battery can
be associated with thermodynamic work when its spectrum is bounded from below.

Second law for batteries with vacuum

Result 4.2. Let 75w be a thermal operation satisfying (4.20). Then for all
battery states of the form:

N
pw = > pw(k) lexXexly (4.33)
k=0

the average work (w) satisfies

(w) < —AFS ar Aﬁ(pw, PS) ar Bﬁ(pw), (434)
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where the correction terms are defined as

Ik
A , = k)| EL™>*—F —nNs—| , 4.35
s(pw, ps) k;klmmpw() : (ps)—ns 8ﬁ] (4.35)
1 N
Bﬁ(pw)::glog 1+pr(k)e_ﬁ6k] , (4.36)
kamin

where AFs = F(p,) — F(ps) is the change in the non—equilibrium free energy
of the system and the following notation is used:

Nk = Zw ePex, ns :=Zs ePES™ Eg™ := max Es, Ok := €k — €min + 0. (4.37)
S

. J

Let us analyze the terms appearing in (4.34). The upper bound for average work
has two correction terms which both depend on the initial state of the battery. First of
them is proportional to the occupation below the threshold energy emin and describes
the contribution to the battery’s average energy related to changing its entropy (using
the battery in its vacuum regime spoils the battery). The second term decreases
exponentially fast with the distance to the threshold emin and effectively vanishes
when battery starts far away from it. In particular, if the battery operates sufficiently
far from the threshold energy, that is if Y}, ;- pw(k) = 0 for some k* > kpyin, then
both correction terms vanish and (4.34) reduces to the ordinary form of the second
law.

We stress here that the possible violation of the second law inequality, which can
occur when the battery is initialized in the proximity of the vacuum regime, is an
indication that in such case the average change of the energy of the battery can no
longer be considered as a valid description of thermodynamic work. Essentially, this
can be interpreted as showing that in principle, there are no ideal work reservoirs.
In this way we can interpret Result 4.2 as a quantitative tool for determining the
part of the average energy change on the battery that cannot be associated with
thermodynamic work for arbitrary thermodynamic processes. In other words, Result
4.2 allows to determine how far the battery must be initialized in order to interpret
the energy change on the battery as a genuine thermodynamic work.

Proof of Result 4.2 (sketch). The standard approach in deriving the second law of ther-
modynamics (4.1) is to start with the fluctuation theorem (4.23) and upper bound
the average work using convexity of the exponential function. However, as we saw
in a previous example, if the battery has an energy subspace for which the map is
not translationally invariant, the r.h.s of (4.23) can be made arbitrarily large for some
battery states. Hence we need to modify the method to obtain informative bounds.
We start by decomposing the average work (w) into two terms, each related to a
different regime of the initial state of the battery:

<w> = Z P(w) w = <w>vac + <w>inV/ (438)

w
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where we labelled:

(@hae = ) > pw(k) p(wlk)w (439)
w k<kmin

(@hny 1= Y D, Pk pwlk) w, (4.40)
w kzkmin

Our strategy is to independently bound both terms appearing in (4.38). Regarding
the first term note that all we know is that the transition probabilities {r(s’k’|sk)}
come from a stochastic map (4.17) which preserves the associated Gibbs state (4.18).
In particular, this means that they are all upper bounded by respective Gibbs fac-
tors. This means that for all input and output pairs (s, k) and (s’, k) we can write

r(s’k’|sk) < e‘ﬁ(gs"Eerwkk’), which after some manipulation leads to:

il

(@hae < =15 ) pw(k) 5

k<kmin

(4.41)

Consider now the second term from (4.38). Notice that now the sum runs over
k > kmin and so the assumptions of Result 4.1 are satisfied. Hence, using Result 4.1
and the convexity of the exponential function it can be shown that:

kmin -1

(w)m < —AFs+ Bﬁ(pw) + ( Z pw(k)) . (Ersnax - F(pg)). (4.42)
k=0

The result follows by combining bounds (4.41) and (4.42). O

a) Cle,pw)/B Ficure 4.2: (a) Term C(e., pw) com-

10 puted from the bound on average
work from Corollary 6.1. The initial
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qubit with Hg = H s = 0. Notice that
1071 in this case the initial state of the bat-

20 40 60 <0 100 tery is fixed. Therefore, by increasing
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b) Cle.,pw)/B is no longer small (Be. ~ 40) and the
correction term blows-up. (b) Term
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with a fixed €. = 10 X €min, plotted
107 as a function of the average energy
B€ of the Gaussian profile. The kink
1071 around B€ = 60 appears as a conse-
quence of fixing the threshold value
€.in Eq. (4.45). In the same time, the
_ first term from Eq. (4.45) vanishes
0 = . = e exponentially fast with €.

10—15

In order to illustrate Result 4.2 more clearly consider an infinite-dimensional
battery (N — oo) with initial energy population p(e < €.) below some energetic
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cut-off €, > €min, that is:

ple<e)= > (exlpwledw - (4.43)

k:ex<es

The parameter €. will serve us to describe the initial state of the battery. In the
following corollary we present a simplified (though slightly looser) bound derived
from Result 4.2. As we shall see, in this bound the dependence of the correction
term on the initial state of the battery is much simpler and in fact can be described
by using just the function p(e < €”).

Corollary 4.1. For any thermal operation 75w acting on a harmonic oscillator battery
W with threshold energy €, and initial state pw, satisfying (4.43), we have:

(w) < —AFs + %C(e*, ow), (4.44)

with
C(e., ps) =p(€e <€) [cs h(B, 6, €min) +1log cs] + cge Ple—€mmn)
where we defined:

1(B, 6, €min) := e PO[1 + poelern(1 - e7F2) 2], (4.45)
cs = dgePEs . (4.46)

Notice that for battery states concentrated far from the vacuum regime the term
C(e., pw) vanishes exponentially fast in the low energy regime (see Fig. 4.2). Proof
of the corollary can be found in Sec. 4.5.

4.3.3 Recovering deterministic work

All operations allowed in the framework involving the ideal weight can by carried
out using the harmonic oscillator battery with a bounded spectrum from below, as
long as we use the battery sufficiently high above the ground state [see e.g. (Aberg,
2014; Aberg, 2018)]. However, the converse statement is not true. In this section
we show that there are thermal operations which can only be accomplished using
batteries bounded from below. That means that the sets of operations generated by
these two models are not equivalent.

In this section we describe a method of extending arbitrary thermal operations
defined on a wit to thermal operations acting on a harmonic oscillator battery. First of
all, this construction shows that it is possible to recover the notion of deterministic (i.e.
fluctuation-free) work for batteries with a ground state whenever they operate above
the regime of broken translational symmetry. More intuitively this means that by
properly breaking translational symmetry one can minimize to zero the fluctuations
of work, while still satisfying the second law of thermodynamics.

Secondly, any thermal operation acting on a wit can be extended using the con-
struction provided below. In Sec. 4.5 we show that any thermal operation arising
from this construction satisfies the second law in the sense of Result 4.1. In this way,
the maps which leave the wit in a mixed state can still be “salvaged” and lead to the
average work which approximately obeys the second law of thermodynamics and
for which the size of violations can be easily controlled.
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Constructing thermal operations using harmonic oscillator batteries

Let I'yi; be an arbitrary thermal operation acting on S and a two-level battery (wit)
performing the transformation:

ps ® [0X0lw — Roo(ps) ® [0X0lw + Ro1(ps) © [1X(1lyy , (4.47)
ps ® [1X1lw = Rio(ps) ® [0X0lw + Ri1(ps) @ [1X(1]y (4.48)

Note that full information about I',;; is contained in the set of subchannels {Ry }
which we will refer to as battery subchannels. Let {Rxr} = {Roo, Ro1, Rio, Ri1} be
(arbitrary) battery subchannels associated with the transformation on the wit. The
transition probabilities {r(s’k’[sk)} can be extracted from {R } by taking

r(s'k’|sk) = tr [|s")s’| R [1s)s11] (4.49)

We will use the map I'y;; as a primitive in constructing a family of thermal operations
acting on a harmonic oscillator battery. We define a transformation I'ys. acting on S
and a harmonic oscillator battery W in the following way:

Construction 4.1. The action of I';s. is given by:

ps @ leoXeolw = > RooRb, (ps) @ lei)eilyy , (4.50)
i=0

ps ® lex)Xerlw — Rio(ps) ® lex—1Xex-1lw + Z RooRy R11(ps) ® l€kriX€rsilw »
i=0
4.51)

forall k > 0.

In Sec. 4.5 we show that any map arising from this construction is a valid thermal
operation. This becomes clear once we realise that the building block of the map is
the wit map I'y that is applied in a consequtive way (see Fig. 4.3). Moreover, the map
additionally satisfies the ETI property (4.20) with €nin = €1. This implies that the
assumptions of Result 4.2 are met and I'y,. satisfies the second law in the form (4.34).
In fact, with a small modification we can easily define the maps I'ys. for a harmonic
oscillator battery with finite number of energy levels. To simplify presentation we
postpone the details of this construction to Sec. 4.5.

Finally, we apply the above construction to a primitive map which uses work
stored in the battery to form an arbitrary (energy-incoherent) quantum state out of
a thermal state. As a result we obtain a method of recovering deterministic work for
transformations acting on a harmonic oscillator battery with a spectrum bounded
from below. In this sense we can think about the harmonic oscillator battery as
owning both benefits of the previous two battery models: it allows for studying
deterministic work which is an important concept in the resource-theoretic approach
(property of the wit) while satisfying the second law of thermodynamics (property
of the ideal weight).

Deterministic work for harmonic oscillator batteries

Result 4.3. Let I'yi be a thermal operation acting on system S and a two-level
battery with Hamiltonian Hy = 6 [1)(1|;y with 6 > 0 and performing the
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Y,

Ficure 4.3: Graphical explanation of the construction extending thermal operation I'y;;
defined on a qubit battery Wy into a map I'y acting on an (N + 1)-level harmonic
oscillator. When the battery has an infinite spectrum the construction yields a map
Tosc[-] :== imy—eo I'v[-]. In Sec. 4.5 we show that for every N € N channel I'y is a ther-
mal operation and in the limit N — oo becomes effectively translationally invariant with
threshold energy emin = 6. Blue color corresponds to an exemplary battery subchannel for a
3—level battery, that is R(()zl) [-] = RooRo1 [-]. Other battery sub-channels can be determined in
an analogous way.

transformation:

Twit [ps ® 11Xl w]| = 05 ® [0X0lyy , (4.52)

for some energy-incoherent states ps and os. Then there is a thermal operation
I'psc acting on S and an infinite harmonic oscillator battery such that

Tosc [ps ® lexXexlw]| = 05 ® |ex — 6)ex — bl , (4.53)
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for all k > 0. The average work associated with this transformation is given

by:
(w) = wr(p), (4.54)

where wr(p) is the work of formation defined in Eq. (2.97).

Proof. Notice that (4.52) corresponds to a set of battery subchannels with Rq1[ps] =0

and Rio[ps] = 0s. Hence using Construction 4.1 leads to a map I'ysc which performs
(4.53) for all k > 0. o

If the map (4.52) is not exact but holds up to some € error on the wit then
deterministic work will have an additional contribution surpassing the free energy
change, as specified by the correction terms in Result 4.2. However, this contribution
can be suppressed by increasing the distance of the initial state of the battery to the
vacuum regime. Thus we can start in an arbitrary (e.g. mixed) state of the battery
and due to Result 4.2 the approximate version of the second law of thermodynamics
will still be satisfied. In this way the notion of deterministic work can be recovered
when the energy spectrum of the battery is bounded from below.

Before we finish this section let us briefly note that the construction we present
here allows one to recover proper thermodynamic work (i.e. satisfying the second
law of thermodynamics) for all primitive maps on the wit. In particular, this means
that also the thermalizing map, when extended to a harmonic oscillator battery,
no longer leads to violations of the second law, as long as the battery is initialized
sufficiently high above the vacuum state.

4.3.4 Landauer erasure and measures of work fluctuations

In this section we examine the main differences between the ideal weight and the
harmonic oscillator battery in the low-energy regime, that is when population of
the vacuum state cannot be ignored. Naturally we expect that this would lead to
certain limitations which do not occur for ideal weight battery. A question arises:
what are the consequences of these limitations, and most importantly, what are their
implications for general thermodynamic protocols? Here we provide a partial answer
to this problem. Our main goal is to explore how the presence of the ground state is
reflected in the fluctuations of thermodynamic work.

In what follows we focus our attention on the paradigmatic process of Landauer
erasure and implement it using two different battery models: the ideal weight and
the harmonic oscillator. We will compare the minimal size of fluctuations that are
necessary for these two battery models to perform Landauer erasure with certain
fidelity.

Before going into the details, a remark has to be made about possible measures of
fluctuations. The very notion of a process being deterministic is always related to the
fact that, for this process, a selected measure of fluctuations of work distribution takes
zero value. For the sake of comparison with earlier results for translationally invariant
batteries (Richens and Masanes, 2016), we start with a measure of fluctuations which
is based on the distance to the average work:

Z1[w] = max |w - (w)| (4.55)
w:p(w)#0
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Thanks to Example 2 we see that, when using an ideal weight battery, it is not pos-
sible to obtain a non-trivial transformation via a deterministic process with respect
to this measure. However, in Section 4.3.4 we show that this can be achieved when
the same transformation is performed using a harmonic oscillator battery with un-
occupied vacuum state. Later in Section 4.3.4 we compare the differences between
the two battery models when fluctuations are quantified by the variance of the work
distribution:

Zalp(w)] = / dw p(w)(w — (@)Y (4.56)

Finally in Section 4.3.4 we investigate a general quantifier of fluctuations:

Zlp(w)] = [ dwp()few - @) 57
where f(x) is an arbitrary real function satisfying f(0) = 0.

Landauer erasure: fluctuations measured via Z;[p(w)].

Consider a qubit S with a constant Hamiltonian Hg = Hs =0 prepared in the Gibbs
state 75 = 115. Suppose that we also have an imperfect machine which is able to
erase qubits with some small failure probability ¢ and which can tolerate fluctuations
of work up to a certain value c'. We therefore demand that a bound on the distance
to the average energy is satisfied for all registered values of w:

|lw —(w)| < c. (4.58)

Our goal is to check if putting constraints on the allowed fluctuations of work of the
form (4.58) can limit the ultimate precision of erasure that can be achieved in the
process. Let us assume that our machine maps the qubit with probability 1 — ¢ to
the state |0) g and with probability ¢ fails and outputs the orthogonal state |1)g. The
action of the machine on S can be described by the effective transformation:

[s[ts] = ps(e), (4.59)

where ps(e) = (1 — €)|0)0|g + € [1)X1|g and I's = trw Tsw is a thermal operation
reduced to system S. We will implement this effective transformation using two
different battery models: the ideal weight and the harmonic oscillator. For the ideal
weight we will look for an optimal transformation whereas for the harmonic oscillator
we will apply Construction 4.1 to extend the Landauer erasure map on the wit to
the harmonic oscillator battery. Our goal here is to find the minimal ¢ which can be
achieved when work fluctuations are bounded by c according to (4.58).

Ideal weight. Let Tsw = ['yeign: be the thermal operation that performs (4.59) using
the ideal weight battery. Since any such operation commutes with the shift operator
on the weight (4.8) the transformation will be independent of the initial state of the
battery. Hence, without loss of generality, we can choose the initial battery state to be
pw = |0)0]y. The necessary and sufficient conditions for the existence of a thermal
operation realizing (4.59) in this case are given by (4.9). In our particular example

Note that we use ¢ to denote the transformation error, whereas the energies of the battery system
are labelled by €.
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(fully-degenerate Hamiltonian) they reduce to:

Vs’ Z p(s’, w|s)ef? =1, (4.60)

s,w

Given a process I'yeignt described by p(s’, w|s) and satisfying (4.60), the work gen-
erated in a particular state transition |s)g — |s’) 5 has probability distribution given

by:
(4.61)

where p(s’|s) = X, p(s’, w|s) is the probability of a given transition on the system.
In general work as described by (4.61) fluctuates around the mean value (w). The
authors of (Richens and Masanes, 2016) (Result 2, Supplementary notes) showed that
the process which minimizes work fluctuations (4.58) without increasing its average
value (w) satisfies:

p(wls,s’) = 0(w — wss). (4.62)

In other words, the optimal process which minimizes work fluctuations has a fixed
value of work ws, for any given state transition [s)g — [s")s.

Sometimes in the literature such processes are called “deterministic” to reflect the
fact that for each transition there is a well-defined work cost. In this work we will use
the term ”“deterministic” only with respect to the distribution p(w) and only when a
specific measure of fluctuations becomes zero. For the measures of fluctuation we
will consider here this means that p(w) becomes a point distribution. For simplicity
of presentation we will assume that wog = w19 = wo and wp; = w11 = wy, i.e. the
random variable w takes the value wy when we erase the state and w; when we fail
and output an orthogonal state. Applying transformation I'y.;gn to the initial state
of the qubit and the ideal weight battery leads to the joint state:

Tucignt |75 @ 000w | = D7 p" wl9) XS ls @ [w)wly  (463)
= D Tp(s"15) [s'Xs | ® [y Xaws L (4.64)

s,s’

where the probabilities p(s’|s) are chosen such that the transformation reduced to S
correctly reproduces (4.59). The action of I'yej¢nt is summarized in Tab. 4.1.

) — Is") p(s'ls) work
10) — 10) 1-¢ wp
1) — [0) 1-¢ wg
10) — |1) e w;
1) — 1) e w;

TaBLe 4.1: The action of map I'yeignt On system S with the associated work costs.
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Notice that the conditions (4.60) imply that the shifts {w } must necessarily satisfy:

(s’ =0) efwo = 5 (11_ L (4.65)
(s"=1) efwr = % (4.66)

Using these we find that the random variable w can take on one of the following
values:

—kTlog2 —kTlog(l—-¢) s’ =0,
Wy = (4.67)
—kTlog2 —kTloge s’ =1.

The average work during this process can be calculated as:
(@)weight = Y p(w) w (4.68)
w

= D P p(s'ls)wss

s,s’
2(1—€)ZU0+€ZU1
=—-kTlog2 + kTh(e),

where h(x) := —(1 — x)log(1 — x) — x log x is the binary entropy function. In the case
when fluctuations of work are bounded by a constant ¢ as in (4.58) we have:

> _ .
c = wzl’;}z;io |w <w>welght|
= max |ws = (W)weight|
=kT |h(e) + log ¢|
> —kT(log ¢ +log2). (4.69)

This limits the range of ¢ which can be achieved when the fluctuations are constrained
by c,ie.

1
€ > Ee—f/kT. (4.70)

If we now take the error ¢ — 0 the average work (w) will approach a finite value
of (w) = —kTlog2. However, this can be accomplished only when access to high
energies is provided, so that fluctuations of work must be unconstrained, and ¢ — oo.

Harmonic oscillator battery. Let us consider again the process from (4.59), but now
implemented using a harmonic oscillator battery. In order to construct the desired
thermal operation we start with a primary process acting on the wit battery with
energy separation 0, i.e.:

Twir [1s ® [1X1]w] = ps(e) @ [0)0] - (4.71)
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Using standard methods (e.g. thermomajorization curves) we can determine the
minimal value of 6 for which (4.71) is a valid thermal operation, i.e.

0 = —=kpTDmax(p(€)||7) = kT log2 + kT log(1 — ¢). (4.72)

Recall that the action of any thermal operation I'y,;; can be written as:

Twz‘t[Ps ® pw] =(Roo [ps] + Rio [ps] ) ® [0X0lw +

(Rm [ps]| +Ru [ps] ) ® |11 - (4.73)

For diagonal input states we can encode the action of subchannels {Ryx } using a
set of substochastic matrices {Ryy } acting on the diagonals of respective states. Let
us denote the vector of initial probabilities of system S with x = diag(ps). A simple
analysis shows that the action of I',,;; on diagonal states can be expressed using the
set of matrices:

R 0 0 R 1—-¢ 1-c¢ 174
00 — 1-2¢ 1-2¢ 7 10 — ¢ ¢ Vi ( . )
[ 2(1-¢)  2(1-¢) ] |
1
CTEESY 0 00
Rop=|*""0 |, Rus= . (4.75)
0 -0 | _0 0

In the above we chose Rop and R such that I'y;; preserves the Gibbs-state and hence
is a valid thermal operation. Using Construction 4.1 we can now extend I'y;; to a
thermal operation I'ys. acting on a harmonic oscillator battery. The matrices {ﬁkkr}
describing this new process are given by:

Fork =0:
Riw = Roo R (4.76)
0 0
- 1-2¢ 1-2¢
2(1-e)F+1 [2(1-¢)"+1
Fork > 0:
~ Ry, ifk=k-1,
Ry = 4100 1 4.77)
0, otherwise.

We will now consider two different cases: an ideal one in which the vacuum state of
the battery is not occupied and the more physical one in which we assume a small
(but nonzero) population in the vacuum state.

Harmonic oscillator battery: ground state not occupied. The transformation con-
structed using matrices {Rir } in Construction 4.1 has the same action for all battery
states above the ground state, that is:

Losc [Ts ® |exXexlw] = ps(e) ® [ex — OXex — Olw , (4.78)

This holds for all initial states of the battery above the ground state, i.e. for all
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€k > €min = 0. This means that any initial state py of the battery (with {eo|pw|eo) = 0)
will lead to the same transformation. Furthermore, it can be shown (see Sec. 4.5 for
the details) that for any primitive map I'y;; and any initial state of the battery above
the ground state the average work associated with the extended map I'ys; can always
be expressed as:

(W)ose =6+ [1T(1 = Ropn) 'Rurx—1] = -5,

where1” = (1,1, ..., 1) is the (horizontal) identity vector and 1 is the identity matrix.
From (4.78) it is clear that whenever the battery starts above its ground state the shifts
{ws } are the same whenever erasure succeeds or fails, i.e. for all s”:

wg = =6 = —kTlog2 — kT log(1l — €). (4.79)
This also implies that the random variable w does not fluctuate. Indeed we have:

¢ 2 max |w - <w>osc|

w:p(w)>0
=6 — (W)osc|
= 0. (4.80)

In particular this means that ¢ does not depend on ¢ and hence there is no funda-
mental limit on € allowed by the transformation, i.e.:

¢ > 0. (4.81)

In this way a harmonic oscillator battery faithfully reproduces the amount of de-
terministic work needed to perform erasure for an arbitrary low error rate ¢, a feat
which the ideal weight could not perform as described in the example from previous
section.

Harmonic oscillator battery: ground state occupied. While the above is a valid
mathematical construction, in a physical situation the vacuum state will be inevitably
occupied, and therefore one should expect the harmonic oscillator battery to show
fluctuations of work. To quantify them, we assume that the vaccum state is occupied
with probability y. In this case the situation is different to the ideal (y = 0) case.
This is because applying the thermal map I'psc when the battery is in its ground
state thermalizes the battery, i.e. returns a state with all levels of the harmonic
oscillator battery occupied. However, although the map brings the battery to a full-
rank state, the probability of occupying higher energy levels decays exponentially
with the energy. Hence the entropy change in the battery is always finite and, in
particular, does not diverge in the limit of infinite dimension of the battery (though
with probability decaying exponentially fast with the energy). Furthermore, the
occupation of the vacuum induces a proportional error on the system. In order to
find the action on the system and the total distribution of work p(w) let us note that
our construction assures translational invariance for all energy levels above energy
€min = €0. This means that without loss of generality we can prepare the battery in
the initial state:

pw = (1 —vy)lerXe1lw + ¥ leo)eolw , (4.82)
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where y € [0,1]. Applying our Landauer erasure map leads to the following state
on the system and the battery:

1ﬂosc[TS ® pW] = (1 - y)rOSC[TS ® |€1><€1|W] + yrosc[TS ® |€0><€0|W] (4-83)

= (1 -y)ps(e) ® |eo)eolw + Z RE RoolTs] ® [eiXeily - (4.84)
i<0

The map I'ysc implements Landauer erasure on the system with the total error
ot =e(l=y)+y, (4.85)

where ¢ is the parameter inherited from I'y;¢, based on which I'ys. is constructed.
Therefore, even for ¢ = 0 perfect erasure is not possible and ultimately depends also
on the occupation of the vacuum state.

In this case the protocol can only be implemented if we allow ¢ — oo, i.e. work
w can take all possible values between 0 and co (although this happens with expo-
nentially small probabilities). In this way, even though in the ideal case we could
in principle always choose ¢ = 0 for any value of ¢ > 0, when the vacuum state is
populated we must allow for unbounded fluctuations of work in order to carry out
the erasure perfectly.

To summarize, we see that using a battery with broken translational symmetry
can lead to an arbitrarily good precision of Landauer erasure just as in the case
of the ideal weight battery, but with work fluctuations reduced to zero. However,
once we consider a more physical situation in which the battery’s ground state
is occupied, both models behave essentially in the same way. It is an interesting
open question whether the different behavior certified for y = 0 can lead to some
physical advantages over the ideal weight (e.g. resulting from lifting the translational
invariance constraint), or it is just a mathematical idealization, similar as in the case
of wit. This reasoning comes from the fact that the set of operations generated when
using a bounded battery is strictly larger that that of the ideal weight; Whether these
additional manipulation abilities can ever lead to any useful advantages, we as an
open problem for future.

Landauer erasure: fluctuations measured via Z[p(w)].

We saw above that for a non-zero occupation of the vacuum state, I'ys; returns a state
with all levels of the harmonic oscillator battery occupied (though with probability
decaying exponentially with the energy), while the average energy remains finite.
Therefore, the previously used measure of fluctuations, Fi[w], takes infinite values.
In order to give a quantitative description of the functioning of physical batteries,
we therefore switch to considerations of statistical moments of energy changes, as
they take into account not only values of registered work, but also probabilities of
obtaining it.

Immediately we can draw some conclusions about the functioning of physical
batteries (i.e. with ground states), even without invoking their translational invari-
ance properties in some regime above the cut-off energy. Whenever the vacuum state
(or the lowest energy eigenstate on which the process acts non-trivially) is occupied,
stochasticity of the map implies that the work distribution has positive contributions
resulting from the vacuum being populated (as population on this level cannot be
mapped to lower levels). On the other hand, Landauer erasure is a type of transfor-
mation which requires work (hence in our notation it is associated with a negative
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average work). Therefore higher energy levels of the battery have to be initially
occupied, in order to assure the dominant negative contribution to the average. As
a consequence, the variance can only be reduced to zero when the vacuum is not
populated. Moreover, as we show below in Result 4.4, for a fixed occupation of
the vacuum, the variance of Landauer erasure cannot even be brought down arbi-
trarily close to zero. This can be treated as another argument suggesting that the
ideal weight may not be able to encapsulate important physical effects in the regimes
where the occupation of the vacuum cannot be ignored. In other words, it allows
for processes which cannot be realised in practise, i.e. when one only has access to
physical batteries.

Before delving into quantitative analysis let us start with a simple fact. The
below theorem provides a bound on the fluctuations of work which is valid for any
battery with the ground state and any stochastic transformation on the system and
the battery (i.e. it is not necessarily translationally-invariant or Gibbs-preserving).

No-go for work fluctuations close to the ground state

Result 4.4. Let py be the state of the battery with the ground state occupation
v, ie.

Y = {€olpwle€o)- (4.86)

The variance of the work distribution p(w) arising from any thermodynamic
protocol with (w) < 0 is bounded by:

Var[w] > y(w)?. (4.87)

Proof. The variance Var[w] of a random variable w distributed according to p(w) is
given by:

Varlw] = ) p(w)(@ - (w)), (4:88)

Let s be the probability of performing work w = 0 when the battery is in the ground
state. Using the assumption (w) < 0 we can write:

Var[w] 2 p(w = 0)(0 - (w))* + )" p(w)(w — (w))?

w>0
> p(w = 0)(w)? + (w)* > p(w)
w>0
> ys(w)z +y(1- s w)? (4.89)
= y(w)*. (4.90)
This proves the claim. m|

Harmonic oscillator battery. In this section the average energetic cost of performing
the transformation is measured in terms of the average work (w),s.(€, ), while the
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variance of the work distribution:

ZZ[p(w)] = Varosc(el V)
= /dw p(w)(w - (w))? (4.91)

will be used as a measure of fluctuations. For the map from Construction 4.1 based
on (4.74) and (4.75), we can calculate the corresponding measures:

2y(1 - s))

492
1-2¢ ( )

<w>osc(€/ )/)/kBT =-0 (1 -

and

Varpsc(e,y) 52 20 - e)(2y(1—-¢) -2 +3)
kT2 (1-20) |

(4.93)

where 6 :=log2(1 - ¢) is defined as before. It can be easily shown that, for a given
value of eyt = (1 —y)+y both (w)esc(e, ) and Var,s. (e, y) are maximized for ¢ = 0,
Y = €10t (see also Fig. 4.4). As (w)sc(€,y) is always non-positive, its maximization
corresponds to minimization of work spent on the erasure. However, the less work
we spend on the erasure, the higher are its fluctuations, as measured by F[p(w)].

Ideal weight battery. These fluctuations on the harmonic oscillator battery should
be compared with fluctuations of work registered on the ideal weight battery for
an analogous process, i.e. a process implementing Landauer erasure with the same
failure probability ¢i. As a promising candidate for minimizing fluctuations in this
regime, we take the process (4.63) with work values specified in Table 4.1 (which
minimizes the measure Fi[w]). Therefore, we denote the corresponding values of
the average work and variance with subscript "1", i.e.:

(Wh(eror)/kpT = —log2 + h(etot), (4.94)
and
Vary(efor) 2 2
W = Etot( —log(eot) — h(ftot)) +(1—€tot)(—10g(1 — €tot) — h(ftot)) , (4.95)
where h(x) = —(1 — x)log(1 — x) — xlog x. In the regime of small errors ¢4, fluc-

tuations on the harmonic oscillator battery are smaller compared to the ones on the
weight (see Fig. 4.4). As indicated above, this range grows with decreasing occu-
pation of the vacuum state, in agreement with the description of the no-fluctuation
case of the idealised harmonic oscillator battery presented in the previous section.
We also observe that working with an oscillator battery leads to higher expenditures
of work, as (w)osc(0, €tot) < (W)1(€tor), with equality for €yt = 0 and €t = 1.

Note however that it is not clear that the process (4.63) minimizes the measure
F>[w] for the ideal weight. In fact, the following probabilities define a process on the
ideal weight which in the limit A — 0 is deterministic with respect to Z,[w]:

p(wls" =0) = 6(w — wo), (4.96)
p(wls"=1) = (1 - A)d(w — wp) + Ad(w — w1), (4.97)



4.3. Results 81

where A € [0, 1]. Since in our case we have p(s’ = 0) =1 - ¢ and p(s’ = 1) = € we can
write the total distribution of work p(w) as:

p(w) =(1-Ae)do(w — wp) + Aed(w — wy). (4.98)

Such a thermal operation exists if the Gibbs-stochasticity conditions are satisfied.
This means that we must have:

1

eP0 = TIpL (4.99)
(1 - A)efv0 4 Aefr = L (4.100)
2¢e

Notice now that for an arbitrarily small ¢ and an arbitrarily small A the work value
w1 can be always chosen large enough so that these two constraints are satisfied. In
particular for any A, ¢ > 0 the choice

1 1 1-A
w1 = Elog [m - 2(1_ S):| (4101)

leads to a legitimate thermal operation. Direct calculations in the limit A — 0 show:

(w)s(e) = wo = —kpT[log2 +log(1 - ¢)], (4.102)
Var(¢e) = 0. (4.103)

In this way by allowing for larger amounts of work which occur with respectively
smaller probabilities, we can recover deterministic work (with respect to Z>[w]). In
fact, in the limit A — 0, process (4.96) leads to the same average and variance of work
as the process from Construction 4.1, with no vacuum state occupied. Note that, due
to the convexity of the exponential function in (4.99) we have (w), < (w)1, so here
also a reduction of fluctuations is obtained at the cost of performing additional work.

Landauer erasure: generalized model of fluctuations Z[w].

Let us now consider a simple generalization of the quantifiers we studied in the
previous sections, i.e. we will look at the following quantity:

Zlw] := /dw p(w) f(w — (w)). (4.104)

In the above f(x) can be any function which satisfies f(0) = 0. Intuitively, the above
describes the (weighted) average work fluctuations that one is willing to tolerate in
their protocol. In this way bounding (4.104) with some constant value ¢ provides a
more general description of our willingness to tolerate fluctuations of work depend-
ing on their size. To gain some more intuition consider the following choice of the
cost function f(x):

f(x)={0 it ll<e (4.105)

oo else.

This corresponds to the situation of c-bounded work which we considered in Section
4.3.4, when setting ¢ = 0 leads to a deterministic work extraction, with respect to the
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Ficure 4.4: Comparison between
different processes performing Lan-
dauer erasure on ideal weight and
physical battery, with error €, on
a system, stated in terms of (a) av-
erage work (w) and (b) variance of
work distribution Var[w]. On a phys-
ical battery, a process based on Con-
struction 4.1 with (4.74) and (4.75),
whose error €40 stems entirely from
— () (e40t) /BT emmms (W)osc(e = 0,7 = eror) [kBT vacuum occupation y, is character-
ized by minimal work cost and max-

T e T e S 2 imal fluctuations (for this particular
b) Var|w] battery model) indicated by the grey
o dashed lines. For the nonphysical
St ae case of the vacuum being not oc-
0.8 ’,—“' cupied, fluctuations can be reduced
06 /x" to zero, at the expense of increas-
‘ Lo ing work cost (red lines). On the
0.4 d other hand, the same statistics can
e be achieved on the ideal weight for
02 /" the process (4.96) in the limit A — 0.
2l €tot For A = 1, solid black lines depict
0.1 0.2 0.3 0.4 0.5 o .
minimal possible work expense and
= Van(ei)/(kT)?  amemns Vatose(e = 0.7 = 200)/(7)* - corresponding variance of work dis-
— Vars(c100) /(b5 T)? = Varow(e = cron,y = 0)/ (ks T)? tribution on the ideal weight.

measure Fi[p(w)]. On the other hand, choosing f(x) = x? leads to the variance of
the work distribution (see Section 4.3.4).

We will now again consider the example of approximate Landauer erasure, but
now expressing constraints in terms of the function F defined in (4.104). Our goal
here is similar as before: we would like to check if putting constraints on the allowed
fluctuations of work can lead to any bounds on the ultimate precision of the Landauer
erasure process. We will again look at the problem first from the perspective of using
the ideal weight as the battery and second using the harmonic oscillator with the
ground state.

The ideal weight battery. Let us consider the approximate Landauer erasure process
performed on the weight described by the process (4.96). As mentioned before, by
allowing larger amounts of work Wy occurring with respectively smaller probabilities
¢, we can recover deterministic work (with respect to Z[p(w)]). This analysis,
however, does not take into account the size of fluctuations. We should expect that
small fluctuations around the average (w) should not be as adversarial as the large
ones, and similarly large fluctuations should be more costly to tolerate. Hence we
instead put a constraint on the average cost of fluctuations:

Zlw] < c. (4.106)

To focus our attention let us choose an exponential cost function f(x) = e/l — 1, i.e.
we are going to treat small fluctuations as almost free and larger ones as significantly
more costly. Any function with exponential or better decay in x would lead to the
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same qualitative conclusions. In this case our constraint (4.106) becomes:
(1= Ae)ePo=(@) 4 ) gePlr—(w) < ¢ (4.107)
Since both A, ¢ > 0 this also implies:
AeePl1 < ceP@) < ¢, (4.108)

since (w) < 0 which follows by applying Jensen’s inequality to (4.99). Let us now
look at the Gibbs-stochasticity conditions (4.99). By solving for wy we can express
the second condition as:

1-2e+¢€A 1-2¢

pwr — > ) 4.1
Aee 20-¢) ~2(1-9) (4109)
Combining (4.108) with (4.109) leads to the following bound on ¢:
1 c
> = — . .
€25 210 (4.110)

Hence we have a non-trivial bound for all ¢ € [0, %) Importantly, this bound holds
for all initial states of the weight battery and states that its impossible to obtain lower
¢ for any possible thermal operation.

Harmonic oscillator battery. Let us now consider the same transformation but
performed using the harmonic oscillator battery. In the ideal case when the vacuum
state is not occupied the whole analysis can be performed just as in the previous
section. However, the situation changes if we start with a non-zero population of
the vacuum state. In that case I',s. returns a state with all levels of the harmonic
oscillator battery occupied (though with probability decaying exponentially fast with
the energy). Furthermore, occupation of the vacuum induces a proportional error
on the system. In order to find the action on the system and the total distribution
of work p(w) let us note that our construction assures translational invariance for all
energy levels above k = 0. This means that without loss of generality we can prepare
the battery in the following initial state:

pw = (1 —y)ler)Xerlw + 7 leoXeolw , (4.111)

where y € [0,1/2]. Applying our Landauer erasure map leads to the following final
state on the system and the battery:

l—‘osc[’fS ® PW] = (1 - V)Fosc[TS ® |€1><€1|W] +y 1—‘osc[TS ® |€O><€O|W]

= (1-7)ps(e)s ® leoXeolw +7 ) R Ruolts] ® [eiXeily - (4.112)
i=0
Notice that we also have:
1-2¢

R RoolTs] = (I = ey 111 (4.113)

To simplify notation let us denote a; := tr Rélﬂoo[u]. The final state on the system
becomes:

P,s = trw 1—‘osc[TS ® PW] = (1 - gtot) |O><O|S+gtot |1><1|S ’
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where &4 = € + (1 — €) is the effective total error on the system. Hence it is now not
only the channel imperfection but also occupation of the vacuum which bounds the
precision of the Landauer erasure. The work distribution can be now computed as:

p(w) = (1-y) 6w +6)+y Z a;5(w —id). (4.114)
i=0

The average work (w),s. then becomes:

(4.115)

(W)osec = =0 (1 - M)

1-2¢

In this case our average cost function (4.106) with exponential cost f(x) = el be-
comes:

285y Y 285y ef
Zlp(w)] = (e —1)—58 ) 1_2—e55 (4.116)

Notice that if we now choose the smallest possible 6 = kgT log[2(1 — ¢)] we obtain
an expression diverging to infinity with ¢ — 0. This also holds if we choose a bigger
work value, i.e. 6 = kT log?2.

We therefore see that, for a broad class of fluctuation measures Z[p(w)] (4.104)
with f(x) increasing at least exponentially, physical batteries with occupied vacuum
lead to infinite deviations from deterministic work. This is in line with our observa-
tion that occupation of the ground state leads to fluctuations of work which can never
be brought down arbitrarily close to zero. In this respect the two battery models (the
ideal weight and the harmonic oscillator battery) lead to different thermodynamic
predictions in the low energy regime, i.e. when the occupation of the ground state
cannot be ignored.

4.4 Discussion and open problems

In classical thermodynamics the existence of a perfect work receiver is a standard and
very often implicitly accepted assumption. This is also the case for many contempo-
rary results in quantum and stochastic thermodynamics (e.g. fluctuation theorems)
where work is described by energy changes on the system. In this work we argued
towards breaking this paradigmatic assumption and studying a truly physical (i.e.
explicit and bounded) work storage device, a harmonic oscillator battery.

We have observed that the effects related to the ground state of the work-storage
device manifest in the Jarzynski fluctuation theorem. We determined the estimates on
fluctuations of energy changes of the battery which replace the standard fluctuation
theorem for the case when the battery is bounded from below.

Furthermore, using these estimates we derived corrections to the second law of
thermodynamics and showed that they vanish exponentially fast with the distance
of the initial state of the battery to the bottom of its spectrum. These corrections
allow to determine when contributions to the average energy of the battery can be
treated as average work, hence providing a quantitative tool to differentiate when
the battery operates accurately and when it acts as an entropy sink. In other words,
the bounds we find lead to a new type of dissipated work that is not associated with
the particular process, but to the non-ideal character of the work reservoir.



4.4. Discussion and open problems 85

Notably, mathematical forms of our bounds on work fluctuactions and average
work remain valid even when coherence is present in the system, though terms which
in the incoherent case refer to free energy loose this association. As a consequence,
the bounds can no longer be used as tools for the assesment of physicality of work.
It would be interesting to see if there is a positive interplay between quantum effects
resulting from the existance of a ground state of the battery and coherence between
its energy states, when it comes to amount of extractable average work.

The bounds presented here are a step forward towards understanding to what
extent the energy changes on physical batteries can be treated as a genuine ther-
modynamic work. We emphasize that the deviations from the second law which
we described concern the average work rather than the work itself, hence they are
of completely different character than deviations reported by standard fluctuation
theorems. In the regime of translational symmetry these corrections are negligible,
hence the shifts on the battery can be treated as thermodynamic work. This naturally
leads to an important open question: what is work if we are not using the battery
in the translationally invariant regime? Another interesting investigation in this di-
rection would be to asses the corrections to the second law in terms of the entropy
decrease of the system and the bath, rather than in terms of the average work, as we
have done in this chapter. Furthermore, one can look for saturable upper bounds on
the Lh.s of (4.26), so that in the limit k — oo the standard Jarzynski identity can be
recovered.

In this work we also laid the first step in answering the fundamental question:
how thermodynamic laws and fluctuation relations modify if we take into account
the limitations imposed by the presence of the lowest energy state of the battery?
This question is relevant both in classical and quantum thermodynamics and is not
exclusively related to the resource-theoretic framework which we use here. In this
sense we believe that the results we present here open the door for deriving more
universal corrections that would apply to arbitrary models of work reservoirs, as
well as other frameworks for thermodynamics.

We also showed that the harmonic oscillator battery model correctly reproduces
the amount of single-shot work of formation, originally introduced using qubit as the
battery system in (Horodecki and Oppenheim, 2013). Not only this allows to study
the two seemingly contradictory notions of single-shot and fluctuating work using a
single battery model, but also, due to Result 2, allows to determine when we can treat
deterministic work as a genuine thermodynamic work satisfying the second law of
thermodynamics. A natural open question is whether this result can be extended to
the case of work of distillation, i.e. when work is distilled from a quantum state and
stored in the battery.

Furthermore, we demonstrated that in the regime where the population of the
battery ground state cannot be neglected, the ideal weight battery does not provide
a proper description of physical processes. In the presented example of Landauer
erasure we showed that there is a fundamental lower bound on the minimal variance
of work distribution that any physical model of a battery has to satisfy. This bound
is violated for the ideal weight and shows that fluctuations of thermodynamic work
in the low-energy regime behave significantly different than in the regime of high
energies.

Finally, we showed that physical batteries will suffer from the existence of the
ground state. This influences our understanding of the notion of work as well as
asks for reformulation of the whole domain of fluctuation relations whenever the
battery is used in the "close to the vacuum" regime. However, one may also ask an
orthogonal question of whether physical batteries can offer any kind of advantage
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over the ideal weight. This must necessary happen in a way that this advantage be
"larger" than the violation of the second law as quantified by our correction terms.
The arising advantage could not be then attributed only to the second law violation
but rather would describe a genuine improvement. For example, we could fix the
allowable amount of work dissipated into the battery due to the presence of the
ground state (i.e. wgiss = AF — (w)) and run a thermodynamic protocol in the
intermediate regime (i.e. many copies but not infinitely large). The work dissipated
in the process then would not scale with the size of the system. This can lead to
improved manipulation, in a similar way that is demonstrated in the case of large
catalysts. Such a behavior is indeed not excluded since in our model, by accepting
a weaker notion of translational invariance, we effectively allow for a larger class of
operations than in the case of the ideal weight model.

4.5 Proofs

In this section we present all the proofs we have postponed throughout this chapter.
In Sec. 4.5.1 we prove Result 4.1, in Sec. 4.5.2 we prove Result 4.2 and in Sec. 4.5.3
we prove Corollary 6.1. Finally, in Sec. 4.5.4 we formally derive the main properties
of the map I'ysc.

4.5.1 Proof of Result 4.1

Let us start by defining a random variable:
fs := Es + kT log ps(s) (4.117)

occuring with probability ps(s) and whose average is the free energy of a system in
state ps = 235 ps(s) [s)(s|g, i.e.

(fy = D" ps(s) [Es + kTlog ps(s)] = F(ps) (4.118)

Now consider the following average:

(ePUo=firwy = Z p(s, s, w)ePlfs=frw), (4.119)

s,s’,w

We can compute the distribution p(s, s’, w) explicitly from the map 75w and write it
using transition probabilities {r(s’k’|sk)} in the following way:

ps,s',w) = ps(s) p(s'wls) = Y pw(k) ps(s) (5K ISK) Suv (4.120)
k,k
where we defined wyy := € — €x. We also define an analogous average quantity

conditioned on the battery eigenstate |ex)y, i.e.:

(ePUs=fstwn)y, .= Z ps(s) r(s'k’|sk)ePUs ~fstwn), (4.121)

s,s’ k!

This allows us to write (4.119) as:

(eBUs=fsrw)y — Z pw(k)<eﬁ(ﬂ/—f5+wkm>k Ow,wy
k
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We are now ready to prove Result 4.1.

Proof. We start by rewriting:

(eBUs—firwue)y, — Z ps(s) h(s’, k), (4.122)

S/

where we labeled h(s’, k) = 35 1 r(s’k’|sk)eﬁ(ES’_Es+wkk’). It will be also convenient to
introduce:

gor(k'lk) 1= Y eFEED (57K |sk). (4.123)

S

Notice that for each k > ki, we can rewrite h(s’, k) as:

N_kmin N
h(s’, k) = Z gs'(k’|k)eﬁ(€k’_€k) " Z gsr(k'|k)eﬁ(€k’_€k)
k’=0 k’=N —kmin+1
N_kmin kmin
- Z gs,(k’|k)eﬁ(€k’—€k) + Z gs’(N -k + i|kmin)€‘8(el\]—k+i_€min),
k=0 i=1

where in the last equation we changed the summation index to i = k" — N + kpin and
used the ETI property (4.21) with n = kmin — k. Using again the stochasticity and the
Gibbs-preserving conditions we can rewrite the first sum in the above equality as::

N_kmin N—kmm
Z gs’(kllk)eﬁ(ek,_ek) — Z gs'(N —k|N - k/)eﬁ(ek/—ek)
k=0 k'=0
N
= g5 (N — k|1")ePlen-r=¢x)
I'=kmin
kmin_1
=1- Z g (N — k|l)ePlen-i=en
1=0
=1-As(N —k), (4.124)
where welabelled Ay (x) := Z;(:B“_l gs(x|1) ePl&x=€). Using again (2.86) with k’ = N—k
we get:
N-1
Ay (N - k) + Z g (N = k|l)ePen-k=€D) 4 o (N — k|N)ePEN-+—€N) =1, (4.125)
I=kmin

On the other hand for k" = N — k + 1 we get:

Ag(N =k +1)+g5 (N = k + 1|kpin) ePEN-ki1—€min) (4.126)
N
Z g (N =k + 1|I)ePen-rn=e) = 1, (4.127)

l=km1n+1
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Notice that due to the ETI property we also have:

N -1
Z g (N =k + 1]I)ePlen-r1¢1) = Z g (N = k|1)ePlen-i=en), (4.128)
I=kmin+1 I=kmin

Combining (4.125) with (4.126) and the last equation yields:

Ag(N —k) =Ag(N =k +1) + go(N — k + 1]kpp)ePEn-ks1~€min) (4.129)
— gsr(N = k|N)ePen-r=en), (4.130)

We now repeat this step kmin times to express Ay(N — k) using As/(N — k + kmin), i.€.

kmin
Ag(N —k) =Ag(N = k + kpin) + Z g (N -k + ilkmin)eﬁ(el\l—k+i—€min) (4.131)
i=1
kmin_1
B Z gs'(N =k + ilN)eﬁ(eN_k”_eN). (4.132)
i=0

Notice now that the first sum on the RHS of (4.131) appears exactly in (4.124). This
allows to write for all k > kmin

kmin -1

hs' k) =1+ Z g (N = k + i|N)ePen-k+=eN) — AL (N = k + kmin) (4.133)
i=0
kmin_1 kmin_1
-1+ Z gs(N = k + i|N)ePen-rsizen) _ Z G (N = k + Kpin|1)ePEN-kshmin =€)
i=0 i=0
(4.134)
kmin_1
=1+ [g5(N =k +i|N)eP=0) — ¢ (N = k + kin|i)ePEN-kkmin =61 |
i=0
(4.135)
kmin_‘l
<1+ePer. Z [g5(N = k +i|N)efei] (4.136)
i=0
<1+ e PerePEmin=d ¢ (N = (k = kinin)|N) (4.137)

Where the first inequality follows since g (k’|k) are positive. The last inequal-
ity follows since we are looking for a bound which holds for all Gibbs-preserving
channels and hence we have to choose the worst-case set of transition probabilities
{r(s’k’|sk)}. Due to the stochasticity of the channel which implies that for all s, k
we have )y 7(s’k’|sk) = 1 w.l.o.g we can choose a probability distribution which
maximizes the sum in (4.136). The maximal value of the sum is achieved when the
total probability mass is placed in the transition corresponding to output level i with
the largest value of ePéi (i.e. i = kmin — 1). This also means that we have:

Vs, k Zr(s’k’lsk):l — Vs Zr(s’,N—(k—kmin)ls,N):l. (4.138)

s’k s’

Letusdenote g(s’|s) := r(s’, N=(k—kmin)|s, N) which due to (4.138) satisfies )., q(s’|s) =
1 for each s. Using now (4.123) and defining 6k := €x — €min + 0 = 8(k — kmin + 1) we
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can further rewrite the bound for h(s’, k) as:

Visk

min

h(s',K) < 1+ e 3" ePEEI (s N = (k = kmin)ls, N)  (4.139)

S

=1 + e~ PorePEs Z e PEsq(s']s). (4.140)

S

Writing above expression explicitly using the definition of h(s’, k) from below (4.122)
we get:

Vs', Yk = kmin r(s’k’|sk)eﬁ(ES’_E5+wkk’) < 1+ ePoreBEs " oPE: (s’[s) (4.141)
q

s, k’ s

Let us now multiply both sides of (4.141) by a factor e~PE< and sum over s’. This
leads to:

Vk > kmin Z ps(s) r(s'k’|sk)ef @ =f) < Zs +e P Z e PEs (Z q(s’ls)) (4.142)
s/

s,s’ k! s

=75 (1 + e—ﬁék) , (4.143)

where Zs is the partition function of the final Hamiltonian on S. Let us now denote
the conditional probability distribution p(s, k’'|k) := >} ps(s) r(s’k’|sk). This allows
us to write:

VE= kuin Y pls, KIR)ePw S = (b=, < 7 (1 + e—ﬁék) . (4144)
sk’

where averaging (-)x is over random variables f; and wy for a given k and can
be obtained by setting f; = 0 in (4.121). This proves the Result. Notice further
that we prove the inequality by choosing a particular subset of feasible transition
probabilities {r(s’k’|sk)} and hence the above bound can be saturated. O

It turns out that a more refined version of Result 4.1 will be useful when proving
Result 4.2. Let us return to the expression (4.122). For all k > kpin we have:

(P Frmdy = N ps(s) h(s', k) < 1+ 7% 3 ps(s)q(s”|s)eP BB (4.145)

s,s’

<1+ e Pore PEST 7 (4.146)
=1+ nse P, (4.147)
where ns := Zseﬁ Es™ and Eg™ := maxy ESI. We will use this expression when

proving Result 4.2.

4.5.2 Proof of Result 4.2

In this section we present the proof of Result 4.2.
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Proof. The average work (w) can be written as:

N
(@)= p@)-w= > > pwk) p@lk) = (@ac + (@inv, (4.148)
w w k=0
where we labeled:
(@hae = ) D pw)p(wlk) - w, (4.149)
W k<kmin
(@hny = Y > pwR) p(wlk) - w (4.150)
W k>kmin

We can further write this using transition probabilities {r(s’k’|sk)} as:

kmin_1
(@hae = D D pwlk) ps(s) r(s'k|sk) wi, (4.151)
k=0 s,s’,k’

and similarily for (w)iny. The transition probabili~ties {r(s’K’|sk)} satisty Gibbs-
preserving conditions, i.e. r(s’k’|sk) < e P =¢x) ¢=P(Ev=Es) This implies:

Z ps(s) r(s’k’|sk) < Z ps(s) e P ¢~BEs—Es) (4.152)
s,s’ s,s’
= oPES™ =P 7 (4.153)
= nge P, (4.154)

Plugging this into our expression for (w)vac gives:

kmin_1 N

(@hae <05+ Y D pwlk) e P (e —ep)
k=0 k’=0
kmin—1 9 N
- —he- .2 —B(ex—ex)
=-1ns Z pw (k) 78 (Ze €k Ek)
k=0 k’=0
8 kmin_1 pW(k)

. (4.155)

LT e gw(k)

Consider now the second term from (4.148):

N
(@) = Y > pwlk) ps(s) r(s'k|sk) wie.

k=kmin s,8’,k’

Notice that for k > kmin we satisfy the assumptions of Result 4.1. Thus, multiplying
(4.145) by pw(k) and summing over k > kmin we obtain the following bound:

N N
D0 2, pups(s)r(s'k sk)eP o) s1+ns( > pw<k>e-ﬁ6k). (4.156)
k=kmi

k=kmin 5,5’ ,k’ ‘min



4.5. Proofs

91

Using the convexity of the exponential function, taking the logarithm of both sides

of (4.156) and using the definition of Bg(p) from the theorem we find:

N
Bo(pw) 2 > > ps(&)pw (K)r(s'K [sk)(fur— fi+wii)

k=kmin s,s",k’

N
= > D psEpw (K ISK)(fr= f) + (0Din
k=kmins,s’ ,k’

kmin_1

= AFs— > > psE)pwE)r(s'KIsk)(for = £) + (wDiny.

k=0 s,k

where we used:

AFs= > ps)pw(k)r(s'KIsk)(for = £.).

s, k,s’ k'

Notice now that we have the following bound:

kmm_l kmm_l
D D> psEpwlorIskfr < > pwlk)r(sIk) fo
k=0 s,s’k’ =0 s

~ =
El

in_l
= ( PW(k)) mﬁixfs’
= s

(k
On the other hand we also have:

kmin—1 kmin—1
Do D o ps)pwlrsk Isk) f; =F(ps)'( > Pw(k)),

k=0 s,s’,k’ k=0

| o

in1

]

pw<k>) ED™.

e

=0

(4.157)

(4.158)

(4.159)

(4.160)

(4.161)

where we used the fact that 3.,/ 7(s’k’|sk) = 1 for all s,k and F(ps) = X5 ps(s)fs.

Combining (4.160) and (4.161) gives:

kmin_1

<w>jnv <- AFS + Bﬁ(PW) + ( Z pw(k)) . (Eg}ax _ F(PS))
k=0

The theorem is proven by combining bounds (4.155) and (4.162).

4.5.3 Proof of Corrolary 6.1

Let us denote the energy populations of the harmonic oscillator battery by:

xe= > pwlk),  x= D pwk),  1-x= ) pwlk),

k<kmin kmin<k<k* k>k*

(4.162)

(4.163)
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where x. + x< = x is the occupation of the battery below the energy cut-off €. = k.6.
By rewriting (4.155), we obtain

kmm 1
(W)vac < Z pr(k)e Plev=ed ey, — e) (4.164)
k=0 k’=0
kmin_1
=nsZw | Y pw(k)ePF((E)s — ex)| , (4.165)
k=0

with Zy = Zgzo e~Per and (E)p = Z;Vl Zgzo e Per . We see that (4.165) is upper
bounded by

(Whvae < X< - 15 Zyy ePEmn"VDX(EYs < g Zyy x efemin(E) g, (4.166)

On the other hand notice that the free energy difference (fs — fs)vac can be upper
bounded in the following way:

min

1
(fs = fs)vac < (Z pw(k)) (E9™ —Fs) <x (Eg}ax + Elog ds) . (4.167)
Combining the last two expressions yields an upper-bound for Ag(pw, ps):
B€min max 1
Ap(pw, ps) < x( s Zwelmn(E)y + ER® + £ log ds) (4.168)

Furthermore, the correction stemming from the distance to the vacuum regime can
be rewritten as

k*-1
ﬁBﬁ(PW) < log[]_ + 1”]5 Z pw(k)e ﬁb(k kmm+1) + ns Z PW(k)e ‘Bb(k km1n+l)):| (4 169)
k=Kmin k=k.
< s (x> PN 4 (1 - x)e—ﬁ5<k*—kmin+1>) (4.170)
< ns(xe PO +¢7FP), (4.171)

with D := 8(k* = kmin). In the limit N — oo, we have Zy = (1 - e¢7#°)"! and
(E)g = 6-e7P2(1—eF?)~1. Therefore, combining bounds (4.168) with (4.171), together
with 15 < dsePFs”, allows us to find the following bound:

(w) < —AFs + C(e.), (4.172)
with:
1 SePemin 1 c
— -po|- L, Y= = S —BD(e.)
C(e.) = x(e.) (cse p (ﬁ + - e‘ﬁé)z) + ; logcs) + ; e PDE) (4.173)

where cg := dge? ES™. We also explicitly marked the dependence of D(e.) and 0(e.)
on a selection of threshold energy e. for a given initial state of the battery.
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4.5.4 Properties of the map I';.
The map is a thermal operation

In this section we show that the map defined via Construction 4.1 is a valid thermal
operation. This is equivalent to showing that I'ysc preserves the Gibbs state for
block-diagonal states, i.e. I'psc [Ts ® Tw] = 75 ® Tw.

Let us begin by taking an arbitrary thermal operation I'y;; defined using a qubit
battery. Its action in terms of subchannels {Ryj } can be written as:

N=1

Twitlps ® pw] = Z pw (k) Riw (ps) © |ex X eww - (4.174)
kK

Since by assumption I'y;; preserves the Gibbs state, we can write:

Roo(Ts) + e P°Rig(ts) = 15, (4.175)
Ror(ts) + e_ﬁ(SRll(Ts) = e_‘B(STS. (4.176)

To show that the map I'ys. is a valid thermal operation we will first consider a finite-
dimensional harmonic oscillator battery (i.e. we additionally specify the action of
the map on the highest energy level N) and show that this completed map, denoted
fosc, is a thermal operation for all N. We will then take the limit N — oo and show
that in this limit the completed map is indistinguishable from the map described via
Construction 6.1 in the main text.

Let us consider a finite dimensional harmonic oscillator battery with Hamiltonian:

N
Hw = ) ex lexXexlw (4177)
k=0

where as before ¢, = ko.

Gibbs-preserving property. We define the completed map Tysc as:

N-1
ps @ leoXeolw = ) RuoR (ps) ® lewXewlw +Rij(ps) ® lexXenly,  (4178)
k=0
N-1
ps ® lexXerlw — Rio(ps) ® lex-1){ex-1lw + Z RooRe FR11(ps) ® lew Xew | +
K=k
RO Ru1(ps) ® len)Xenlw (4.179)
ps ® lenXenlw — Rio(ps) ® len—1Xen-1lw + Ri1(ps) ® lenXenlw (4.180)

where 0 < k < N. Let us now apply the extended map T,sc to the Gibbs state 75 ® Ty
and look at a single energy level | ey )(ex |}y of the battery, i.e:

For k’ = 0 we have:

trw | (L5 @ leoXeolio)Tosc(Ts ® Tw) (L5 @ leo)eoly) | = (4181)
gw(0) Roo + gw(1)R1o(7s) = gw(0)7s. (4.182)
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For 0 < k' < N we have:

tryy [(15 ® |ex Xew|w) Tose(ts ® Ti) (1s ® |€k/><€k’|w)] =
y

= gw(0) RooRe; () + D gw (k) RooREy Rur (75) + gw (k' + D)Ruo(ws)

k=1
= gw(0)RooRE ™ [Ro1(ts) + e PR (ts)] +
k/
D awlk) RooRE  Rua(ts) + gw (K + Rao(s).
k=2

Let us now repeat the last step k" — 1 times. This would give us:

= gw(k’ = )Roo [Ro1(ts) + e PO Ry1(1s)]
k/
+ " gwlk) RooRE T Ru1(15) + gw (k' + 1)Rio(ts)
k=k’

gw(k")Roo(Ts) + gw(k” + 1)Rio(7s)
gw (k') [Roo(ts) + e PAR1p(Ts)]
= gw(k)ts.

For k' = N we have:

trw | (L5 @ lenXenw) Tose(Ts ® ) (Ls @ lenXenlw) |

N
= gw(ORYN (1) + ) gwIRY *Rus (s)
k=1
N
= gw(ORY ™ [Ror(ts) + e PPRyx(ts)| + Z gw(RY R (ts)
k=2

N
= gwRY (1) + D" gw (RN Rua ()
k=2

= ...repeat (N —1) times...
= gw(N = DRo1(ts) + gw(N)Rui(ts)
= gw(N)ts.

The total state of the system and the battery is then given by:

N

Tosc[7s ® Tw] = Z gw(k)ts ® Tw = 15 ® Tw.
=0

(4.183)

(4.184)
(4.185)

(4.186)

(4.187)
(4.188)

(4.189)

(4.190)
(4.191)

(4.192)

(4.193)

(4.194)

(4.195)

(4.196)

(4.197)

Trace-preserving property property. It can be also checked that the map I'ys. is trace

preserving since I'y;; is trace preserving, i.e. for any ps we have:

tr Roo[ps] + tr Ro1[ps] = tr ps,
tr Rio[ps] + tr Ri1[ps] = tr ps.

(4.198)
(4.199)
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Hence for k = 0 we have:

N-1
trTosc[ps ® leo)eol] = ) tr RooRE; (ps) + tr R (ps) (4.200)
k’=0
= tr Roo(ps) + - . . + tr RooRY " (ps) + tr RN (ps) (4.201)
= trﬂoo(ps) +...+ trﬂé\i_z(pg) (4.202)
= ...repeat (N —1) times... (4.203)
=tr ROO(PS) + tr ROI(PS) (4.204)
= tr ps. (4.205)
For 0 < k < N we have:
trTosc[ps ® |exXexl] (4.206)
N-1
= trRio(ps) + Y tr RooRey “Rua(ps) + tr RN *Rus (ps) (4.207)
k’'=k

= tr Rio(ps) + tr RooRi1(ps) + . .. + tr RooRY FRux(ps) + tr RY *Ri1(ps)
(4.208)
= tr Rio(ps) + tr RooRa1(ps) + ... + tI"R(l)\i_k_lﬂn(ps) (4.209)
= ...repeat (N —k —1) times... (4.210)
= trRuo(ps) + tr Rua(ps) (4.211)
= tr ps. (4.212)

For k = N we have:

trTosc[ps ® |enXen|] = trRuo(ps) + Rur(ps) = tr ps. (4.213)

Hence fosc is trace-preserving which completes the proof that it is a valid thermal
operation.

Let us now take the limit N — oo and study the action of the map fosc. Notice
that due to (4.176) for all positive 6 we have that R) (ps) — 0 for N — oo for all ps.

Hence in the limit the map fo sc becomes:

ps ® leo)eolw = ), RooRy, (ps) @ lei)eilw (4.214)
i=0

ps ® lexXexlw — Rio(ps) ® lex—1)Xex-1lw + (4.215)
D" RooRi Rir(ps) @ € Xersklw (4.216)
i=0

where 0 < k < o0, and hence it is indistinguishable from I'ys.

The average work under 'y,

Itis easy to see that the action of I' s does not depend on the initial state of the battery
pw, provided that the state does not have support on the ground state |eg){€o|yy. This
allows to easily compute the average work (w)y associated with Iy, as well as its
effective action on the system S.
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Let us begin by first studying the corresponding map Tosec acting on a finite N +1
dimensional harmonic oscillator battery. The energy change of the battery after

applying [pse to an input state psw = ps ® |ex)ex| will in general be different for

different k. The energy change AE g\(]) associated with battery starting in eigenstate
|ex){€k|w is then given by:

® _ g _ p®
AEY) = EX) —EW), (4.217)

where Eg\(,) = tr[Hw |exXek|] = €, ng,) = tr [HVLPW]' Hy is the finite harmonic
oscillator Hamiltonian as in (4.177) and pj, = trs [osc [p sw] . Denoting the number

of energy levels above € with 1, i.e n = N — k, we can compute the final energy Egy
as:

n-1
Eg\‘,) = (ex — ) tr Ruo [ p] +Z(€k+jA) tr RooR), Ri1 [ps| +(ex +nd) tr Ry Ru [ps|  (4.218)
j=0
n-1
= (er — 5)(tl‘7€10 [ps + ZtrR()oROan ps] + tl‘ﬂan [ps] (4.219)
j=0
n-1
5 ) (j+1) trRooRL Rur [ps] +6(n +1) tr R R [ps] (4.220)
j=0
n-2 )
= (ex — 6) (trRuo [ps] +trRun [ps]) + 0 Z(j + 1) tr RooR), Ru[ps ]+ (4.221)
j=0
ntr RooRy Rurlps] + ntr R Ry Rua[ps] + tr RY Rualps] (4.222)
n-2
2 . i _
D (e —06)+6 Y (j + 1) trRooR) Rulps] + on tr Ry Rus[ps] + e Ry Rulps]  (4.223)
j=0

= (Ek — (3) + tr Ry [PS] + tr 'R01'R11[ps] + tr Rglﬂll[ps] + ...+ tr Rgl [PS]Rll[pS] (4.224)

= (ex—0) + »_ trR} Rui[ps] (4.225)
=0
=€ +6 (Z tr 7%317?11[(35] - 1). (4.226)
=0

In line (2) we repeatedly applied the fact that I';;; is trace-preserving, i.e

> trRlps] =trps  forall k. (4.227)
k/

Taking the limit of infinite battery N — oo implies n — oo, hence the energy change
associated with map I'ys. can be expressed as:

AEw = (w)ose = 6+ | Y trREy o Ru[ps] - 1], (4.228)
i=0

Notice that this energy change (and hence work) does not depend on the choice of
the initial state |ex){€x|. Due to the linearity of I'ys. this means that the map would
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yield the same amount of work if we instead chose any combination of energy levels,
i.e. any initial state pw.

The expression for average work (4.228) can be further simplified if ps is a diagonal
state. In that case the action of subchannels {Ry } can be fully described by a set
of substochastic matrices { R } acting on vectors composed of the diagonal parts of
the states. In that case the infinite matrix geometric series in (4.228) can be explicitly
computed, i.e. Y5 R61 = (1 — Rp1)"!. Denoting the diagonal of ps with a vector x
the average work can be expressed as:

(@)ose =0+ (17 (1= Rot) " Rux =1}, (4.229)
where1” = (1,1,...,1) is the (horizontal) identity vector and 1 is the identity matrix.

The map Iy, satisfies the ETI property

Here we are going to show that for diagonal states the map I';s. satisfies the ETI
property. Hence we are going to show that transition probabilities {r(s’k’|sk)} cor-
responding to I'ys. satisfy:

r(s’k’|sk) = r(s’, k" + n|s, k + n) (4.230)

for all s, s” and integers n such that k" + n > 0 and k + 1 > kmin with kpin = 1.
Notice first that due to (4.49) the condition (4.230) can be equivalently written
using battery subchannels {Ry } as:

Rik = Rin k41, (4.231)
for all integers n such that k" +n > 0 and k+#n > 1. Consider the battery subchannels
associated with the map I'ys for k > kmin = 1, i.e.:

R = ) RooRiy Rurdisi i + Raodk-1 0 = RooREy *Rur + Ruodpapr (4.232)
i=0

The shifted battery subchannels are given by:

Rivnran = Z ROOR61R116i+k+n,k’+n + R100k+n-1,k'+n (4.233)
i=0

= RooRE, ™ Ri1 + Rio0k-1,5 (4.234)

= Ryp- (4.235)

Hence we can conclude that the map I'ys. satisfies the ETI property.
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Chapter 5

Operational significance of
nonclassical teleportation

5.1 Introduction

5.1.1 Background

Quantum teleportation (Bennett et al., 1993) has fundamentally changed our way of
understanding information. Although the famous protocol proposed by Bennett et.
al. (ibid.) will never allow us to “beam up”, it is by no means less spectacular and
has become one of the most important protocols in quantum information theory. In
its standard form it involves transferring an unknown quantum state to a remote
recipient using classical communication and pre-shared entanglement. Although
nothing actually moves during the process (despite the classical information carriers),
the situation can’t be meaningfully distinguished from one in which the original state
has been transported to another location. To date it has been demonstrated in a wide
range of experiments (Bouwmeester et al., 1997; Boschi et al., 1998; Furusawa et al.,
1998; Bao et al., 2012; Leuenberger, Flatté, and Awschalom, 2005; Pirandola et al.,
2015; Vaidman, 1994; Sherson et al., 2006) and is currently one of the building blocks
in many quantum information contexts, ranging from distributed quantum networks
(Briegel et al., 1998), quantum repeaters (Hasegawa et al., 2019), quantum computers
(Gottesman and Chuang, 1999) and even the future quantum internet (Kimble, 2008).

In the ideal version of teleportation Alice and Bob share a maximally entangled
state and Alice is given a system in some unknown state. She performs a Bell-state
measurement on the system and her share of the entangled state and communicates
the result to Bob who applies an appropriate unitary correction to his share and
transforms it into the state given to Alice.

5.1.2 Motivation

However, in realistic teleportation protocols the states and measurements used are
never perfect. This motivates studying a more general teleportation scheme involving
arbitrary states and measurements. We will adapt this approach here and assume
that Alice and Bob share an arbitrary quantum state and introduce a third party, called
the Verifier, who gives Alice states to be teleported. She then applies an arbitrary
measurement on her share of the entangled state and the system given to her and
communicates the measurement result to Bob, who performs a local correction on
his state.

The standard figure of merit used to quantify how well a given teleportation
protocol performs is the average fidelity of teleportation, denoted here by (F) and
defined as the fidelity between the state to be teleported and the final state of Bob’s
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after the protocol is finished, averaged uniformly over all measurement results and
input states. This quantity was first introduced in (Popescu, 1994) and since then has
been used widely to quantify the usefulness of states for teleportation (Horodecki,
Horodecki, and Horodecki, 1999; Linden and Popescu, 1999; Olmschenk et al., 2009).
The average fidelity of teleportation is maximal when teleportation is perfect, i.e. as
in the ideal version. If Alice and Bob do not share an entangled state, or are unable to
perform an entangled measurement, then the corresponding teleportation scheme is
said to be “classical”. For all such schemes the average fidelity can never exceed the
threshold value (Horodecki, Horodecki, and Horodecki, 1999)

2

<FC> = ml

(5.1)
where d is the dimension of the Hilbert space from which the states to be teleported
are drawn. Importantly, it was shown that there exist entangled states in nature (e.g.
bound-entangled states (Linden and Popescu, 1999; Bennett et al., 1999; Horodecki
etal., 2003; Horodecki, Horodecki, and Horodecki, 1998)) which cannot surpass this
classical threshold. This led to a common belief that not all entangled states are
useful for quantum teleportation.

However, it was recently shown that the average fidelity is not sufficiently sensi-
tive to probe all aspects of teleportation experiments (Cavalcanti, Skrzypczyk, and
Supic, 2017; Supic, Skrzypczyk, and Cavalcanti, 2019). In particular, every entan-
gled state can lead to non-classical teleportation if the full data from the experiment
is taken into account (Cavalcanti, Skrzypczyk, and Supic, 2017). To show this, a
geometric method of quantifying the non-classicality of teleportation data using a
measure called the robustness of teleportation (Rol') was introduced. By showing
that the Rol is non-zero whenever Alice and Bob share entanglement and Alice per-
forms a Bell state measurement, it was demonstrated that every entangled state leads
to experimental data which could not be produced without entanglement. However,
the question of in what sense this non-classical data showed that the entanglement
could be considered as being “useful” for teleportation in some operational sense
has remained unanswered. We can therefore formulate the following main question.

Main question

What is the operational significance of nonclassical teleportation?

In what follows we will try to answer this question using the theory of duality of
convex optimisation.

5.1.3 Contribution

In this work we construct a resource theory of quantum teleportation. Unlike many
other resource-theoretic studies in the literature which address a single type of re-
source, quantum teleportation combines two distinct resources - shared entangle-
ment and entangled measurement. A similar type of “interaction” between resources
happens also for the resource theory of boxes (Bell and Buscemi nonlocality). Using
this framework we show that Rol' admits two natural operational interpretations.
Firstly, it quantifies the advantage enabled by an entangled state and entangled
measurement in the task of teleporting unknown quantum correlations — rather than
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unknown states — over all classical instruments. This task can be thought of as a nat-
ural generalization of entanglement swapping (Zukowski et al., 1993; Pan et al., 1998)
where the goal is not only to “swap” entanglement but to achieve pre-defined quan-
tum correlations between parties. We show that the average score in this task when
teleporting classical correlations reduces to the average fidelity of teleportation. This
also shows a surprising property of bound-entangled states (Horodecki, Horodecki,
and Horodecki, 1998) (i.e. states from which no entanglement can be distilled) — they
provide advantage over separable states in teleporting genuine quantum correla-
tions. This also answers an open problem from (Cavalcanti, Skrzypczyk, and Supic,
2017) by specifying in what sense all entangled states are useful for teleportation.

Secondly, we show that RoT also quantifies the maximal achievable advantage in
the task of subchannel discrimination with quantum side information. This reveals
that Rol is another robustness-based quantifier which fits into the program of dis-
crimination tasks, a class of problems with fundamental importance to the field of
quantum information (Kitaev, 1997; Acin, 2001; Childs, Preskill, and Renes, 2000).
Analogous results have been shown also for entanglement (Vidal and Tarrach, 1999;
Bae, Chruscinski, and Piani, 2019; Takagi et al., 2019), coherence (Napoli et al., 2016),
EPR-steering (Piani and Watrous, 2015), quantum measurement (Skrzypczyk and
Linden, 2019; Ducuara and Skrzypczyk, 2019; Oszmaniec and Biswas, 2019), mea-
surement incompatibility (Designolle et al., 2019; Designolle, Farkas, and Kaniewski,
2019b) and fault-tolerant quantum computation (Howard and Campbell, 2017). This
surprising connection allows us to infer that every entangled state can act as a useful
quantum memory for local subchannel discrimination.

Finally, by formulating teleportation in the language of resource theories, we
show that both tasks provide complete sets of monotones for two natural notions
of simulation (free operations), one classical and the other quantum. As we shall
see, both of these have their drawbacks and benefits, depending on the specific task
exploiting a resourceful teleportation instrument.

5.1.4 Structure

This chapter is structured as follows. In Sec. 5.2 we introduce the relevant framework
for describing nonclassical teleportation. In Sec. 5.3 we describe its operational
significance, which is also the main result of this Chapter. In Sec. 5.4 we give a
summary of this Chapter and highlight a few open problems. Finally, in Sec. 5.5 we
give proofs of the main statements discussed in this Chapter.

5.2 Nonclassical teleportation

Let us now describe the most general teleportation protocol that can be performed be-
tween two parties. We start by recalling the standard teleportation protocol, defining
the relevant notation and summarising our assumptions.

5.2.1 Teleportation instruments

In our study we will assume that Alice and Bob share an arbitrary quantum state
pAB of dimension da X dp and the third party, called the Verifier, provides quantum
states from a collection of states {wY}, x = 0,1,...,n of dimension dy, all of them
known to Alice (but not the concrete realization in the experimental run). She then
applies a measurement MY € POVM on her share of the entangled state and input
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system, as a result projecting Bob’s state into:
1
B VA B v AB
= t M;”®1 (a) ® )] ’ 52
pa|wx p(alx) TvA [( a ) X p ( )

where p(alx) = tr [(MY4 ® 18) (0¥ ® p/AB)] is the probability of a particular out-
come a given that state w, was provided by the Verifier. For our purposes it will be
more convenient to work with unnormalized states and thus we define:

Gflwx = p(a|x)pf|wx = Ag(wy),

where A, (-) = AY 7B (-) is a subchannel from V to B, labelled by a, which transforms
the input states w, into (unnormalised) output states o,),,. We will refer to such a

collection as a teleportation instrument and denote it with = {A,}. Notice that
since the operators M) form a POVM, the corresponding subchannels A, satisfy:
Z Ag(w) = B, (5.3)
a

irrespective of the input state w. This is reminiscent of the no-signaling condition,
meaning that Bob’s state cannot change if he does not know Alice’s measurement
result. In fact, any no-signalling instrument (any set of subchannels satisfying con-
dition (5.3), for all input states) can be written as some teleportation instrument, and
vice versa. We prove this important statement in Sec. 5.5.

When the set of states {w, } forms a tomographically-complete set, the experiment
becomes effectively independent of the input (we show this in more detail in Sec.
5.5). This means that the full information about teleportation instrument can be
obtained by probing it with {w,}. Furthermore, whenever the set of input states is
not tomographically-complete one can always reduce the Hilbert space to a smaller
subspace for which the set forms a subspace of an operator space. This motivates
introducing a notion of a complete teleportation experiment, i.e. an experiment in which
the set of input states is tomographically-complete. In this chapter, we will focus
exclusively on complete teleportation experiments.

Consider now the case when p“? is a separable state, i.e. it can be written as

p* = p(N)pf @ ph, (5.4)
A

which we denote by p8 € SEP(A : B). The associated teleportation instrument
takes the form:

Ao = pN) trya [ (MY @1%) (wr @ pf @ 8|
A

= > p(W)plalx, 1) ph, (5.5)
A

where p(alx, A) = tr [ML‘,/ MoV ® p‘;)]. This is the most general classical telepor-
tation scheme which can be realized if Alice and Bob have access only to classical
randomness A and the ability to locally prepare quantum states in their labs. In what
follows we will consider teleportation instruments arising from a separable shared
state as “free”, and We will denote the set of all such instruments by Jr, in analogy
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with the set of free objects studied in the context of resource theories (see Chapter
2). If the teleportation data { Gflwx} cannot be explained as coming from a classical
teleportation instrument, we will refer to the associated teleportation instrument as
“quantum” and denote the set of all such instruments with Rr.

5.2.2 Benchmarking teleportation performance

In the standard approach the quality of a given teleportation instrument is assessed
using the average fidelity of teleportation (Popescu, 1994), which in the present
context is given by:

1
(F) = max - Z plalx)(wslUapl),, Uflws), (5.6)
where the maximisation is over all correcting unitaries for Bob {U,},. Unfortu-
nately, this single quantity does not utilize all the data produced in the teleportation
experiment.

An alternative method for quantifying how ‘close” a set of data is to that which
could arise from a classical teleportation instrument is to solve the following convex
optimization problem:

Ry( ):= min v, (5.7)
! (ASHAN
1 r
1+7r Aot 1+7r
ZA; €CPTP, {AS}eFr, {Al}eR:
a

A/:AC

a a’

s.t.

where A, describes the “noise” which comes from some other teleportation instru-
ment " and which has to be added to the teleportation data 0,,, = As[wx] for there
to exist an explanation in terms of classical data Aj(wy). This noise is allowed to arise
from any teleportation instrument, not necessarily classical one.

The quantity Ry( ) is the (generalized) robustness of teleportation (RoI) and
was introduced in (Cavalcanti, Skrzypczyk, and Supic, 2017). We highlight that
for complete teleportation experiments the Rol is a function of the teleportation
instrument alone, and is independent of the specific set of states used {wy}, and
the data they produce {(fflwY }. We prove this important fact in Sec. 5.5.

Basic properties of the Robustness of Teleportation

Similarly to other robustness-based measures that can be found in the literature
(Vidal and Tarrach, 1999; Napoli et al., 2016; Skrzypczyk and Linden, 2019; Uola,
Kraft, and Abbott, 2020; Ducuara and Skrzypczyk, 2019), the RoI has a number of
useful properties which can be easily deduced from (5.7). Leaving the technical
proofs to Sec. 5.5, here we state the most important ones.

(1) It is faithful, meaning that it vanishes if and only if teleportation instrument is
classical, i.e:

RT( ) =0 & € Ir. (5.8)

(1) Itis convex, meaning that having access to teleportation instruments jand ;one
cannot obtain a better one by using them probabilistically, i.efor "=p 1+(1-p) 2
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with 0 < p <1, we have:

Rr( ) <pRr( 1)+ (1 -p)Rr( 2). (5.9)

(1i1) It is monotonic (non-increasing) under quantum and classical simulations that
we define below. That is if ’ can be simulated by using a quantum or a classical
simulation then

Rr( ') < Rr( ). (5.10)

A quantum simulation is one whereby there exist probability distributions p(A),
p(bla, A) and channels ®, and Q, such that:

A, = ZP(A)IO(H“’A)@A oAy 0Qy, (5.11)
a,A

holds for all b. We denote the order induced by this type of simulationby " <, . A
classical simulation is one whereby there exist probability distributions p(b|a) such
that:

A, = Z p(bla) A, (5.12)

holds for all b and is similarly denoted by ’ <. . Inthe resource-theoretic approach
one can think about these maps as free operations of the framework. These two
notions of simulation will each be seen to be relevant for one of operational tasks
introduced in the next section. Therefore this robustness measure admits all the
desirable properties of a resource measure that we highlighted in Chapter 2.

5.3 Results

In this section we show that the robustness of teleportation can be viewed as the
maximal achievable advantage when using quantum over classical resources in two
unrelated operational tasks. Often it is illustrative to phrase such tasks in terms of
games played between parties according to a pre-defined set of rules and scores. We
follow this approach here and describe two operational tasks using such games.

5.3.1 Teleportation of quantum correlations

Consider a game played between a Verifier and a collaborative party, Alice and Bob,
who try to convince the Verifier about their ability to transfer correlations between
spatially separated labs. More explicitly, we consider the following scenario:

1. The Verifier prepares an arbitrary bipartite state "'V and shares one part of
this state with Alice.

2. Aliceinputs the state she received to the teleportation instrument ’ = {A;V_’B }
that connects her local lab with Bob’s, and which they can locally simulate
using , obtaining measurement outcome b and changing the joint state into

’ LV V=BV’
p;/lf =(@id” @A TV,

3. Conditioned on the value of b, Bob applies locally an arbitrary correction
85 € CPTP to his share of the state and returns the output state and outcome
of the measurement to the Verifier.



5.3. Results 105

4. The Verifier assesses the quality of the teleportation instrument by checking

the overlap between the joint state after correction (id”" ® 85 ) p;/l'f and a pre-

defined set of target states {E;/'B}. If the teleported state is the same as the
target state, then Bob receives a score f(b) > 0.

The game is fully specified by a tuple G = {¢, {&p}, f(b)}. The average score using
the teleportation instrument is given by:

9(G, )= max > f)tr[(de& e A - &), (5.13)

&, €CPTP b

where the optimization ranges over all corrections {Ep,} and all teleportation instru-
ments ’ which can be quantum-simulated using , via (5.11).

In Sec. 5.5 we show that the maximal advantage which Bob can achieve using
a teleportation instrument € Rt over any classical instrument ¢ € Fr is fully
specified by the robustness of teleportation. More formally, we have the following.

Nonclassical teleportation as a resource for teleporting quantum correlations

Result 5.1. Let be a teleportation instrument and G describe the task of
teleporting quantum correlations. Then:

max 76, )
6 49)

where the classical score, that is the maximal score which can be achieved
using classical resources in the same game, is given by:

9°(G) = max q(g, ) <1/dy (5.15)

=1+Rq( ), (5.14)

J

The proof technique is to (i) use (5.7) to show that 1 + Ry( ) is an upper bound
on the advantage for all games G; (ii) use duality theory of convex optimisation to
find the dual form of (5.7) and construct a game G* from the optimal dual variables
that saturate the bound. See Sec. 5.5 for details.

Connection with the average fidelity of teleportation

It is interesting that the average fidelity (F) can be viewed as the average score in
this type of task for a particular game G. To see this, consider a setting in which the
verifier provides a uniform classical-quantum (CQ) state

y = > Il @ lodKwsd 5.16)

X

and demands that the state returned by Bob is exactly the same for all b, that is
&;, = Y. Por each transmission the Verifier will give Bob the same score f*(b) = n.
This defines a game G* = {¢*, & f*(b)}, whose average score is:

9G", )= max —

E,€CPTP N

Zp(alx)<wx|8a(P§|wx)|wx>' (5.17)
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Ficure 5.1: The two operational tasks. Fig. (a) presents teleportation of quantum correlations

specified by G = {¢, &y, f(b)}, where ¢ is the input state, {&; }), are the target states and f(b)

is the score given when a correct target state is obtained. Bob is allowed to perform any

local quantum simulation of his teleportation instrument ,i.e. he has access to A;} of the

form (5.11). Fig. (b) shows the entanglement-assisted subchannel discrimination task which

involves a set of subchannels to discriminate E = {&, }x and uses quantum resources of the
teleportation experiment (bipartite state and measurement).

This is the ordinary average fidelity (5.6), except that Bob is allowed to use an arbitrary
correction &, instead of a unitary one. An interesting feature of this game is that
Bob doesn’t need to tell the Verifier which measurement result occurred.

This provides insight into why not all entangled states are “useful” for teleporta-
tion. Since the average fidelity of teleportation corresponds to a game in which the
Verifier asks Bob to transfer classical correlations, the fact that (F) cannot surpass the
classical threshold for some entangled states only means that they cannot be used
to transfer classical correlations better than the optimal classical state. However, if
the verifier poses a more difficult task where the correlations to be transferred are
genuinely quantum, then all entangled states can outperform classical states for a
specific choice of target states. Alternatively, one can view this task as generalising
from teleportation to entanglement swapping. More specifically, the Verifier and Bob
initially start uncorrelated. Then they use a fixed teleportation instrument shared
between Alice and Bob, and a fixed entangled state between the Referee and Alice to
achieve a given ensemble of correlated states between the Referee and Bob.

5.3.2 [Entanglement-assisted subchannel discrimination with fixed mea-
surement

Let us now consider the task of sub-channel discrimination, where the player is
allowed to use a fixed entangled state to assist them, and only has the ability to
perform a fixed entangled measurement. The task is specified by a collection of
subchannels, E = {&,}, which form an instrument, i.e. >, &, = & € CPTP. The
resources of the player will be specified by A = {{M,}, p}, where {M,} € POVM is a
bipartite measurement and p is a bipartite state. We use a similar letter to emphasize
that these resources are exactly the same as in the case of nonclassical teleportation,
the only difference being how they are formed to play the game. We consider the
following game set-up:

1. Alice sends one half of the state p"4 to the verifier.
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2. The verifier applies a subchannel &Y from the instrument E to their share of p"4,
which prepares the state pY4 = (&Y ®id*)pV4 with probability p(x|p) = tr pY4.
The verifier then passes their share back to Alice.

3. Alice uses the measurements {MY4} to identify which subchannel &/ was
applied. Based on her measurement outcome a she produces a guess of x,
denoted g, according to a strategy p(gla).

The average probability of guessing which subchannel was applied when having
access to a pre-shared state p and bipartite measurement {M,}, optimized over all
post-processings p(g|a) is given by:

Paucc(E, A)=max > p(gla) tr[M,(Ex ®id)p] 5g,x. (5.18)
(sln) £

We will compare this success probability to the best success probability Alice could
achieve if she had access to only classical resources. In particular, if the state used
by Alice is separable, then we will say that she uses a classical strategy (or an LOSR-
free strategy, in the terminology of Ref. (Schmid, Rosset, and Buscemi, 2020)). The
(maximal) average guessing probability for such a classical strategy is given by

Psuce(E) = max psucc(E, A%), (5.19)
AceTT

where ¢ denotes a classical resource (separable state with arbitrary measurement).
It can be shown (see Sec. 5.5) that the maximal classical probability of guessing can
be equivalently written as:

Psucc(E) = maxmax trE,(o). (5.20)

With this in mind we can now state the second main result of this chapter. In Sec.
5.5 we prove in detail the following fact.

Nonclassical teleportation as a resource for subchannel discrimination

Result 5.2. Let be a teleportation instrument formed by a measurement
{M,} and a state p. Then the maximal advantage offered by the strategy
A = {{M,},, p} over the best classical strategy in entanglement-assisted sub-
channel discrimination with fixed measurement is given by

Psucc(E/ A)

ax G =1+Ry( ), (5.21)

Thus, the maximal advantage is constant among all strategies A that lead to
the same teleportation instrument that depends only on p and {M, },.

In Sec. 5.5 we show furthermore that psuc(E, A) in fact only depends on A through

. The above reveals that the robustness of teleportation fits into the program of

robustness-based quantifiers and discrimination tasks, where the specific restrictions
are on the resource state and resource measurement used to play the game.
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5.3.3 Complete sets of monotones for teleportation simulation

The average score (5.13) and average guessing probability (5.18) are also important as
they provide complete characterisations for the two notions of teleportation simula-
tion introduced in (5.11) and (5.12). In particular, in Sec. 5.5 we show the following:

Complete sets of monotones for quantum and classical simulation

Result 5.3. Let and ' be two teleportation instruments. Then can

quantum-simulate ’, >, ’, if and only if

q9(G, ) =4q(G, ’)forall games G (5.22)

Similarly, can classically simulate ’, >. ’if and only if:

Psucc(E, ) = psucc(E, ) for all games E. (5.23)

This means that both q(G, ) and psucc(E, ) constitute “complete set of mono-
tones”, the former for the partial order of quantum-simulation, and the latter for
classical-simulation. Both of these complete sets of monotones can be viewed as
“second laws” of the resource theory of LOSR when specified to teleportation instru-
ments.

5.4 Discussion and open problems

We have analysed a robustness-based quantifier of teleportation and shown that it has
operational significance in two unrelated directions. On the one hand it quantifies
the advantage that a given teleportation instrument offers for the task of teleporting
quantum correlations. On the other hand, it also quantifies the advantage offered by
a fixed entangled state and fixed entangled measurement in the task of subchannel
discrimination with side information.

We showed that the first task is a natural generalisation of the standard task
used for benchmarking the quality of a teleportation set-up (the average fidelity
of teleportation), and thus provides an answer to the question of in what sense is
every state useful for teleportation: Every state has the ability to teleport quantum
correlations strictly better than can be achieved by any classical teleportation scheme.

We finally showed that the two tasks which give operational meaning to the
robustness of teleportation also form complete sets of monotones, which fully char-
acterise two natural notions of simulation that arise for teleportation, one purely
classical, and the other quantum.

We believe that these results highlight an interesting new direction of studying
composite resource theories, that is QRTs where the main object of interest consists of
resourceful objects of differing types. This could give rise to interesting relationships
and trade-offs between not only different types of resources, but also due to differing
types of objects. In this work we have seen that an object composed of a bipartite
measurement and bipartite state can be seen as a resource for entanglement-assisted
subchannel discrimination. It would be interesting to see if one can characterise
operationally such composite resources in full generality. Some work in this direction
has been already done e.g. in (Schmid, Rosset, and Buscemi, 2020) and (Ducuara,
Lipka-Bartosik, and Skrzypczyk, 2020b).
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5.5 Proofs

5.5.1 Reformulating robustness of teleportation
Let us start with the primal formulation of the optimization problem (5.7). By
multiplying both sides of the first constraint by 1 + 7, labelling 1,,, = 7 Aj(wy),
Ealw, = (1 + 1) Af(wy) and ) =  n we can turn the original problem into:
Rr( ,{wx}) = min 7 (5.24)
G”|wx + rIﬂ|a)x = ga|wx
Dkl =T, =
a
éaImx = (1 + 1’) AZ(a)x), Af, € It
Nalw, = rA:z(a)x)r A; € Rt

Let us now characterise the set of unnormalized states &,|,, . Writing explicitly we
have:

Ealw, = trva [(oaVA 215).(1' @ 'éAB)] (5.25)
=try [0)F - (0} ®17)], (5.26)

where O)B = trA[(OlYA®1B)-(lV®gAB)] is a positive operator and EAB = (1+7) E4B for
some state £. Our goal is to ultimately rewrite the optimization problem (5.24) using
operators of this type. Since the data (5.25) corresponds to a classical teleportation
instrument, the state 48 = 3, p()\)é‘;\‘ ® & f is separable. This means that we can
rewrite OV as:

OVB =(1+7) Z p(M)tra[(OY2 ©18) - (1V @ &4 ® £8)] (5.27)
A

=(1+7) Y p(H)o}, @k, (5.28)
A

where O;/l 4= tra[OVA(1V ® 5?)]. This means that the operators O)® have the form

O;/ B-¥ 1 X1 ® Y, for some positive operators X, Y1 and thus the unnormalized
states &,,, are also separable. We now focus on the structure of 1,,,,. We have:

Nalw, = trva [Ny @ 1) - (1¥ @ 774P)] (5.29)
=try [N/ - (w) ® 1P)] (5.30)
where NYB = trs[(NY4®1B)- (1Y ®71B)], NV 4 is an arbitrary bipartite measurement

and ﬁAB is an arbitrary unnormalized state. Denoting partial transpose with respect
to system V with Ty we can verify that N® have a positive partial transpose:

(NYBYTY =ty [(NY4 @ 15)(1Y @ 74B)] (5.31)
=dy -trya [(1V @ N4 @ 18)(9)V @ 748)] > 0, (5.32)

as this is a product of positive operators. This is not only a necessary, but also a
sufficient condition, i.e. any operator which has a positive partial transpose can
be written in the form of N(Y B To see this, consider an arbitrary XVB such that
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(XVB)Iv > 0 and take NY4 = ¢p¥4 and 728 = dy - (XAB)™4 in the definition of NV
below (5.30). It is straightforward to verify that:

NYE = dy - tra[(pV4 ® 15)(1V ® (xAB)T4)] = XVE, (5.33)

where we used the identity: tra[(¢V4 ® 18)(1V ® 74B)] = d“,l('ﬁVB)TV. Having
characterized operators OY2 and N2 we can rewrite the observed data Og|w, iN an

analogous form, i.e. Gflwx = try[MYB(wY ® 1B)], where MVB = tra[(M)4 ® 18)(1V ®

pB)]. We also assume that the states {wy} form a tomographically-complete set,
i.e. they form an operator basis. This implies that the constraint try [(MY? + NYB —
OYB)(wY ® 1B)] = 0 becomes equivalent to MY8 + NYB — OYB = 0 and makes
the optimization problem independent of {w,}. To emphasize this we write Ry( )
instead of Rt( , {wy}). Combining this with our previous realizations allows (5.7) to
be written in the equivalent form, which is now manifestly a semi-definite program:

Rr( )= {NLYB}:,X{lci)I;‘I/B}u,ﬁB r (5.34)

MYB +NYE = OY®
Z N;/B -1V® 'ﬁB
a

triB=r, OYBeSEP(A:B), (N/B)" >o.

This can be further simplified if we notice the following identity:

(MY = tra [(MYHT @ 15)(1Y @ pP)] (5.35)
=dy -trya [V @ MY @ 18)(¢]V ® pB)] (5.36)
=dy-J)/" (5.37)

where J, is a Choi matrix associated to the subchannel A} ~5[.]:

VB = (id" @ AV 7By oYV, (5.38)

Since ], are positive operators, we can introduce a family of unnormalized states
pJB .= JVB such that pY8 = JVB /p1(a) with pr(a) := tr[];/B] are states. Notice also
that by the definition of teleportation instrument {A;/'_’B} (see also (5.3)) we have

Z VB = d;l1Y @ pP. (5.39)
a

Taking partial transpose with respect to subsystem (V) of the first constraint in (5.34)
and using the fact that this preserves separability allows to obtain a simplified form
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of the primal problem:

Ry( )= min trzB -1
{0)"},z8
(5.40)
0" = dy 5" Ay
(5.41)

Y olf=1"ez" 0O/f eSEP(A:B), B'", W/
a
(5.42)

Notice that in our case strong duality holds since we can always find feasible OY8 =
a-1VBand ZB = a - 3, 18 for some a > 0. We now look at the dual formulation of
the above problem. To do so we first write the associated Lagrangian using the dual
variables associated with each set of constraints: {AY8}, with AYB > 0, BVE and
{WYBY, with {WYB} € R (displayed above on the right-hand side in grey), that is:

L=trZP -1~ ZtrAaVB (078 —dy - ]/P] +«B"? Z OVB -1V @ zB| (5.43)
I [an;o;/B] u (5.44)
= Zatr 0y [-AY? +B"P - W, P| +tr ZP [1° - BP] (5.45)
+adv Ztr [AYEIVE] - 1. (5.46)

7

By demanding that the terms in the square brackets which appear with the primal
variables in the last line vanish we can ensure £ < r. This leads to the following
(dual) semi-definite program:

_ . VB{VB] _
Ry( )= {Avrgl}agw dy Z tr [Aa I, ] 1 (5.47)
a ar a

W, = BY? — AJP {W,} € R
BE =18, AVE >y,

Let us now return to the primal formulation of the robustness problem (5.40) and
let 0B = O} and ZB = Z* be the optimal choice of primal variables. Notice that
1+Rr( ) =dy' -2, tr O}, where O} is a separable operator. Denoting o}, := O /tr O;
and ps(a) := [dy (1 + Ry)]™" - tr O} we can write:

~ 1 ., 1 . .

Pa < d—Oa = d—tranja :(1+RT)p5(a)~aa, (5.48)
v 1%

where 0}, is some separable state and ps(a) forms a probability distribution. We will

use both the dual (5.47) and primal (5.40) forms to prove some of the results described

in the main text.
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5.5.2 Properties of the robustness of teleportation

In this section we prove the basic three properties of robustness of teleportation
which we used in the previous sections.

Faithfulness If a teleportation instrument is classical, that is € J, then we can
always choose a feasible r = 0 in the defining optimization problem (5.7). Since Rt( )
is non-negative, then r = 0 is also optimal.

Convexity Let {1} ;lw } be the optimal primal variables for Rt( 1) and similar-

alwy’
ily for {nu|w , éa|w } and Rr( 2). Let ’ = {A/}, be a convex mixture of the two tele-
portation instruments, thatis A/ (-) = p AL(-)+(1—p) A2(-) for each a. We can construct
(potentially sub-optimal) solutions for Ry( ’) using: 17;|w =p qim( +(1-p) rﬁ'mx and

alw =P éalcu
problem (5.7) for ' shows that this choice is feasible. Th1s leads to the upper bound
on Ry( /):

+(1-p) 52 o Substituting n’ o and 5 into the constraints of

Rr( /) < trZ n;lwx =p trz mlzlwx +(1-p) trz nilwx (5.49)
a a a
=pRr( 1)+ (1 = p)Rr( 2). (5.50)
Monotonicity Let us start with quantum simulation. Assume that can simulate

’, ie. >; . This means that there exists a collection of channels ®,, Q) and
probability distributions p(A) and p(bla, A) such that for all b:

A= ) p(Dp(bla, )@, 0 A} 0 QA() (5.51)
a,A

Suppose now that we solved the dual problem (5.47) for Rr( ’) using optimal dual
variables B” and Aj. Using these we can construct an educated guess for Ry( ') in
the following way:

B* = Z p(A)p(bla, A) [(QD @ ©1] B, (5.52)
b,A

A = Z p(A)p(bla, A) [(QD @01 ] A (5.53)
b,A
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Using these we can find the following lower bound:

1+Re( ) >dy - Ztr[ﬁaA;] (5.54)
= ;pzA)p(bla, A tr[(id ® Ag) s - [(Q))T @O | A7 ] (5.55)
= Z p(A)p(bla, A) tr[(Q] ® Ag) P+ - (id ® O ) A | (5.56)
= § p(A) p(bla, A) tr[(id ® Aq 0 Q1) - (id ® ©F) Ay ] (5.57)
= %Atr[(id ®A}) Py - Ay (5.58)
= 1b+ Rr( /). (5.59)

Let us now show that the choice (5.52) is feasible. By construction we have B* > 0,
A > 0and try B* = 1, since:

try [((QD) @ ©F) B] = try [((QD)F ® ©F 0 8T) ¢4 ] (5.60)
=try [(id®®) 0o B" 0 Q) ¢, ] (5.61)
=0) 0800} (1) (5.62)
=1, (5.63)

where in the first line we used the Choi-Jamiotkowski isomorphism B = (id ® 8)¢.
for some map B € CPTP and in the third line we used the fact that the adjoint of a
CPTP map is unital. It remains to show that B* — A} is an entanglement witness. Let
ps be an arbitrary separable state. We have:

tr[(B' ~Aps] = ) p(V)p(bla, 1) w [(Q))F ©O)) (B-A7)-ps|  (5.64)
b,A

= > (W) p(bla, A) tr[(B - A}) - (Qf ®©,) ps] (5.65)
b,A

= > p(0)p(bla, A) tr[(B - A})- o] (5.66)
b,A

>0, (5.67)

where we used the fact that W, = B — A} is by assumption an entanglement witness

and p/, = (QK ®0 A) ps is a separable operator. To show analogous statement about

classical simulation is simple, as this is just a special case of quantum simulation
resulting from choosing p(A) = 1/0,, where 0, size of the alphabet associated with
A,0O®, =Q, =id.

5.5.3 RoT as an advantage in the teleportation of quantum correlations

Here we prove that the robustness of teleportation Ry( ) can be viewed as the best
advantage in the task of teleporting quantum correlations using a fixed quantum
teleportation instrument over any classical teleportation instrument. We start by
constructing a particular game G* using the dual formulation of the Rol and then
show that 1 + Ry( ) gives a meaningful lower bound on the advantage. We then use
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primal formulation (5.40) and show that 1 + Rr( ) also bounds the advantage from
above.

Suppose we have solved the dual problem for the Rol as given by (5.47) using
dual variables B and A,. We can construct a (potentially sub-optimal) task G* =
{y*, &, f*(a)} using these optimal variables in the following way:

. LA
Vi=0s, &= TAL fr@a) = tr A, (5.68)

The maximal average score which can be achieved using classical teleportation in-
struments ¢ in game G* can be bounded by:

1(6") = max (6", ) = max max Zf*(a)tr [(de & oA Y- &) (5.69)

ceJr £,€CPTP

= max max Z tr [(id ®E 0 Ay) P+ -Aa] (5.70)

ceFr E,€CPTP -

= tr|(id ® E;)pa - (B - W, 5.71
B 518, 2,7 04 @ €l (B = W] 671

< t B 5.72
< max ) 2ol .72

1
= — max tr . BB 5.73
7, max tr[p" - B (5.73)
< L, (5.74)
dy

where in the second line we used p, = (id ® AS) ¢+ € SEP(A : B), in the third line
we used the constraint from the dual: B — A, = W, € SEP(A : B)*, in the fourth
line we employed the fact that W, is an entanglement witness and finally we used
Yo Pa =dyt -1V ® pB. Notice now that for an arbitrary teleportation instrument
we can write:

9G, ) _a9G", ) _ o
ma Gy % gy~ [P Ad =1 ReO). 579

To prove the reverse direction let us look at the average score for an arbitrary game

G= {¢/ &ay f(a)}

9(G, )= max ) f@)tr[(d®& o)y &l (5.76)
E,€CPTP 4

= max Z @) [(N® &) Pl - & (5.77)
&,ecpTp 14

SmpxlLeReO] g ) S@wNO@ oLl 67

< max [1+Rr( )] 9(G) (5.79)
< [1+Rr( )]g°(6), (5.80)

where in the second line we used ¢ = (N ®id) ¢, for some (possibly trace non-
increasing) map NV € CPTNI and in the third line we used (5.48). The last inequality
follows from monotonicity of the RoI. Note that the above reasoning is valid for any
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game G and thus by taking the maximum over all G we obtain:

q(G, )
<©) <1+Rp( ). (5.81)

Combined with the lower bound, this proves the equality.

max
G

5.5.4 RoT as an advantage in entanglement-assisted subchannel discrim-
ination

Let E = {&Ey} be an instrument, such that ), Ex(-) = &(¢) is a channel, and let
A = {{M,}., p} bearesource used in the game, consisting of a bipartite measurement
{M,}, € POVM and a bipartite state p. The average probability of guessing which
subchannel from the instrument E was applied to the state p is given by:

Poucc(E,A) = max > p(gla) tr[M, - (€, ®id)p] 6. (5.82)
pgle) o
In what follows we will use the following operator identity:

dZ tr[XVB pYB] = tr [MAE - (84 ®1d")p"F)] , (5.83)

where XV = try 4 [(1‘/3 ® MV'4) ((idv &)oYV ® pAB)] and & is an arbitrary
map. The above identity can be proven by direct substitution. Using identity (5.83)
and the fact that pY% = (id” ® AV ~8) $Y"" leads to:

d2 tr[(id” ® EB)pyE - o] (5.84)
=t |(id"V 9 L) (1F o M) (01 @) - (174 @l B) | (589)
—tr [(1‘/3 ® M){’A) ((idV 2E )V ® pAB) (1V’A ® cpKB)] (5.86)
=tr [M28 - (82 ®id")p"?| (5.87)

In this way we can rewrite (5.82) as:

Psucc(E/ A) = dlz/ ’ ;&al;() Z P(gltl) tr[(id ® Sx)ﬁa : (P+] 6g,x (588)
x,a,8

= dy - max Zp(xla) tr[(id ® Ex)pa - ¢+ ] (5.89)
p(xla) 4=

Suppose now that we solved the dual problem for the Rol as given by (5.47) using
dual variables B* and A;. We will now construct a sequence of games E* = {&}},
parametrized with N, using these optimal variables. This proof technique is inspired
by the methods used in (Piani and Watrous, 2015). Let us define a set of subchannels
via their duals, i.e:

a try [(pT ® 1)A*x] for 1<x<o,,

EN'p) =1 1 (5.90)

tr(p) for oa+1<x<o0,+N.
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In the above a = ||ZZ‘1:1 AP ||;’1 is a real parameter chosen such that the map defined
above is completely positive. Notice that the constraints of the dual problem (5.47)
imply that 0 < Ay < 1. To verify that & = ), &} defines a channel recall that
& € CPTP if and only if its dual map & is unital. By construction we have:

0,+N 04 04
Z EN D) =a Z try [AL]+1—a Z try [AL] = 1. (5.91)
x=1 x=1 x=1

Notice that by our particular definition of the instrument G* we also have the follow-
ing relation:

iAx for 1<x<o,,
dy

[id® (8] ¢u = 0z
' ! _1s(1-a > A
N - dlz/ x’=1

for 0,+1<x<o0,+N.

(5.92)

Let us now upper bound the maximal probability of guessing in a game specified by
G" and when having access only to classical resources. This is specified by pg,..(E") =
maxXaceg; Psucc(E*, A°), where the optimization is performed over all A® = {{M,},, o}
with 0 € SEP(A : B) and arbitrary measurements {M, },. Using (5.89) this becomes:

Cec(ED) = d? max max x|a)pr(a)tr|(id ® &E})o, - 5.93
P (&) VoaeSEP(A:B),PT(a) p(x|a) ;p( | )PT( ) [( o ¢+] ( )

Oq
a
=4 N, x|a)tr[oaA 5.94
VGaESElgr(l/ig),pT(u)%ﬁ;()Za:pT( )[dv xzz;p( | ) I'[Ga x] ( )
1 0,+N 0u
— - B
Oq
<d max max a)| o x|a)a tr[o,A 5.96
VaaeSEP(A:B),pT(a)p(xlu)Za:pT( )[ ;p( |a)a tr[oqAx] (5.96)
1 0,+N
T N-dy 2 P(x|”)tf[0a]‘ (5.97)
x=0,+1
0q ,
<d trlo.Ax]| + =
Y el o S 2100 @ 2 p(rle) el 5

In the first line we labelled pr(a) = tro, to be the probability of an outcome a in
the (classical) teleportation instrument and in the third line we used the fact that
subchannels corresponding to fictitious outcomes 0, +1 < x < 0, + N are positive.
Recall that the operators A, must satisfy certain constraints in order to be feasible
solutions of the dual problem (5.47). In particular, Ay = B — W,, where B is a positive
matrix with try B = B® = 1 and W, € SEP(A : B)" is an entanglement witness. This
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allows for the following bound to be obtained:

D pr(@) Y pxla)efo,Ay] = ) pr(a) Y plxla) tr[oa(B - Wy)] (5.98)
a x=1 a x=1

< > p1(@) ) p(xla)tr[o,B] (5.99)
a x=1

< " pr(a)tr[o,B] (5.100)

= % tr[(1® o®)B] (5.101)

= %tr[oBBB] (5.102)
1

= (5.103)

This in turn leads to a bound on the classical probability of guessing (5.93):
1
Peucc(E") < a+ N (5.104)

Let us now bound the average probability of guessing in game E* when having access
to a resource A. We have:

Poucc(E', A) = d} - max >~ p(xla) pr(a) tr[(id ® E})pa - 4] (5.105)
plln) £

> ady - Z pr(a) tr[paA;] (5.106)

=a-[1+Re()]. (5.107)

In the second line we chose a strategy which does not use the fictitious outcomes, i.e.
p(x|a) = 6x,, and used the identity: [id ® (E%)']p. = %Ax. Combining the bounds
(5.104) and (5.107) we find that the maximal advantage optimized over all games is
lower bounded by:

psucc(Er A) Psucc(E*/ A) 1
2 2 [1+Re( )] —, 5.108
B pie® Py 2RO (5:108)

where is a teleportation instrument constructed from A. Since we are free to choose
N as big as we like, in the limit N — oo the advantage is lower-bounded by 1+ Rt( ).
To prove the reverse direction we look at the probability of guessing for an arbitrary
game E:

Psucc(E, A) = d%, - max Z p(gla) tr[(id ® Ex)pa - qb+] Ogx (5.109)
p(gla) by
<[1+Rg( )] d‘z/ . r?ellx Z p(g|a)pT(a)tr[(id ®Eyx)a, - q5+] 0g,x (5.110)
p&la X,a,9

<[1+R dz - tr[(id® & : )
[1+Rr( )ldy, aaegégé:m ;{%}%p(gla)m(a) r|( %) Oa - P | Og

(5.111)
= [1+ Rr( )] Psucc(G), (5.112)
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where the first inequality follows from (5.48), thatis p, < [1 + Rr( )] pr(a) o, for a
probability distribution pt(a) and some separable state g,. Since this holds for any
game E we can write equivalently:

ax psucc(E/ A)
E Psucc(E)
Combining the bounds (5.108) and (5.113) we arrive at:

psuCC(E/ A) _
ax —pgucc(E) =1+Rp( ). (5.114)

<1+Rg( ). (5.113)

Notice that so far our choice for a was arbitrary. Consider now the maximal classical
probability of guessing:

p (E) = max max Zg p(gla) tr[ M, - (Ex ®id)p] 6g.x, (5.115)

where A° = {{M,}, p} and optimization is performed over all separable states p and
arbitrary bipartite measurements {M,}. Notice that, by convexity, we can assume
that the optimal separable state is of the form p = 0 ® ¢’. This allows us to write:

ceoBE) = tr[M, - (E ®ad’ 5.116
Psucc(E) max max ;r(%xzﬂp(xlu) t[M, - (Ex(0) ® 0')] ( )
= max max max x|a) tr[M/ E, (0 5.117
e e ) plala) B1M, E:(0) (5.117)
= tr[M? & 5.118
max {Iﬁa?Z r[MY &:(0)] (5.118)
= max max tr[E,(0)] (5.119)

o X

where in the second line we defined a new measurement M, = tro[M,(1®0¢’)] and in
the third line we defined MY = 3, p(x|a)M}. The last equality follows from the fact
that the optimal measurement MY is the one which chooses the most likely outcome,
i.e. MY = 6y 1 for x = x* such that p(x|o) = tr[E,0] is maximal.

5.5.5 Complete set of monotones for channel simulation

In this section we show that (G, ) which we defined in (5.13), provide a complete
set of monotones for quantum simulation, i.e. all local pre- and post-processings of
the the teleportation instrument , and that psuc(E, ) which we defined in (5.18)
provides a complete set of monotones for classical simulation.
Let us start by focusing on q(G, ) and assuming that can be used to simulate
*,thatis > *. We have:

9(G, )= max ) f@)tr[(d® & oAy & (5.120)
E,€CPTP 4

> max ) fa)tr[([d @&, 0 A Y- &, (5.121)
SaE%PTP a

— 4G, ), (5.122)
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since the set { /| * < *}isasubsetof { /| / < }. We will now assume that
q9(G, ) =q(G, *)holds for all games G = {¢, &,, f(a)} and show that there always
exist a subroutine which allows for the simulation of *by . Let us start by noting
that the following must hold:

VG max Zf(a) tr [(id RE oAU - éa] (5.123)

&E,eCPTP 4

- max Zf(b)tr [(de@ & oA -&] 0.  (5.124)

&y ecptp b

Since ” < " we can write A} = 3, , p(A)p(bla, A) O, o A; 0 Q,. If we now make
a particular (and possibly sub-optimal) choice of p(A) = 69,1, p(bla, A) = 0p, and
®, = Q, =id for all A and also choose 8;7 = id for all b, then (5.123) implies:

VG max Zf(a)tr [£0- (([d® &y 0 ALY - (id®oADY) | | 0. (5.125)

&,ecpTP L 4

We will now claim that (5.125) can only hold if can be used to simulate *. Let
@ be an arbitrary quantum state and define an operator A, = Aj(w) — Aj(w) =
2 P(A)p(blx, 1)@y o Ay 0 Qj(w) — Aj(w). Notice that using (5.3) we can write:

A=Y pMplalx, 1) O 0 Ax o Qu(w) = | A(w) (5.126)

a,x,A

= > p()8u(p) - p". (5.127)
a,A

which holds for any choice of state w. Notice that since p and p* are density operators
and ©, is a CPTP map, the trace of the operator A= .. A; vanishes. This means that
A must either have (i) positive and negative eigenvalues or (i7) all eigenvalues equal to
zero. However, if (i) holds then we can always choose channels &, in (5.125) such that
&y, = & for all 2 and & projects all input states onto the eigenspace corresponding
to the negative eigenvalue of A, thus violating (5.125) and our initial assumption.
This means that (i) cannot be true and the only possibilty is that (i7) holds, i.e. all
eigenvalues of A are zero and A = >, A, = 0.

Knowing this we will now claim that (5.123) necessarily implies that the operators
Ay are all identically zero. First, notice that if at least one of them has at least one
negative eigenvalue, then (5.123) leads to a contradiction. In particular, let us denote
this eigenvalue with A, < 0 and the associated eigenvector with |A.). Similarily
as before, we can always choose &, to be channels projecting onto the eigenspace
spanned by |A.), that is E,(-) = tr[-] - [A.){A.| for all a. This means that the left-
hand side of (5.123) is negative, which is a contradiction. Since ), A, = 0, the only
possibility is that for all 2 we have A, = 0, which then implies that:

Al = Z p(Mp(alx, M), o Ay o Qy, (5.128)
x,A

meaning that * can be simulated using

Let us now move onto psucc(E, ) which we defined in (5.18), and show that it pro-
vides a complete set of monotones for classical simulation. We proceed analogously
as in the case of (G, ). To prove one direction, assume that psucc(E, ) = psucc(E, )



120 Chapter 5. Operational significance of nonclassical teleportation

holds for all E. This and the identity (5.89) implies:
VE  max Z p(x]a) tr [(id ® Ex)pa - D+ (5.129)
p(xla) 4=

— max "(x|b)tr |id ® E;)p; - >0, 5.130
p,mb);”( 0)tr [(1d ® E)7; - 4] (5.130)

where we denoted p, = (id ® A;)¢+ and ﬁ; = (id® A’l;)qb+. If we now make a
particular choice of p’(x|b) = 0y, for all b, then (5.129) implies:

VE mathr

p(xla) &

(d® &) (Z p(x|a)p, — ﬁ;) : ¢+] > 0. (5.131)

We will now claim that (5.131) can only hold if can be used to classically simulate

*. To do so, we can define an operator A, := ), p(x|a)ps — ps = X, p(x|a)id ®
Ng)P+ — (id ® A})¢p+. Using analogous arguments as we used below (5.126) we can
infer that (5.131) necessarily implies that A, = 0 for all x, or equivalently:

Vx N, = Z p(x|a)A,, (5.132)
a

which means that can be used to classicaly simulate *or equivalently >. *. To
prove the reverse direction we assume >. * which implies that there exist p(b|a)
such that A} = 3}, p(bla)A, for all b. For all games E we then have:

Psucc(E, ) = max Z p’(x|b) tr [(id ®Ex o APy gi)+] (5.133)
p’(xb) bx
= max Z p'(x|b)p(bla) tr [(id ® Ey 0 Ag)ds - 4] (5.134)
el 44
< max Z p’(xla)tr [(id Q@ Ex oAy - ¢+] , (5.135)
p/(xl) £

where in the last line we defined a new probability distribution p’(x|a) = >, p’(x|b)p(bla)
and inequality follows since this may be not the most general conditional probability
distribution.
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Chapter 6

Operational significance of
Buscemi nonlocality

6.1 Introduction

6.1.1 Background

Bell nonlocality is a phenomenon occuring when correlations shared between spa-
tially separated parties cannot be explained as arising from any mechanism that
operates according to the laws of classical mechanics. The concept of Bell nonlocality
is perhaps best understood in terms of a Bell experiment, which is sometimes also
called a “no-signalling game”. In such a game, a referee distributes two physical
systems to two spatially separated players, Alice (A) and Bob (B). Upon receiving
their systems, each player is asked a question from a pre-arranged set of questions,
labelled x for Alice and y for Bob. Depending on which of the questions was asked,
Alice measures her system locally and obtains an outcome a. Similarly, based on
his own question, Bob measures his share of the system and obtains b. The data
produced from the experiment can be described using a conditional probability dis-
tribution p(a, b|x, y), that is the probability of producing outcomes a and b given the
choice of measurements labelled by x and y. More details about this approach to
quantifying Bell nonlocality can be found in Chapter 2.

6.1.2 Motivation

Importantly, not all entangled states can display Bell non-locality (Werner, 1989;
Barrett, 2002; Augusiak, Demianowicz, and Acin, 2014). Quantum states can actually
demonstrate other forms of nonlocality which are not accessible in a Bell experiment
but which may become apparent in different experimental settings. In a seminal
work (Buscemi, 2012) Buscemi generalized Bell’s original experiment by allowing
the referee to ask “quantum questions”. This amounts to replacing the original set of
classical (and therefore mutually orthogonal) questions {|x)} with a set of quantum
states {|wy)} which need not be orthogonal. The correlation data p(a, b|wy, wy)
obtained in this modified experiment, dubbed semi-quantum non-signalling games,
differs significantly from its archetypical counterpart. Perhaps the most striking
consequence is that the new experiment is powerful enough to reveal the nonlocality’
of any entangled quantum state, even the nonlocality which would be hidden under
a standard Bell test (ibid.). This semi-quantum approach, also called measurement-
device-independent (MDI), has been a fruitful line of investigation during the last

1We use the term “nonlocality” whenever there does not exist a local model for the observed
correlations
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decade (Branciard et al., 2013; Cavalcanti, Hall, and Wiseman, 2013; Li et al., 2020;
Zhang and Zhao, 2020; Supic et al., 2020).

In this Chapter we propose interpreting the correlation data obtained in a semi-
quantum non-signalling game as an indicator of this type of nonlocality which we
refer to as Buscemi nonlocality. Still, in order to make this realisation well-grounded
we should be able to associate Buscemi nonlocality with an operationally mean-
ingful information processing task, in a manner similar to standard Bell nonlocality.
Whether such association exists is the main problem addressed in this Chapter. More
specifically, we study the following question.

Main question

What is the operational significance of Buscemi nonlocality?

In what follows we will answer this question using the framework of Quantum
Resource Theories (QRTs) and the duality of convex optimisation, both of which were
described in more detail in Chapter 2.

6.1.3 Contribution

In this Chapter, we focus on the quantum resource theory of Buscemi nonlocality,
which is an instance of the resource theory from (Schmid et al., 2020). The natural
object relevant for this theory is a generalized measurement (POVM) performed by
spatially-separated parties that do not communicate (distributed measurement). We
investigate a geometric measure that quantifies the amount of Buscemi nonlocality
contained within a given distributed measurement termed Robustness of Buscemi
Nonlocality (RoBN). We then address Buscemi nonlocality as a property of states, by
considering the maximal amount of Buscemi nonlocality that can be obtained using
a given state by any local set of measurements on Alice’s and Bob’s side.

As our first and main result we show that Buscemi nonlocality has operational
significance, by finding an operational task for which Buscemi nonlocality is a nat-
ural resource. This can be seen as akin to several seminal results in the field of
quantum information which showed the operational character of coherence (Napoli
et al., 2016), entanglement (Takagi and Zhuang, 2018), steering (Piani and Watrous,
2015) or Bell nonlocality (Acin, Gisin, and Masanes, 2006) in terms of experimentally
relevant information-processing tasks. Moreover, our task gives rise to a complete
family of monotones for this resource theory, i.e provides a sufficient and necessary
characterisation of Buscemi nonlocality contained in a distributed measurement.
Consequently, the average probability of guessing in these family of tasks can be
interpreted as a simple and complete set of “Buscemi inequalities” which charac-
terise nonlocality of distributed measurements, in analogy with the celebrated Bell
inequalities characterising nonlocality of states.

Our second main result concerns how Buscemi nonlocality relates to other types
of nonclassical phenomena studied in the literature: nonclassical teleportation and
entanglement. We show that the maximal value of RoBN which can be achieved when
Bob (Alice) is allowed to use any measurement is precisely the so-called robustness
of teleportation (RoT) of a teleportation channel from Alice (Bob) to Bob (Alice). On
the other hand, optimising RoBN over all local measurements for both parties leads
to the robustness of entanglement of the state shared by Alice and Bob. This result,
despite its clarifying character being of independent interest, leads to new opera-
tional tasks for which both nonclassical teleportation and entanglement are natural
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resources. These quantitative relationships further expand the results presented in
(Cavalcanti and Skrzypczyk, 2016), (Takagi and Zhuang, 2018) and (Lipka-Bartosik
and Skrzypczyk, 2020) by proposing new discrimination tasks for which both en-
tanglement and nonclassical teleportation provide advantage over their classical (i.e.
separable) counterparts.

As our third and final main result we interpret Buscemi nonlocality from the
perspective of single-shot quantum information theory. We show that Buscemi
nonlocality, when viewed as a property of a communication channel between the
sender (the Referee) and receiver (Alice and Bob), quantifies the maximal amount
of information that can be sent reliably when the channel is used only once (the
so-called single-shot capacity of a quantum channel). This establishes an important
link between Buscemi nonlocality and quantum communication.

6.1.4 Structure

The Chapter is organized as follows. In Sec. 6.2 we cover the relevant formalism,
remind the idea of characterizing nonlocality in terms of non-signalling games and
recall the robustness quantifier of Buscemi nonlocality (RoBN). In Sec. 6.3.1 we
find its operational interpretation in terms of the advantage in the task of distributed
state discrimination (DSD). In Sec. 6.3.2 we explore the relationship between Buscemi
nonlocality and the concepts of nonclassical teleportation and entanglement. Finally,
in Sec. 6.3.3 we describe a tangential view on RoBN from the perspective of single-
shot information theory. We conclude with Sec. 6.4 where we summarize our
findings and highlight several open problems.

6.2 Buscemi nonlocality

In what follows we will denote a local bipartite measurement on Alice’s side (system
AA’) with M4 = {M?A/}, where each M;;‘A/ is a positive semi-definite operator that
adds up to the identity (POVM). Similarly we will use MAE to indicate that the
measurement is non-local, i.e. we will treat systems labelled with different letters,
e.g. Aand B, as two spatially separated parties. We are interested in the most general
type of measurement that can be performed in this bipartite scenario without the aid
of classical or quantum communication. This can be realized by (i) allowing Alice
and Bob to apply arbitrary bipartite measurements in their labs, denoted respectively
MA = {MA24} and MB = {ME'B}, wherea € {1,...,04}tand b € {1,...,0} denote
Alice’s and Bob’s outcomes and (i7) allowing the two parties to share a quantum state
p’. In this way Alice and Bob can store and share all types of classical information
(e.g. classical memory or measurement strategy), as well as quantum information
(i.e. shared entanglement). We denote such a measurement with MAB = {beB},
where the corresponding POVM elements are of the following general form:

MAP = traw | (MM @MEP) (140 pAP @ 17) | 6.1)

Since the sets of all quantum states and quantum measurements are both convex
sets, it follows that the set of measurements of the form (6.1) is also a convex set. We
will refer to measurements of the form (6.1) as distributed measurements and denote
the set of all such measurements with Rgy. These measurements are the main
(resourceful) objects of the resource theory we consider here. Whenever the elements
of measurement MA® can be written as in (6.1) for some choice of shared state and local
measurements we will write MAB € Rpn. Later in Sec. 6.3.1 we will formally define
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A A’ B’ B

FiGure 6.1: A schematic diagram of a distributed measurement M48 composed of local

measurements for Alice M4 = {MZ4'}, for Bob MB = {MEB} and a state pA'%’ shared between

them. This is the most general type of measurement which Alice and Bob can perform in a
distributed scenario which does not allow for communication.

the set of free measurements of this resource theory, which turn out to be distributed
measurements with a separable shared state. Figure 6.1 illustrates a distributed
measurement and describes the relationship between different subsystems. This
type of objects appear naturally in a wide range of contexts when studying non-local
effects in an MDI setting (Buscemi, 2012).

We now specify the most general class of operations that the separated parties in
A and B can perform, without communicating, to improve the properties of their dis-
tributed measurement MA8 = {M;‘}B }, where indicesi € {1,...04}and j € {1,...0p}
describe measurements outcomes. The free operations for the QRT of Buscemi non-
locality are the so-called Local Operations and Shared Randomness (LOSR). There,
Alice and Bob are allowed to share any amount of classical memory described by
a random variable A. Formally this is specified by providing a probability distri-
bution p(A) which is available to both parties. Moreover, before measuring their
systems both parties are allowed to locally perform any completely positive and
trace-preserving map, potentially conditioned on the value of the shared memory,
i.e. we allow for applying &, on Alice’s and N, on Bob’s side. Finally, the parties
are allowed to post-process their measurement outcomes using arbitrary classical
channels p(ali, A) and p(b|j, A) to produce their final guesses. This procedure leads
to the most general type of LOSR operation that can be performed on a measurement
of the form (6.1). In what follows we will refer to this as quantum simulation:

Definition 6.1 (Quantum simulation)
A quantum simulation of a bipartite measurement M = {M;;} with a subroutine:

S = {P(/\),P(ﬂll,A),P(bl],A),a/\,N/\} (62)
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is a transformation which maps the POVM elements of M into:

M, = 3" p(Dplali, Mp(blj, ANE] ® NDIM;], 63)
i,j,A

where &' denotes the (unique) dual map to &. The dual map is formally defined as
the adjoint relative to Hilbert-Schmidt inner product.

In other words, any action that can be performed by Alice and Bob in their labs
without access to communication can be described by some quantum simulation
subroutine.

Quantum simulation induces a natural preorder on the set of all bipartite mea-
surements. Formally, a preorder is an ordering relation that is reflexive (a > a) and
transitive (@ > b and b > ¢ implies a > c). Here the preorder induced by quantum
simulation will be denoted with >4, i.e. M >4 M if and only if there there exists a
subroutine 8 which allows M to simulate M’, i.e. for the two measurements M and M’,
condition (6.3) in Definition 6.1 holds. The notion of simulation will turn out to be
relevant for the operational tasks introduced later on.

6.2.1 Buscemi nonlocality and no-signalling games

One of the ways to understand nonlocality is using the concept of no-signalling
games that was described in Chapter 2. Let us briefly remind this setting and discuss
its relationship with Buscemi nonlocality.

The standard scenario of a no-signalling game involves two cooperating players
(Alice and Bob) who play the game against a third party, the referee. The referee
chooses a classical question x € X for Alice and y € Y for Bob according to some
probability distribution p(x, y) : X x Y — [0, 1], where X and Y denote finite sets of
questions. Without communicating, and therefore, without knowing what question
the other player was asked, Alice (Bob) returns an answer a € A (b € B) from a
finite set of possible answers A (B). Based on the questions asked and the received
answers, the referee determines whether the players win or lose the game, according
to a pre-arranged set of rules. Such rules are typically expressed using a function V :
AXBXxXxY — [0,1], where V(a, b, x,y) = 1if and only if Alice and Bob win the
game by answering a and b for questions x and y. The average guessing probability
in this task can be written as

pguess(g, MAB) = Z p(x, y)p(a,blx,y)V(a,b,x,y), (6.4)
a,b,x,y

where G = {p(x, y), V} defines the no-signalling game and the conditional probabil-
ities p(a, b|x, y) are related to the local measurements {lelx} for Alice and {Ml?ly}

for Bob, via the Born rule:
p(a,blx, y) = tr[(M;}'; oMy ) pA'B’]. (6.5)

Before going into the details, let us note that the process of “asking classical ques-
tions” can be mathematically modelled by sending states from a collection of orthog-
onal states from a fixed basis, e.g. {|x)} such that 3}, [x}x| = 1 and (x|x’) = 0y
and similarly for {| y)}. Such states are perfectly distinguishable and hence Alice and
Bob, after receiving their questions, may choose their measurements unambiguously.
This can be viewed as giving Alice and Bob the ability to perform controlled bipartite
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measurements MA4" = {M44"} and MP'B = {MB B} with the POVM elements:

MAA/:ZM)(XI ® M, (6.6)
MP'P = ZMbly o |y)y|" . 6.7)

If Alice and Bob share a quantum state pA'®’ then effectively they have access to a
distributed measurement M2 of the form (6.1). This measurement is then applied

to the “questions” they receive, which we denote here with w4 = |Jc)(x|A for Alice
and a)ly3 = |y>< y|B for Bob. Therefore their behavior p(a, b|wy, wy) can be written as:

pla, blow, @) = tr [MAP (wf @ wf) |, (65)
=t [MA7 (1l @ [y )l | (69)
= | (M2, o M ) oA, (6.10)
= p(a, blx, y). (6.11)

With this in mind we can now formalize the process of asking “quantum questions”.
This happens precisely when the states sent by the referee are chosen from an arbi-
trary collection of states {w, }. Crucially, these states need not be distinguishable and
so each of them can be in a superposition of different orthogonal states.

Notice, however, that using quantum states as inputs to the distributed measure-
ment M2 with local measurements of the form (6.6) and (6.7) can only lead to a proba-
bilistic version of the standard no-signalling game, i.e. Alice and Bob randomize their
choices of measurements according to the respective overlaps p(x’|x) = (x'|wx|x")
and p(y'ly) = (¥'lwy |y’>. Thus, in order to use the power of asking genuinely
quantum questions, one needs to allow for arbitrary bipartite local measurements
on both sides. This leads to the general form of a distributed measurement (6.1)
with the local POVM elements {M24'} and {ME By being now fully general bipartite
measurements, and therefore a Buscemi behaviour is of the form:

p(a, blwy, wy) = tr[(M;“A’ & MPP)(wl & p/F @ wg)] . 6.12)

The above extension of a no-signalling game leads to a novel type of nonlocality
which was noticed for the first time in (Buscemi, 2012). Here we will refer to this
type of nonclassical correlations as Buscemi nonlocality. In this language the main
result of (ibid.) states that all entangled states are Buscemi nonlocal.

In what follows we present a consistent way of quantifying Buscemi nonlocality.
First we define a proxy quantity called the robustness of Buscemi nonlocality (RoBN)
that quantifies how much Buscemi nonlocality can be evidenced using a fixed dis-
tributed measurement. This provides a natural quantifier for the resource theory
of Buscemi nonlocality of distributed measurements, which is our main focus here.
Optimizing the quantity over all choices of local measurements for Alice and Bob
gives rise to a quantity which measures the maximal degree of Buscemi nonlocality
which can ever be obtained using a given quantum state.
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6.2.2 Quantitative measure of Buscemi nonlocality

The fact that Alice and Bob may share entanglement in (6.1) and use it to perform
a measurement means that the measurement is inherently nonlocal and can lead to
interesting correlations, even when measured on completely independent systems.
Our central question then is how to quantify this nonlocality present in a bipartite
measurement. To build a valid reference point we first consider the case when a
given distributed measurement cannot produce quantum correlations. This means

that the behavior p(a, b|wy, wy) = tr [M;qu (08 ® wf)] results from the measurement

{M;“bB } formed using a separable shared state pA'B' € SEP(A : B), where SEP(A : B)
denotes the set of all separable operators. Alternatively, in the language of (Schmid,
Rosset, and Buscemi, 2020), we can also say that the measurement is free relative to
LOSR. Any separable state can be written as:

Pt = p)pf @ pk, (6.13)
A

where p(A) is a classical probability distribution corresponding to a shared random
variable A and { p‘;"} and { pﬁ’} are collections of local quantum states. The associated
distributed measurement from Eq. (6.1) takes the form:

MAE =" pyMa e ME (6.14)
A

where we denoted M;‘M = tra [MAM (14 ® pf)] for Alice and MEM = trp [ME/B(pA/ ®

18)] for Bob. This is the most general classical measurement scheme which can be
realized if Alice and Bob have access only to classical randomness A and the ability to
locally prepare quantum states in their labs. The set of all measurements that can be
written as in (6.14) will be denoted by Fpn. These measurements are the most natural
candidates for free objects in the resource theory of Buscemi nonlocality. Notice that
measurements from this set have POVM elements that are all separable (SEP(A : B))
and admit a quantum realization (Rpy), i.e can be written as in (6.1) for some choice
of local measurements and shared state. Such measurements can never demonstrate
Buscemi nonlocality, regardless of the state being measured.

In order to better understand the difference between the sets Rpy (all distributed
measurements) and Fpy (free distributed measurements), let us consider the follow-
ing simple example.

Example 1: Distributed measurements

Let Alice and Bob share a two-qubit Werner state:
A'B’ A'B’ o
PR =pey T +A-p)—— (6.15)

where p € [0, 1], the state ¢, = |¢+><¢+| and |(j)+> = % (10)]0) + |1)|1)) is a
maximally-entangled state. It is widely known that the Werner state (6.15) is
separable for all p < 1/3. Let {U,} fora =1, ...,4, be a set of Pauli operators.
Consider a measurement M4 = {MZ'4} with elements:

M = (U @ 1A Uy @ 1), (6.16)
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Defining an analogous measurement for Bob M? = {MEB/} and using the

definition (6.1) allows us to write the distributed measurement MA? = {M;“bB}
for Alice and Bob as:

MAP = g e U )pF (g e Uf) 6.17)
A’'B’
=p o +(A-p)=— 6.18)

where we labelled (p;“;B' = (U ® Ufur)qbf'B'(Uf' ® UE”L)*. Clearly, (Z);“Z;B' is
again a maximally-entangled state and therefore each POVM element of M45
is a Werner state, up to local unitaries. Since entanglement is preserved under
local unitary operations, all elements of the distributed measurement MAB are
entangled operators for p > 1/3.

Therefore we can conclude that for p < 1/3 the distributed measurement
MAB can be written as in (6.14), which by definition means that M48 € Jpy.
Moreover, for p > 1/3 we know that each M;“bB ¢ SEP(A : B) and therefore
MAB ¢ Fpn. This implies that this distributed measurement is a resourceful
measurement in the resource theory of Buscemi nonlocality.

A natural question at this point is: given an arbitrary bipartite measurement
MAB € Rpn, how can its nonlocal properties be quantified, in particular its ability to
generate Buscemi nonlocality? For this purpose it is useful to define the following
quantity (Supic, Skrzypczyk, and Cavalcanti, 2017).

Definition 6.2 (Robustness of Buscemi nonlocality)
The robustness of Buscemi nonlocality (RoBN) of a distributed measurement
{M;“bB} is the solution to the following optimization problem:

MAB —

Regn(MAB) = min 7 (6.19)
S.t. M;“bB + rNﬁ)B =1+ r)Obe Ya,b,
{047} € Fon,  {NZP} € Rpn.

Although this may not seem obvious at first sight, the above is a convex optimization
problem and hence can be efficiently solved numerically (Boyd and Vandenberghe,
2004; Watrous, 2018) (see Sec. 6.5 further details). Moreover, due to the duality of
convex optimization problems the dual formulation of the above has several nice
properties which will be useful for our purposes. Robustness-based quantifiers were
introduced in (Vidal and Tarrach, 1999; Steiner, 2003) as entanglement quantifiers and
since then successfully applied in a wide range of QRTs. The above variant is closely
related to the MDI-nonlocality robustness introduced in (Supic, Skrzypczyk, and
Cavalcanti, 2017) at the level of probabilities (6.12). In particular, the two quantities
are equivalent when the sets of input states {w,} and {w,} are tomographically-
complete. It is also worth mentioning that the quantity defined in Def. 6.2 is not
a particular case of the robustness defined for general convex resource theories of
measurements (Oszmaniec and Biswas, 2019; Takagi et al.,, 2019). In particular,
in Def. 6.2 the optimization is over all measurements {N be} and {O;“bB} which
have a quantum realization in the no-signalling scenario, whereas the quantifiers
considered in (Oszmaniec and Biswas, 2019) allow for arbitrary measurements (in
particular also those which require communication). In other words, the above
general approach is valid only for measurements performed in a single location,
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whereas here we are explicitly interested in a distributed, multipartite scenario.
Hence our robustness measure is a genuinely different quantity than the generalized
robustness of measurements studied in the above papers.

In Sec. 6.5 we will derive the dual formulation of the RoBN, which can be used
to study its operational characterisation. Furthermore, we note that RoBN possesses
three natural properties which one would expect from a reasonable measure of
nonlocality, i.e:

(1) Itis faithful, meaning that it vanishes if and only if the measurement is classical,
ie:

RBN(MAB) =0 & MAB € FpN. (620)

(1) It is convex, meaning that having access to two distributed measurements M‘fB
and M{? one cannot obtain a better one by using them probabilistically, i.e for
MAB = pM;+(1—-p)Mpy with 0 < p <1, we have:

Ron(MA2) < p Rax (M%) (1-p) Rpn(M47). (6.21)

(iii) It is monotonic (non-increasing) under all quantum simulations. That is, if N48

can be simulated by M2 using some quantum simulation strategy (6.2) then

Ren(N?P) < Rpn(MAP). (6.22)

These properties were proven in (Rosset, Schmid, and Buscemi, 2019) for a more
general class of objects. For completeness, we give an independent proof in Sec. 6.5.

Finally, we introduce a quantity which measures how much Buscemi nonlocality
can be generated by using a fixed shared state. This leads to the following definition.

Definition 6.3 (Robustness of Buscemi nonlocality of a state)
The robustness of Buscemi nonlocality of a state p4p is the solution of the following
optimisation problem:

Rpn(pag) := max Rpn(MAP), (6.23)
MA, MB

where the optimization ranges over all local measurements on Alice’s and Bob’s side,
MAB is a distributed measurement of the form (6.1) and Rgn(MA8) is the robustness
quantifier defined in (6.19).

In this way the quantity from Eq. (6.23) is only a function of the shared state,
rather than the whole distributed measurement. It quantifies the maximal “amount”
of nonlocality of the corresponding behavior {p(a, b|wy, w,)} that can be generated
using a fixed pA/B', arbitrary local measurements M4, MB and arbitrary input states

{wx}, {wy}.

6.3 Results

6.3.1 Operational characterisation of RoBN

In the previous section we introduced a measure of Buscemi nonlocality quantifying
how “close” a given measurement is to that which would arise from using only local
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measurements and shared randomness, i.e. a measurement of the form (6.14). In
what follows we will show that RoBN quantifies the advantage offered by a fixed
distributed measurement over all classical measurements in a special type of a state
discrimination task relevant in the distributed scenario.

Let us now consider a task which is a special case of the no-signalling game
described in Sec. 2.4.1. In this case we choose the function V(a, b, x, y) = Oax Oby-
This means that Alice and Bob win if they both manage to guess the values of
x € X and y € Y which were supplied to them by the referee. This is a variation
of the standard state discrimination task in which a single player has to guess the
realization of a single random variable x. Interestingly, due to the assumption that
the players cannot communicate, distributed state discrimination cannot be reduced
to the standard state discrimination task.

Task 6.1 (Distributed state discrimination (DSD)). The task consists of the following
steps:

1. The referee chooses a bipartite state from the ensemble {p(x, y), 0., } according
to p(x, y) and distributes it among parties by sending one part of it to Alice and
the other part to Bob.

2. After receiving their systems, Alice and Bob can preprocess them using arbi-
trary channels {8?} and {N f }, potentially conditioned on a shared randomness
A (so-called LOSR processing).

3. Alice and Bob apply fixed local measurements MA4" = {M;“A'} and MB'B =
{M;f‘A'} to their shares of the state o, and a part of the shared state p'%". They

obtain outcomes i and j respectively, which they can postprocess to produce
their guesses a and b.

4. Alice and Bob communicate their guesses a and b to the referee and win the
game if they both correctly guess, i.e. whena = xand b = y.

Notice that the second and the third step can be also formulated as allowing Alice
and Bob apply any quantum simulation (6.3) to their distributed measurement MAB €
Rpn. Hence the two players are effectively simulating a distributed measurement,
denoted by N4B < M4B2. The average probability of discriminating states in this
discrimination game as specified by G = {p(x, y), 0x} can be expressed as

DSD ABY _
pguess Gg.M ) = NAII}L?)'\;AB bz p(x, y) tr [N“baxy] Oxa 6yb’ (6'24)
ab,x,y

where the optimization ranges over all measurements N4B = {N,;} which can be
quantum-simulated using MA5.

Let us now consider two different situations: (i) a classical scenario in which the
distributed measurement performed by Alice and Bob is classical, i.e. MAB ¢ Fpy,
and (i7) a quantum scenario in which the measurement performed by Alice and Bob
is genuinely quantum, i.e it cannot be written as in (6.14).

In the classical case (i) the optimal average probability of guessing which state
from the ensemble {p(x, y), 0x,} was provided can be expressed as

Pauess(@) = max  ppil(G,NP), (6.25)
NABeFpNn

21t appears that in the literature the more often used synonim for this type of operations is LOSR
processing
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Note that the above optimization has to be performed over the convex set of mea-
surements of the form (6.14), which is a subset of all separable measurements.

In the quantum case (i7) the above score can be further improved by exploiting
Buscemi nonlocality contained in an entangled state which forms the distributed
measurement MAE. The maximal amount by which quantum score outperforms
classical one can be quantified by studying the ratio

. Pies(G, MAP)

G Paues(@)
In Sec. 6.5 we show that the maximal advantage which Alice and Bob can achieve
when using M48 € Rpy over the best classical distributed measurement is precisely

equal to the robustness of Buscemi nonlocality defined in (6.19). Formally, we have
the following relation.

Operational character of Buscemi nonlocality

Result 6.1. Let MAB = {beB } be a distributed measurement and G =
{p(x,y), oxy} be an ensemble of bipartite states. Then :

(6.26)

Piuese(G,MP)

max ——————— =1 + Rgn(MAB). (6.27)
6 PRies(@)

This provides a direct operational meaning for Buscemi nonlocality. The proof
of Result 6.1 consists of three parts. First we use the primal formulation of the
problem (6.19) to show that the advantage from (6.27) is always upper-bounded by
the RoBN. Secondly, we identify a set of properties which characterize all distributed
measurements and add them to the optimization problem (6.19) as superfluous
constraints. Finally, using this characterization we obtain a dual formulation of the
problem which, after some simplifications, allows us to extract the optimal ensemble
of states {p(x, y), 0xy} which achieves the optimum in (6.27). The full proof of this
result is presented in Sec. 6.5.

The task of distributed state discrimination is a particular instance of a no-
signalling game. In this respect we can further consider an advantage (6.26), with
the average score psycc(G, MAB) given by (2.48), and optimize it over all ensembles G
and scoring functions V(a, b, x, y). This would allow us to find the largest possible
advantage which can be achieved in any possible nonsignalling game. In this way
Result 6.1 naturally leads to the following corollary:

Corollary 6.1. Let M*2 and G be defined as above and let V(a, b, x, Y) t AXBXXXY —
[0,1]. Then:

%4 AB
max P g“ESS(g;M ) — =1+ Ren(M*P). (6.28)
Ve maX  Pguess(G,N)

S.T.

pA'B’ e SEP(A:B)

In this way we can also interpret RoBN as a quantifier of the Buscemi nonlocality
contained within a given distributed measurement.
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6.3.2 Connecting Buscemi nonlocality with other notions of nonclassical-
ity

In this section we show that Buscemi nonlocality can be viewed as a type of non-

locality which is strictly stronger than two other well-known notions of nonlocal

correlations: entanglement and nonclassical teleportation.

It is worth mentioning that the authors of (Schmid, Rosset, and Buscemi, 2020)
also studied the relationship between Buscemi nonlocality, nonclassical teleportation
and entanglement by studying a partial order between objects representing these
resources: distributed measurements for Buscemi nonlocality. teleportation instru-
ments for nonclassical teleportation and bipartite states for entanglement. Here we
address an analogous problem using a more direct approach: we relate robustness
quantifiers of these resource theories and find a direct and simple relationship be-
tween them.

Recall that a distributed measurement is composed of two local bipartite mea-
surements and a shared state. This setting is very similar to the teleportation protocol
in which Alice locally measures an input state provided by the referee and a part
of an entangled state which she shares with Bob. Since the resource used in the
teleportation task is effectively “contained” in the resource which is used in the task
of distributed state discrimination, it is natural to ask if we can see some connection
between these two tasks. In particular, how is the ability of performing nonclassi-
cal teleportation related to the ability of demonstrating Buscemi nonlocality? Fur-
thermore, since teleportation is intrinsically related with entanglement (Cavalcanti,
Skrzypczyk, and Supic, 2017), also Buscemi nonlocality should be quantitatively re-
lated to the entanglement content of a state. In the next section we will show that in
fact these three notions of nonclassical correlations are inherently connected and all
describe different types of nonlocality.

Buscemi nonlocality and nonclassical teleportation

We have already seen in Chapter 5 that nonclassical teleportation can be viewed
as a way of testing nonlocality of a pair of objects: a state and measurement. In
particular, the “teleportation resource” in that case is the teleportation channel or,
more precisely, a collection of subchannels which form a teleportation instrument
constructed using the shared state and Alice’s measurement. In order to relate
nonclassical teleportation with Buscemi nonlocality we first recall the notion of a
teleportation instrument.

Definition 6.4 (Teleportation instrument)
A teleportation instrument 4B from Alice to Bob is a collection of subchannels
{AA=F"} defined as:

AT [0 = traw [(M;“A’ 2 1P) (a)A ® pA’B’)] . (6.29)

The above notion fully captures the type of channel obtained during the general-
ized teleportation experiment. For some applications it may be easier to work with
states rather than subchannels. In that case for a collection of input states {w%} one
can consider the so-called teleportation assemblages (teleportages) {Tfllx }, where the
elements of the assemblage are given by Tflx = A2 [wd].

Let us recall that a teleportation instrument “—5" is said to be classical (or

free) if it describes a teleportation experiment performed using a separable shared
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state. We can find a general form of a classical teleportation instrument by taking
pM =3, p(A) p‘;‘/ ® pﬁ/. The associated (classical) teleportation instrument reads:

Aifwn) = Dl p@)tean | (M2 92°) (o @ o @ oY )|
A

= > p()plalx, 1) p¥, (6.30)
A

where p(alx, A) = tr[M;{‘A'((uf ® p’;')] . This is the most general classical telepor-
tation scheme which can be realized if Alice and Bob have access only to classical
randomness A and the ability to locally prepare quantum states in their labs. In what
follows we will denote the set of all instruments which can be written as in (6.30)
by Fr. If a teleportation instrument cannot be written in this way, we will refer to it
as “nonclassical” and denote the set of all such instruments with Rt. The quantity
which quantitatively measures the amount of nonclassicality associated with a given
teleportation instrument is called Robustness of Teleportation (RoT) (ibid.). For a
teleportation instrument 478" = {AA78'} it is defined as:

Rp( 4P = min 7 (6.31)
r AT (Of )
s.t. AE Ly QA2 = (14 )T v,

(4= e 5, {Q4~F'} e Ry

It turns out that the above is also a convex optimization problem which can be
seen by formulating the constraints using the Choi-Jamiotkowski isomorphism (see
Appendix D for details). With the above notation we can now address our next result
which relates Buscemi nonlocality with nonclassical teleportation.

Relation between Buscemi nonlocality and nonclassical teleportation

Result 6.2. Let M8 be a distributed measurement composed of local bipartite
measurements M* and M and a shared state pA". Then:

max Ren(MAP) = Re( 47F), (6.32)
M

where the optimization is over all local measurements MB = {ME’B } for Bob
and 47F is defined as in Eq. (6.31). An analogous result holds for a telepor-
tation instrument B~4" if we instead optimize the Lh.s of Eq. (6.32) over all
local measurements for Alice.

J

The proof of this result is in Sec. 6.5. Let us now use this result to show a new
operational interpretation of the above teleportation quantifier.

Consider a task involving two players, Alice and Bob, who have access to a tele-
portation instrument 4~ connecting their labs. Let the referee be in possession
of an ensemble of bipartite quantum states G = {p(x, y), oxy}. Just as before, the
players may discuss their strategy before the game begins. This means that they
may use a shared classical memory A with a corresponding distribution p(A) and
conditioning on it Alice may apply one of the channels {8;{‘} to the input of the tele-
portation instrument and Bob may apply {N f '} to the output. The crucial difference
here between the standard teleportation protocol is that Bob does not know Alice’s
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measurement outcome and so his correction cannot depend on it. The task posed
between Alice and Bob is the following;:

Task 6.2 (Teleportation-assisted state discrimination (TSD)). The task consists of the
following steps:

1. The referee chooses a bipartite state from the ensemble G = {p(x, y), 0xy}
according to p(x, y) and distributes it among parties by sending one part of it
to Alice and the other part to Bob.

2. Alice sends her part of the state to Bob using a teleportation instrument A—B,
She is also allowed to pre-process her part of the state conditioned on the
classical randomness A using a collection of channels {Nf}. Based on the
outcome of the teleportation instrument i and potentially A she produces a
guess a via p(ali, A).

3. Bob applies a correction {85'} conditioned on the value of a shared random
variable A to the teleported state he received from Alice. He then measures
both parts of the system using an arbitrary measurement M? = {MEB'} and
produces a guess b.

4. Alice and Bob win the game if they both simultaneously guess correctly, i.e. if
a=xandb=y.

The average probability of guessing in the above discrimination task can be expressed
as:

pngfelgs(g, A—=BY = max max Z p(x,y) tr[Mf/B(qu_’B/@) id®) afo Oxadyb, (6.33)
1 a,b,x,y

where the optimization ranges over all measurements M? = {ME'B} on Bob’s side
and all teleportation instruments A=B" = (@4—B") which canbe quantum-simulated
using the instrument 478" = {AB '}. The elements of such a simulated instrument

are of the form

O} = ) p(Aplali, ONF 0 AP 0 E41] (634)
i,A

for some choice of local channels {8’;}, {N f/} and probabilities p(ali, A) and p(A).

The optimal average probability of guessing that can be achieved using only
classical resources (i.e. a separable shared state, meaning that the teleportation
instrument is classical) can be written as

Paos(G) = _max Panas(G, FA7F), (6.35)

A_’BIE?T

where FA~F stands for a classical teleportation instrument from Alice to Bob. The
maximal advantage which can be offered by any resourceful teleportation instru-
ment 478" in the task of TSD is precisely equal to the quantifier of nonclassical
teleportation defined in (6.31). This is captured by the following result.
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Operational character of nonclassical teleportation

Result 6.3. Let 478 = {A4~F')} be a teleportation instrument from Alice to
Bob and let G = {p(x, y), 0xy} be an ensemble of bipartite states. Then the
following holds:

TSD (g, A—>B)
max L8 =1+ Ry( 47B). (6.36)

G PEies(G)

Proof. Consider maximizing both sides of Eq. (6.27) over all measurements M? on
Bob’s side. Due to the Result 6.2, the right-hand side of Eq. (6.27) is equal to
1+ Rp( 47F"). On the other hand, notice that we can interchange maximisation over
G with maximisation over MB. Since pgligs(g) does not depend on M, the left-hand
side of Eq. (6.27) becomes:

nl\lll%x pgDuSeEs(gr MAB) mefelZs(gr A—)B’)
max 53D = max —& 53D (6.37)
g pguess(g) g pguess(g)
TSD (g’ A—B’ )
= max PguessTS 5 , (6.38)
g Pguess (g )
where the last equality follows since:
Pruess(§) = _max pyiic(G,FY) (6.39)
BN
= _max_max s, FAF) (6.40)
T
= Paness(G)- (6.41)
This completes the proof. m|

Buscemi nonlocality and entanglement

Let us now explore the link between Buscemi nonlocality, which we defined as a
property of a bipartite state and local measurements, and entanglement (a prop-
erty of the state only). Among the large variety of known entanglement quantifiers,
we are going to choose the one which most naturally relates to the RoBN — the
so-called generalized Robustness of Entanglement (RoE), denoted here with Rg(p).
This entanglement quantifier was considered for the first time in (Vidal and Tar-
rach, 1999) and generalized in (Steiner, 2003) and since then proved to be useful in
several different contexts, e.g. in proving that all entangled states can demonstrate
nonclassical teleportation (Cavalcanti and Skrzypczyk, 2016), in exploring the con-
nection between entanglement and permutation symmetry (Rajagopal and Rendell,
2002) or in studying the effects of local decoherence on multi-party entanglement
(Simon and Kempe, 2002). This quantifier also has two interesting operational inter-
pretations: it quantifies the maximal advantage that can be achieved in a bipartite
subchannel discrimination task (Takagi et al., 2019) and the maximal advantage in
the task of local subchannel discrimination with a quantum memory (Lipka-Bartosik
and Skrzypczyk, 2020). It is defined in terms of the following convex optimization
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problem:
ABy _ :
Re(p™) = ,min, T (6.42)
s.t. pB + B = (1 + )08

B >0, =1

o8 € SEP(A:B), tro?f=1.

Using this definition we can now address our next result which relates Buscemi
nonlocality with entanglement.

Relation between Buscemi nonlocality and entanglement

Result 6.4. Let M4 be a distributed measurement composed of local measure-
ments M* and M? and a shared state pA’®’. Then:

max  Rpn(M*?) = Re(p™?), (6.43)
MA, MB

where the optimization is over all local measurements for Alice MA = {M{;‘A'}
and for Bob M? = {MPF'B}.

The proof of this result can be found in Sec. 6.5. Notice that the above relationship
allows us to directly infer that the maximal amount of Buscemi nonlocality that can
ever be generated using a given state, defined in (6.23), is precisely equal to its
entanglement content. Therefore we may write:

Ren(pas) = Re(p?P). (6.44)

The above fact can be also understood by noting that distributed measurements can
“encode” the nonclassicality of every other type of bipartite nosignalling resource
(Schmid, Rosset, and Buscemi, 2020). The relationship (6.43) along with Result
6.1 also allows to find a new operational interpretation of the RoE. Consider again
the task of DSD with the relaxation that Alice and Bob may now apply arbitrary
local measurements in their labs. The goal for Alice and Bob remains the same: to
guess which state from the ensemble G = {p(x, y), 0y} was prepared, under the
assumption that no communication is allowed. In this way the task posed between
Alice and Bob is the following;:

Task 6.3. (Entanglement-assisted state discrimination (ESD)) The task consists of the
following steps:

1. The referee chooses a bipartite state from the ensemble G = {p(x, y), oxy}
according to p(x, y) and distributes it among parties by sending one part of it
to Alice and the other part to Bob.

2. Alice and Bob apply arbitrary local measurements M4 and M? to the states they
received and their part of the shared state pA'5’ and receive outcomes a and b,
respectively.

3. Alice and Bob win the game if they both guess which state was provided, i.e.
guess both x and y.
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The average probability of guessing in this task can be expressed as:

ESD (g’ pA’B’) = max

pguess MA MB Z p(x/ ]/) tr [M;quGf;] 5xa5ybr (6-45)

a,b,x,y

where the optimization ranges over all measurements M4 = {M44'} on Alice’s and
MB = {Mg’B } on Bob’s side with measurement beB of the form (6.1).

The best average probability of guessing in the classical scenario (i.e. when the
shared state is separable) is given by:

ESD — ESD A’'B’
pguess (g) - /max pguess (Q, o )
o4’B’ e SEP(A:B)

= max peins(G,NP)
NABeFpN &

= Pyiess(G)- (6.46)

The maximal advantage which can be offered by an entangled state pA'5’ in the ESD
task can be quantified using the RoE. This is the content of our next result.

Operational character of entanglement

Result 6.5. Let p”'F" be a bipartite state shared between Alice and Bob and
let G = {p(x,y),0xy} be an ensemble of bipartite states. Then the following
holds:

Peaes(G, p*P)

max =1+ Rg(p?'?). (6.47)
¢ Peies(©)

Proof. The proof of Result 6.5 proceeds similarly to the case of nonclassical telepor-
tation. Let us maximise both sides of (6.27) over all measurements on Alice’s and
Bob’s side, i.e. over all M* and MB. Due to Result 6.4 , the right-hand side of (6.27)
is equal to 1 + Rg( pAIB'). On the other hand, due to (6.46) we can write the left-hand
side of (6.27) as:

DSD AB
max M -
MA MB guess(g ) pggelgs(g’ ,DA B )
max 53D = max ——op————. (6.48)
g Pguess(G) G Pguess(G)

This completes the proof.

Finally, let us note that entanglement-assisted state discrimination is a particular
instance of a no-signalling game in which we fix V(a, b, x, y) = 6x,6p,, and allow for
optimising over local measurements. This exactly corresponds to the average score
studied in Ref. (Buscemi, 2012). Using this realisation we can now consider the
maximal advantage in the task of entanglement-assisted state discrimination (6.47)
and optimise it not only over ensembles G, but also over all predicates V(a, b, x, y),
in a manner exactly similar as in the case of Corollary 6.1. This therefore yields the
largest possible advantage that can be achieved in any no-signalling game. In this
way Result 6.5 naturally leads to the following corollary.
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Corollary 6.2. Let MAB and G be defined asbeforeandlet V(a, b, x, y) t AXBXXXY —
[0,1]. Then:

maX Pyecs(G) MAB)
’ 1+ Rg(p?'?), (6.49)

maXx

VG  max max Pl (G, NAB) -
0€SEP(A:B) NA NB Piuess\7”

where N48 = {N ;“bB} with the POVM elements defined as:
N,y = trap [(Nij'@Nf'B) (1A® B 13)] . (6.50)

In this way we can now interpret RoE as a quantifier of the Buscemi nonlocal-
ity contained within a given state. This not only re-derives the main result of Ref.
(Buscemi, 2012), but also makes it significantly stronger; the RoE can now be seen as
the quantifier of the maximal advantage in any no-signalling game, therefore provid-
ing a completely new interpretation for this well-known entanglement quantifier. O

Complete sets of monotones for quantum simulation

We finish this section by showing that the average guessing probability in the task
of DSD completely describes the preorder induced by quantum simulation on dis-
tributed measurements MA8. Formally this means that the average guessing prob-
ability pgDLiES(Q, MAB) when viewed as a function of G forming a complete set of

monotones for quantum simulation of M4, This is captured by the following result:

Complete set of monotones for quantum simulation

Result 6.6. Any distributed measurement M4® can quantum-simulate another

measurement N4 if and only if for all ensembles G = {p(x,y), oxy} the
following holds:
Pauese(G M) 2 pid (G, N4P). (651)

This infinite family of inequalitites (one for each game G) we interpret as
“Buscemi inequalities” mentioned in the introduction.

In other words, quantum simulation (or LOSR) can never improve the discrimination
ability of any distributed measurement. The proof of this result is in Sec. 6.5

6.3.3 RoBN as a quantifier in single-shot information theory

We now address another way of interpreting RoBN from the point of view of single-
shot quantum information theory. In particular, in Sec. 6.5 we show that RoBN also
quantifies the entanglement-assisted min-accessible information of a quantum-to-
classical bipartite channel (i.e. a channel with quantum inputs and classical outputs).
This connection parallels analogous results from the literature which correspond to
single party quantum-to-classical channels (Skrzypczyk and Linden, 2019; Takagi
etal., 2019). We start by noticing that any distributed measurement M4 can be seen
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as an entanglement-assisted quantum-to-classical channel:

NP0l © 0B = 3 pla, blas, wy) [a)al X @ [bX0],  (6.52)
a,b

with p(a, blwy, wy) as in (6.12). In quantum information theory the standard quanti-
fier of the maximal amount of classical information that can be reliably sent through
a quantum channel is the accessible information which is defined for an arbitrary
quantum channel R as:

[P“(R) = max (X :G), (6.53)

where € = {p(x), 0.} is an ensemble of states which encode classical random variable
X distributed according to p(x), D = {Dy } is the decoding POVM which produces an
outcome g with probability p(g|x) := tr[Dg -ﬂ[ox]] and I(X;G) = H(X) - H(X|G)
is the mutual information of the distribution p(x, g) := p(x)p(g|x). In the single-shot
case a more relevant quantity is the min-accessible information I35 (R) which is defined
as (Ciganovi, Beaudry, and Renner, 2014):

55 (R) = max [Fln(X) = Hyin(XIG)] (654)
where the optimization ranges over the same encodings and decodings as before and
single-shot entropies are given by (Renner, 2005):

Hpin(X) = —logmax p(x), (6.55)

Hunin(X|G) = ~ log , (6.56)

Z maxp(x, g)
8

Let us now consider an encoding of a bipartite random variable X X Y, i.e
€ = {p(x,y),0xy} and the associated decoding D = {D,} for ¢ = 1,...,|X]|-[Y].
In Appendix G we show that for this particular setting RoBN quantifies the min-
accessible information of the channel N4B=XY_ Formally, we have the following
result:

Information-theoretic interpretation of Buscemi nonlocality

Result 6.7. Let N4B=XY be a quantum-to-classical channel of the form (6.52).
Then the following holds:

12 (NAB=XY) = Jog[1 + Rpn(MAP)] (6.57)

min

The proof of this result is in Sec. 6.5. The above result provides an alternative
way of interpreting RoBN as the maximal amount of min-mutual information that
can be obtained between the input and output of the channel (6.52) when using it
only once.

6.4 Discussion and open problems

In this work we have studied the notion of Buscemi nonlocality when it is formal-
ized as a quantum resource theory of distributed measurements. This formulation
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allowed us to establish a direct operational interpretation of Buscemi nonlocality in
terms of a practical information-theoretic task called distributed state discrimination
(Result 6.1). We have shown that the average guessing probability in this task pro-
vides a complete set of monotones for the partial order of distributed measurements
induced by quantum simulation (Result 6.6). This result can be also interpreted
as a complete family of "Buscemi inequalities" which quantify nonlocal properties of
distributed measurements.

This operational link was derived using a geometric quantity measuring the
strength of nonlocal correlations generated using a given distributed measurement
(namely RoBN). By connecting this quantifier with other measures of nonlocality we
inferred a quantitative relationship between distributed measurements, nonclassi-
cal teleportation and quantum entanglement, a realisation which we believe to be
of an independent interest. In particular, we have shown that the robustness of
Buscemi nonlocality optimised over all local measurements for one party is equal
to the robustness of nonclassical teleportation (Result 6.2). Similarily, optimising
RoBN over local measurements for both parties gives the robustness of entangle-
ment (Result 6.4). This naturally leads to new operational interpretations for both
of these quantifiers, in terms of appropriately tailored state discrimination tasks of:
teleportation-assisted state discrimination (Result 6.3), and entanglement-assisted
state discrimination (Result 6.5).

We have also shown that the maximal amount of nonlocality that can ever be
generated using a fixed bipartite state, is directly proportional to its entanglement
content. The entanglement content in this case is characterised by the robustness
of entanglement, a widely-known entanglement quantifier with direct operational
significance. Importantly, this not only re-derives the main result of Ref. (Buscemi,
2012), but also makes it significantly stronger; the generalised robustness of entangle-
ment can now be seen as the quantifier of the maximal advantage in any no-signalling
game (Corollary 6.1 and Corollary 6.2)

As our last result we have interpreted Buscemi nonlocality from the perspective
of single-shot quantum information theory (Result 6.7). In particular, we have shown
that Buscemi nonlocality, when viewed as a property of a communication channel
between the sender (the Referee) and receiver (Alice and Bob), quantifies the maximal
amount of information that can be sent reliably when the channel is used only once
(the so-called single-shot capacity of a quantum channel). We have shown that
the RoBN can be viewed as the maximal single-shot capacity offered by a bipartite
quantum-to-classical channel. This establishes an important link between Buscemi
nonlocality and the single-shot theory of quantum communication.

Finally, we emphasize that while we focused exclusively on quantifying Buscemi
nonlocality using a robustness-based measure, our results can be easily extended
to address the so-called weight-based resource quantifiers (Elitzur, Popescu, and
Rohrlich, 1992; Lewenstein and Sanpera, 1998). These geometric measures find
their operational meaning in the so-called exclusion tasks (Ducuara and Skrzypczyk,
2019; Uola, Kraft, and Abbott, 2020). Consequently, the resource quantifiers of:
weight of Buscemi nonlocality, weight of nonclassical teleportation, and the weight
of entanglement, are quantifiers characterising: distributed state exclusion (DSE),
teleportation-assisted state exclusion (TSE), and entanglement-assisted state exclu-
sion (ESE), respectively.

We believe that the results presented in this work will shed new light on the
complex structure of different types of nonclassical effects observed in Nature, as
well as on their practical relevance for physically-motivated tasks.
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This work also provides an example of a multiobject quantum resource theory
which cannot be reduced to a theory of either measurements, states, channels, or
state-measurement pairs (Ducuara, Lipka-Bartosik, and Skrzypczyk, 2020a). This
also means that the composite objects we study here constitute genuine multiobject
quantum resources (i.e. those which demonstrate a nontrivial “interaction” between
different component resources). In our case such a nontrivial interaction appears
when having a resourceful state (entangled) and a resourceful measurement can still
lead to a free composite object (i.e. LOSR-free distributed measurement). It is an
interesting open question to see if one can find additional examples of multiobject
resource theories which address such irreducible resources. This is in sharp contrast
to a recently introduced multiobject resource theory of state-measurement pairs,
where the resources independently contribute to the benefit of the operational task
of discrimination and exclusion of subchannels (ibid.).

One of the standard questions addressed by quantum resource theories is de-
termining when and at what rate a large number of copies of one resource can be
converted into another. The fact that multiobject QRTs cannot be seen as resource
theories of constituent objects leads a natural question of whether this can be used
to improve the existing asymptotic protocols. For example, in the resource theory of
nonclassical teleportation one can ask whether # uses of teleportation instrument can
lead to a better teleportation than using n copies of the shared state. Similarly we can
ask whether access to n uses of a distributed measurement can be in advantageous
over using bipartite measurements and n copies of the shared state.

6.5 Proofs

6.5.1 Equivalent formulation for RoBN

By definition RoBN is a conic program. This means that we can use the tools of convex
optimization theory to find its dual and from that obtain useful information about the
primal problem. We will assume a knowledge of the tools of conic programming, and
direct the interested reader to (Boyd and Vandenberghe, 2004). Let us start from the
formulation given in the main text and substitute N be =rN be and 5;qu =(1+ r)Obe.
After this substitution the primal problem can be written as:

st MAP+N,P =047 Vab, (6.59)
{047} € Fon,  {NLS} € Rpn, (6.60)

where the optimization is performed over 7, {Kf be} and {5be }. Notice that any col-
lection of operators inside Rpn or Fpn = Fspp N Rpn satisfies its own “no-signalling”
constraint which can be easily deduced from the definition of the set Rgn. Moreover,
any operator in Jpy is separable. In this way for any {X;“bB} € Jpn we can write:

dxM=1"exf vb, Y x#=xle1® Vi,  XAP€SEP(A:B),
a b

(6.61)
Z X =1, Z X4 =14, (6.62)
b a
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Now we are going to add a family of such redundant constraints to our optimization
problem. Note that we can always do that since adding constraints which are au-
tomatically satisfied by any operator in the feasible set does not change the optimal
value of the program. Moreover, we can also relax the constraint (6.59) to an inequal-
ity M;“bB +N ;“bB < 048 without changing the optimal value of the conic program. To
see why this is the case suppose we have solved the relaxed problem using variables
rrel, {Ip\vlﬁjB’m}, {6;4bB’rEl} and XuAbB’rEl > 0 and such that for all 2 and b we have:

MAE + ﬁ;‘f rel - 5be el _ thB "¢l Then the optimal value of the relaxed program
becomes:

R (MAB) = —1 + % > ot (6.63)
ab
=1+ %Zh: tr :beB + NAPTe! 4 x o8 ] (6.64)
;
> 1+ % Zbl tr :M;‘bB 4 ﬁﬁ’e’] (6.65)
z
> -1+ % Z;‘ tr | M4 + | (6.66)
a
> -1+ % Zb: tr :M;‘bB + f\iﬁf] = Rpn(MAP). (6.67)
;

where {ﬁ;b} is a set of dual variables feasible for our initial problem (6.58). In this
way the conic program defining RoBN becomes:

Ren(M) = min r (6.68)
s.t. MAB+ NAB < O4AB va,b, (6.69)
Z 6293 =14 55 Vb, Z 55 = (1+7r)15, (6.70)

a b

Z 5;‘;)3 = 5;4 ® 18 Ya, Z 5";‘ =(1+ r)lA, (6.71)
b a

{O4%} € Ton Va,b, OAPcSEP(A:B) Va,b,
6.72)
{N4B} € Rpn Va,b, (6.73)

where the minimization is performed over r, {5273 }, {5:{‘}, {5}93 } and {ﬁ ;“hB }.

In what follows we will denote a dual cone to R using R*, thatis R* := {X | tr XQ >
Oforall Q € R}. We will now write the dual formulation of the above problem. To do
so we first write the associated Lagrangian using dual Hermitian variables associated
with a corresponding set of constraints: {A;“If } such that Ag‘bB >0foralla,b, {B;}B 1,
{C48}y, DA >0, E® > 0, {Fbe} € Jpy meaning that 3., tr [FbebeB > 0 for all
{beB} € Fpn, Gbe € Fipp for all 4, b, meaning that tr[Gbe XAB ] >O0foralla, b
and all separable operators XAB ¢ Fgpp and, finally, {Hbe} € Rgy- With this the
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Lagrangian function of the conic program (6.68—6.72) becomes:

— AB AB NTAB AB AB ~AB A B
L=r+ ) wall | MAP + NAP - OA| + 3 wBy? |3 047 -146 O | (674)
ab b a
# > P> 0aF - O0f 1% | +rDA | Y Of - (14 )14 (6.75)
a b a
+wE | OF - (14017 - 3 w|FAPGAE| - 3 | GAPOA|  (676)
b a,b a,b
- Y| HAPNAT| (6.77)
a,b

=r-[1-tr DA —trEP] + > tr Ny [ALF — HAP] + > O [DA = C] (678)
a,b a
+ > tr Oy [-ALF + BIP + CAP — FAP - GAP] + > wrOF [EP - BE]  (6.79)
a,b b
+ >t [AZPMAP] —tr DA — tr EP. (6.80)
ab

By demanding that the terms in the square brackets which appear along with the
dual variables vanish we can ensure £ < r. This leads to the following (dual) conic
program:

Ren(MP) = max > tr[AfPMAF] -1 (6.81)
ab

st CHP+ BB = AP+ PP+ GAE Va,b, (6.82)

A =HAP Va,b, Cl=D" Va, (6.83)

BE=E? vb, A%>0 Va,b, (6.84)

{Hbe} € Rpn» {F;‘bB} € TN, T DA +trEP =1.

Notice now that the set Fgn € Fsgp, which implies that the dual sets satisfy Fégp €

Fgn- Hence without loss of generality we can assume Gbe =0foralla and b. In this
way we can express the above program in the following way:

1+ Rpn(MAB) = max Z tr [A‘;‘fobB] (6.85)
ab

st CoB+ B A =FPegy Va,b, (6.86)

CA=D% Va, CA4,DA>0 Va, (6.87)

A >0 Va,b, uwD*+trEP=1. (6.88)

Using both primal (6.58) and dual (6.85) formulations we can now describe some
basic properties of the RoBN.

6.5.2 Basic properties of RoBN

Here we prove the three basic properties of RoBN highlighted in the main text.
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Faithfulness If MAB ¢ Fpy then we can always choose a feasible r = 0 in the primal
form (6.58). Since the solution is always non-negative, r = 0 is also optimal.

Convexity Let {N;b, O;b} be optimal primal variables for Rgn(M!) and similarly let
{Ngb, Ofb} be primal-optimal for Rpn(M?). Define M’ = {M’,} as a convex combi-
nation of the two measurements, thatis M, = p M;b +(1-p) Mib for each a and
b. We can construct a set of feasible variables for Rgn(M’) in the following way:
N, =p N;b +(1- p)Nfb and O/, =p O;b +(1-p) Ogb. Substituting N/, and O,
into the constraints of the primal form for Rgn(M) shows that this choice is feasible.
In this way we obtain an upper bound on Rgn(M'):

Ren(M) < tr Y N7, (6.89)
a,b
=ptr Z N, +(1=p)tr Z NZ, (6.90)
a,b a,b
= pR(MY) + (1 = p)R(M?). (6.91)

Monotonicity Let us start with the assumption that there is a subroutine:

8 = {p(A), p(ali, A), p(blj, A), Er, Na}

which allows to simulate M’ using M, i.e. M >; M’. This means that the POVM
elements {M,;} of M can be mapped into:

My, = 3" p(Dplali, Dp(blj, ANE] ® NDIM].
i,j,A

Suppose now that we solved the dual problem for Rpn(M’) using the optimal dual
variables {A’ }, {B,},{C;}, D', E" and {F/, }. Using these we construct an educated
guess for Rpn(M) in the following way:

Ay = ;P(A)P(ali,A)p(bIM) (E1® N1 [AL,], (6.92)
By = gpuw(m i) (€1 ® N [B}], (6.93)
C; = ij(A)p(au, ) Erve N [C), (6.94)
D* = Z p(A)E,[D'], (6.95)
E* = Z;p(/\)NA[E’], (6.96)
Fy = ;p(f\)pw,m;o(bu, 1) (E1® Np) [, - 697)

It can be verified that the above choice of variables is feasible for the dual problem
(6.85). In particular, notice that by construction we have C; + B — A}, = F; for all
i, j since the primed dual variables satisfy the constraints of (6.85). Furthermore,
since trz(E,) ® Ny)[XAB] = ,[XA] we can infer that trp C; = D" and try B; = E*.
Moreover, as separable maps preserve both positivity and separability we also have
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that A’lfj > 0foralli, jand {F ;j} € Fpy- Using the proposed set of dual variables we
find the following lower bound:

1+ Rpn(M) > Z tr[Mi]-A;j] (6.98)
= ;jZ:AP(/\)P(ﬂ|i, Mp(blj, A) tr[Mi; - (Ex ® Na) [Aas]] (6.99)
- ,li,AP(/\)P(ali, Mp(blj, A) e[ (8] ® NY) [Mij]- Aa] — (6.100)
= %lz;[MabAab] (6.101)
1 i Ren (M) (6.102)

This proves that RoBN is monotonic under quantum simulation.

6.5.3 Proof of Result 1

In this section we prove that RoBN can be seen as a quantifier of the advantage a given
distributed measurement provides in the task of distributed state discrimination. To
simplify notation in this section we shall omit subsystem labels whenever it is clear
from the context. Let us recall that the average guessing probability in the task of
distributed state discrimination using a distributed measurement M can be expressed
as:

DSD —
Prass(G,M) = ma bZ P, y) tr [Noy 0xy | 800y, (6.103)
a,b,x,y

where the optimization ranges over all measurements N = {N,;} which can be
quantum-simulated using M = {M;; }, where

M;j = trap [(M{"A ® MIP) (1" ® p*f © 1) (6.104)

is a distributed measurement and G = {p(x, y), 0xy} is an ensemble of bipartite
states. Suppose that we have solved the dual problem for RoBN (6.85) using the
set of dual variables {A,}, {C,}, {By}, D, E and {G,;}. Notice also that due to the
constraints in (6.85) the matrix A, is positive semi-definite for all values of 4 and
b. Let us now consider a particular game setting G* = {p*(x, v), a}y} defined in the
following way:

trAyy Axy

C= nytrAxy, pix,y)= c Oyy = m, (6.105)

where x =1,...,04, ¥y =1,...,08 and 04, 0p are the numbers of outcomes of local
measurements performed by A and B. The best average guessing probability which
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can be achieved in the game G* using a distributed measurement M is given by:

plg)usels?s(g*r M) = HL?G Z P*(X, ]/) tr [Nah G;y] 5xa6yb (6.106)
a,b,x,y
> : 7 107
> . tr[MxytrAxy (6.107)
X,y
1
== )t [MayAsy] (6.108)
XYy
1
=z [1+Ren(MA5)], (6.109)

where the inequality in the second line we follows from choosing a particular sub-
routine 8 with p(A) = 1/|A|, p(ali, A) = 64, p(blj, A) = 0pj and E) = N = id. Let
us now look at the corresponding classical (i.e. without access to entanglement)
probability of guessing:

P'gjlfelsjs(g*) (6.110)
= max pguess(g N) (6.111)
= max Z p*(x,y) tr [ny axy] (6.112)
= % max ny" tr [NyyAxy| (6.113)
_ é max xz;‘ tr [Nyy(Cy + By — Fyy)] (6.114)

1 ax (Ztr [(Ny ® 1)Cy] +Ztr [(L®N,)B,] —Ztr [NyFyy] | (6.115)
BN\ <5 y %y

< E max (Z tr [NyD] + Ztr NE] (6.116)
%(trD +trE) (6.117)
1

== (6.118)

where the inequality follows since for all N € JFpn we have ny tr[nyny] > 0.
Combining bounds (6.109) and (6.118) leads to:

pBREM  pREEW
DSD =  _DSD(p»
g pclass(g) pclass(g )
In order to prove the upper bound notice that the first line of constraints in the primal
formulation for RoBN (6.58) implies:

> 1+ Rgn(M). (6.119)

Va,b M, =0, -N,, (6.120)
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where 6;11 =[1+Rpn(M)] O/, forall a, b and {O,} € Fpn. This allows to write:

Poas(G M) 6.121)
= max Z p(x,y) tr [M;b axy] Oxadyp (6.122)
M <;M by
= max > plx,y) tr [(5;b —ﬁ;b)axy] 8300 yb (6.123)
M <M by
< 0’ .
< '\IAI}%)'\(A a,be:,yp(x, y) tr [Oab(’xy] Oxadyb (6.124)
= max [1+ Rpn(M)] Z p(x, y) tr [O;boxy] Oxa0yb (6.125)
1 a,b,x,y

{Oah}estBN

< (hl;ll;l<a)l\(ﬂ [1+ RBN(M’)]) max Z p(x,y) tr [Oabaxy] 0xabyp | (6.126)
1 a,b,x,y

< [1+ Ren(M)] pRa (@), (6.127)

where the last inequality follows from the monotonicity of RoBN under quantum
simulation. Combining bounds (6.119) and (6.127) yields:
Poen(G.M)

max =1+ RBN(M). (6.128)
G Paies(G)

6.5.4 Proof of Result 2

Before proving the result we recall the primal and dual formulation of the Rol
quantifier. Let = {A;} be a teleportation instrument whose elements are defined
as:

AE 0] = tran (M2 © 1B) (0 © p?'B)], (6.129)

for some measurement M2 and a shared state pA’®". We denote the set of Choi-
Jamiotkowski states corresponding to this of these subchannels with {]V B'Y je. each
VB .= (id" ® Af_’B')[(pKA] with system V isomorphic to A. With these definitions

RoT for a teleportation instrument A=B" can be written as:
A-B'y _ s ~B VB’ VB
R ( )=min tro”, — max Ztr [Aa p ] -1,
a
14:4 VB’ , / ,
s.t. ;7 < F] Va, s.t. BVE —AVE = VB
’ 1V ~ R’ VB’
ZF;/B=7®UB, (W77} € Fggps
a BB' — 1B',
VB’
€ ,
{Fa ") eI va, AP 20 Va
¥ > 0.

(6.130)

Let us now proceed with the proof of Result 2.

Proof. As before, the proof consists of two steps. First we will show that Rr( 4~F")

lower bounds Rpn(MB) for a particular choice of local measurement ME'B_ Then we
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will show that for any choice of local measurements on Bob’s side RBN(MAB) is never
larger than the teleportatlon quantifier Rr( 47F").

Let AV >0, W/E ¢ Fep and BV’ be optimal dual variables for Rr( 4~F’). Let

{Uf } for b € {1,...,d?} be a set of Pauli operators with respect to a basis { 1B}
Consider the following measurement with op = d? outcomes:

MP® = (id” @ UP)[oP®], (6.131)

where Uy[-] = LIb(-)U;r. We are interested in the lower bound for Rr( 478", Let
us choose a set of dual variables in (6.85) inspired by the optimal dual variables for
Rr( V7P):
Ay = (d" & (UDPIAFH)T], ByF = ( d* e (U)"IB)], cif =0,
(6.132)

FAP = Gt e @hPIWPT), DP =17, Ed=o. (6133)

It can be verified by direct substitution that the above choice is feasible. In particular,

the above choice for {FAB } is feasible as Fegp € Ty and both sets are invariant under

local unitaries. This leads to the following chain of inequalities:
1+ max Rpn(MAB) (6.134)

> Ztr [A4EMAE] (6.135)

= Z tr [(id? ® (U)HP)(ALE) Ttrap (M2 MEB)(14 @ p"P ©1B)]]  (6.136)
ab

= > |t @ (UHP AL T eam [(M;;‘A@ (d?¥ @ UB)[HF P14 @ p*F ® 13)] ]

(6.137)
=Yu :1A’B/ ® (id" ® (UHP)[(A2E)] [(M;“A'@) (id® & UB)[$E BN (14 @ p*P @ 13)] ]

(6.138)
=Yt ’(1A’B’ ® (AfB)T) (Mg‘A’@o BB ) (1A ® p"'F @ 13))] (6.139)
ab }
= % Z tr [AVP tran [(1Y @ MY @ 17) (V4 @ p'F)] | (6.140)
ab
= Al ] (6.141)
=1+Rq( VP (6.142)

We now prove the upper bound. Notice that for any distributed measurement MA8

we can construct MVB := {MVB} such that MVB =d tra[(1V ® M )(qbVA ® 1B)].
This in turn can be written as:

MYP = d trapp [(1A & MA4' g ME'B) ( VA g oA g 13)] (6.143)

= d trg [(1V ® Mf’B) ( IVE 13)] . (6.144)
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Note that we can always write JVB < [1+ Rp( A7F)]FYP, where {FV?'} are Choi-
Jamiotkowski operators of some classical teleportation instrument. This allows us to
further rewrite (6.144) as:

MYP <d[1+Re( A7) tra[(1V @ MAP) (@74 © 1P)] (6.145)
=[1+Ry( *7F)]OVE. (6.146)

Where {OVB } is a free distributed measurement. Hence also MAB < [14Ry( A7EY)] O;“bB
for some free distributed measurement {OfB} This finally allows us to write:

max Ren(MAB) < [1 + Rp( 478 max Ztr[AffObe] <[1+Rp( 7B (6.147)
ab

This proves the lemma. m|

6.5.5 Proof of Result 4

Let us recall that the conic program formulation of RoE is given by:

Re(p®) =min trg4%, &= max Z tr [AYE o] —1, (6.148)
a

s.b 1VB AN WA g

€ EFSEP- AA’B’ > 0.

s.t. phB <GAB
EAB

The proof is based on three parts. First we use Result 2 to connect RoBN with RoT.
Then we essentially parallel the steps taken in the proof of Result 2 to link RoTl
with RoE. It is worth mentioning that the link between Rol' and RoE has already
been obtained some time ago in (Cavalcanti, Skrzypczyk, and Supic, 2017). Here for
convenience we state an independent proof.

Proof. Let us begin by noting that Result 2 implies:
max Rpn(MA®) = max [max RBN(MAB)} = maxRp( 47F) (6.149)
M4, MB MA | MB MA

Let AAF" > 0, WA'P" € F¢_, be optimal dual variables for Rg(pA'?). Let {UZ'} for

a € {1,...,d*} be a set of Pauli operators with respect to a basis {|i>A/}. Consider
the following measurement with 04 = d 2 outcomes:

MAY = (id? @ U)o, (6.150)

We are interested in the lower bound for RE(pA/B'), let us construct a set of
(potentially sub-optimal) dual variables in the maximization (6.148) using the optimal
set of dual variables for Rr( V%), i.e.:

ALY = (U)Y @id™)AYF], WP = ()" @id®) (WY, BV = %1”’.
(6.151)
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It can be verified by direct substitution that the above choice is feasible. This leads
to the following chain of inequalities:

1+ max Rp( 478 (6.152)
MA

> > r[AVF TP (6.153)

- Z tr|(UY ®idP)AYE | tran [(1V @ M 15) (¢4 ® pA'P)] ] (6.154)

=t (U @id®)AYE Ttran [(1V ® (d & UA)[p24 & 15 )(0VA ® pA'F)] ]
(6.155)
= ) |1 e (1) @id™) AV ® (dt o UMV ] @ 1) (9L @ p1 )]

(6.156)

dlz Ztr[((ﬂ*)A @ id™)A% (U ©1d")p"” | (6.157)
= tr [AA ¥ AP (6.158)
=1+Rg(p"'?). (6.159)

We now prove the upper bound. Notice that any teleportation instrument 4~5’
expressed using Choi-Jamiotkowski operators {]Y 8} satisfies:

VB~ trya [(M,YA ® 13’) (qbi‘ ® p"'F @ 13)] (6.160)
< [1+Re(p"®)] trya [(M;/ Ag 1B’) (gbf ® 4P @ 1’3)] (6.161)
= [1+Re(p?®)]1OY", (6.162)

for some state 04’5 € Fsep and corresponding (classical) teleportation operators
{OYF'}. In this way we can write:

A—B\] _ VB VB
rr'\}lax [1+ Ry( )] = rr,\}lan {r;%)/( Z tr [A Ia ] (6.163)
< [1+Re(p??)] Z r[AYE 0¥ (6.164)
a
< [1+Rg(p?®)). (6.165)
This proves the lemma. m]

6.5.6 Proof of Result 6

In this section, unless explicitly specified, all bipartite operators act on subsystems
A and B. We begin by assuming that a distributed measurement M can be used to
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simulate M, that is M >, M*. We have:

DSD _ ’
pguess(gl M) - ’\l;lrlqa'\)/ls ; p(a, b) tr [Mgb Gab] (6166)
> max, Z;:‘ p(a,b) tr [M’, oa] (6.167)
= Pouess(G, M), (6.168)

since the set {M'|[M* >, M’} is a subset of {M’'|[M >, M’}. Now we are going to assume
that pngeES(g, M) > pgfegs(g, M) holds for all games G = {p(x,y), 0x,} and show
show that there always exist a subroutine § which allows to simulate M* using M. We
thus have:

VG Wiﬁ ;; p(a,b) tr [M;b aab] - Mmam* ;; p(a,b) tr [M;’b Gub] >0. (6.169)

//<

Let us now choose a particular subroutine in the second maximization, i.e.: 8§ =
{p(A) = 6x0, plali,A) = 64i, p(blj, A) = 6pj, Uy = V3 = 1}. In this way (6.169)
implies:

VG max azb:p(a, b) tr [(M, — M?,) aup] = 0. (6.170)

Let us denote Ay := M), — M’ . Since both M/, and M’ are measurements we have
that 3, , Agp = 0. This also means that only one of the two situations can hold: either
(1) Agp = 0 for all a, b or (ii) there exists at least one A,;, with at least one negative
eigenvalue.

We will now show by contradiction that (i7) cannot be true. Let us assume that
(ii) holds and label the negative eigenvalue with A,«;+ and the associated eigenvector
with |Agp+). Then, since (6.170) holds for all games G, it also holds for a particular
game G* = {p(a, b) = 840 Obb+, Tap = | Aarp+ )(Aap+| }. Hence (6.170) implies:

Oarr] A [ Aarpe) = g <0, (6.171)

which is a contradiction. Hence we infer that (i7) cannot be true and the only
possibility is that each operator A, is identically zero. This means that:

M, = My, = > p(Dplali, Vp(blj, H(UL & VIMy(U, @ V), (6172)
i,j,A

i.e. M* can be simulated using M.
6.5.7 Proof of Result 7
The accessible min-information IS (N) of a channel N is defined as (Wilde, 2013):

[, N) = max[Hanin(X) = Hmin(XIG)] (6.173)

min
&,
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where the optimization is over all encodings € = {p(x), 0.} and decodings D = {D,}
and the min-entropies are defined as:

Hpin(X) = —logmax p(x), (6.174)
X
Hmin(X|G) = —log [Z maxp(x, )|, (6.175)
4
and p(x, ) is the probability distribution induced by channel N, i.e.:
p(x, g) = p(x)p(glx) = p(x) tr [N[ox]D;g] - (6.176)

Consider now encoding a bipartite random variable X X Y in an ensemble of bipartite
quantum states, i.e.: £ = {p(x, y), o2 }and D= {DA/B'} forg=1,...,04a-0p. More-
over, consider the channel N' = N4B L to be a quantum-to- Class1ca1 measurement
channel, which can be written as:

NAB—>A’B’(pAB) _ Z tr[M;qupAB] laXal 4 ® [bXb|g , (6.177)

where M = {M;‘bB} is a distributed measurement. We have:

J3<C (NAB—>A’B’) (6 178)

min

= maxlog Zmaxp(x,y)tr[NAB_’A'B'[ AB] DAB]] logmaxp(a b) (6.179)
&,D 2 X,y

E,D

= max|log Zerxlayxp(x, y)tr[MAB AB] tr[DA'B'|a>(a|A,®|b><b|B/]] (6.180)
|l § ab ’

—log m%x p(a,b) (6.181)

= log [Z max max p(x,y) tr[MAB AB]

—log mellyx p(a,b). (6.182)

Notice now that we can always express the optimization over (x, y) as:

AB AB
max p(x, y) tr [M otk ] (6.183)
= max max x|a byp(x,y)tr MAB AB 6.184
p(xw(ylbj plp(yIbp(x, vt d (6.184)

= max max max xla, A b, Vn(x, tr[MAB AB] 6.185
ot p(xm,mp(ylbmx%p<| P(ylb, Dplx, y) ] (6185)
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Notice further that if we carry out the optimisation of the above expression over &€
we can additionally write:

max max p(x, y) tr [MaAbB a;‘yB] (6.186)
E Xy

= maxmax max max Z p(xla, Mp(y|b, M)p(x, y) tr[beBgAB] (6.187)

£ pl) plalad) plylb, ) £ Y

= max max max max max > plxla, Dp(ylb, Dp(r, )X (6189)
& {& AR} p(A) p(x|a,A) p(ylb,A) Z P ply px,y

x,y,A
| MAP@EL & T (D) (6.189)
_ AB _AB
= maxmax Zx: p(x, y)tr [Nab otk ] . (6.190)

Hence we can further continue from (6.182) and write:

3¢ (NAB—>A’B’) — log

min

AB__AB
Zb:m?xrﬁjl&(p(a, b) tr [Nab o, ] - logrrﬂl,abxp(a, b) (6.191)

_ AB _AB1| _
= max log ﬁf&(; p(a,b)tr [Mﬂb o r{},%x p(a,b) (6.192)
= maxlog [pEs2.(6, M*®)| ~log [pD32.(6)] (6199)
| pRsRy (G, MAB) 6.194)
=10 max —m——— .
& T pes(©)

=log [1 + Ren(M*P)] . (6.195)
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