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Abstract

This thesis addresses problems in the field of quantum information theory,
specifically, quantum Shannon theory. The first part of the thesis is opened
with concrete definitions of general quantum source models and their com-
pression, and each subsequent chapter addresses the compression of a specific
source model as a special case of the initially defined general models. First,
we find the optimal compression rate of a general mixed state source which in-
cludes as special cases all the previously studied models such as Schumacher’s
pure and ensemble sources and other mixed state ensemble models. For an
interpolation between the visible and blind Schumacher’s ensemble model,
we find the optimal compression rate region for the entanglement and quan-
tum rates. Later, we comprehensively study the classical-quantum variation
of the celebrated Slepian-Wolf problem and find the optimal rates consider-
ing per-copy fidelity; with block fidelity we find single letter achievable and
converse bounds which match up to continuity of a function appearing in the
bounds. The first part of the thesis is closed with a chapter on the ensemble
model of quantum state redistribution for which we find the optimal com-
pression rate considering per-copy fidelity and single-letter achievable and
converse bounds matching up to continuity of a function which appears in
the bounds.

The second part of the thesis revolves around information theoretical per-
spective of quantum thermodynamics. We start with a resource theory point
of view of a quantum system with multiple non-commuting charges where
the objects and allowed operations are thermodynamically meaningful; us-
ing tools from quantum Shannon theory we classify the objects and find
explicit quantum operations which map the objects of the same class to one
another. Subsequently, we apply this resource theory framework to study a
traditional thermodynamics setup with multiple non-commuting conserved
quantities consisting of a main system, a thermal bath and batteries to store
various conserved quantities of the system. We state the laws of the thermo-
dynamics for this system, and show that a purely quantum effect happens
in some transformations of the system, that is, some transformations are
feasible only if there are quantum correlations between the final state of the
system and the thermal bath.
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Resum

Aquesta tesi aborda problemes en el camp de la teoria de la informacié quan-
tica, especificament, la teoria quantica de Shannon. La primera part de la tesi
comenca amb definicions concretes de models de fonts quantiques generals i
la seva compressio, i cada capitol segiient aborda la compressiéo d’'un model de
font especific com a casos especials dels models generals definits inicialment.
Primer, trobem la taxa de compressié optima d’una font d’estats barreja
general que inclou com a casos especials tots els models previament estudi-
ats, com les fonts pures i de collectivitats de Schumacher, i altres models
de collectiuvitats d’estats barreja. Per a una interpolacié entre els models
de collectivitats visible i cec de Schumacher, trobem la regié de compressio
optima per les taxes d’entrellagcament i les taxes quantiques. A continuacio,
estudiem exhaustivament la variacié classic-quantica del famoés problema de
Slepian-Wolf i trobem les taxes optimes considerant la fidelitat per copia;
per la fidelitat de bloc trobem expressions tancades per les fites assolibles i
inverses que coincideixen, sota la condicié de que una funcié que apareix a
les dues fites sigui continua. La primera part de la tesi tanca amb un capitol
sobre el model de collectivitats per la redistribucié d’estats quantics per al
qual trobem la taxa de compressié optima considerant la fidelitat per copia i
les fites assolibles i inverses, que de nou que coincideixen sota la condici6 de
continuitat d’una certa funcio.

La segona part de la tesis gira al voltant de la termoddinamica quanti-
ca sota de la perspectiva de la teoria de la informacié. Comencem amb un
punt de vista de la teoria de recursos d'un sistema quantic amb multiples
carregues que no commuten i amb objectes i operacions permeses que son
termodinamicament significatives; utilitzant eines de la teoria quantica de
Shannon classifiquem els objectes i trobem operacions quantiques explici-
tes que relacionen els objectes de la mateixa classe entre si. Posteriorment,
apliquem aquest marc de la teoria de recursos per estudiar una configura-
ci6 termodinamica tradicional amb multiples quantitats conservades que no
commuten que consta d’un sistema principal, un reservori caloric i bateries
per emmagatzemar diverses quantitats conservades del sistema. Enunciem
les lleis de la termodinamica per a aquest sistema, i mostrem que un efecte
purament quantic té lloc en algunes transformacions del sistema, és a dir,
algunes transformacions només son factibles si hi ha correlacions quantiques
entre I'estat final del sistema i del reservori caloric.
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Resumen

Esta tesis aborda problemas en el campo de la teoria de la informacion cuan-
tica, especificamente, la teoria cuantica de Shannon. La primera parte de
la tesis comienza con definiciones concretas de modelos de fuentes cuanticas
generales y su compresion, y cada capitulo subsiguiente aborda la compresi-
6n de un modelo de fuente especifico como casos especiales de los modelos
generales definidos inicialmente. Primero, encontramos la tasa de compre-
sion 6ptima de una fuente de estado mixto general que incluye como casos
especiales todos los modelos previamente estudiados, como las fuentes pura
y colectiva de Schumacher, y otros modelos colectivos de estado mixto. Para
una interpolacién entre el modelo colectivo visible y ciego de Schumacher,
encontramos la region de tasa de compresion 6ptima para el entrelazamiento
y las tasas cudnticas. A continuacién, estudiamos exhaustivamente la varia-
cién clasico-cuantica del célebre problema de Slepian-Wolf y encontramos las
tasas 6ptimas considerando la fidelidad por copia; con la fidelidad de bloque
encontramos limites alcanzables e inversos que coinciden con la continuidad
de una funcién que aparece en los limites. La primera parte de la tesis cierra
con un capitulo sobre el modelo colectivo de redistribucién de estado cuan-
tico para el cual encontramos la tasa de compresion 6ptima considerando la
fidelidad por copia y los limites alcanzables e inversos que coinciden con la
continuidad de una funciéon que aparece en los limites.

La segunda parte de la tesis gira en torno a la perspectiva tedrica de la
informacion de la termodindmica cuantica. Comenzamos con un punto de
vista de la teoria de recursos de un sistema cudntico con multiples cargas no
conmutables con objetos y operaciones permitidas que son termodinamica-
mente significativas; usando herramientas de la teoria cuidntica de Shannon
clasificamos los objetos y encontramos operaciones cuanticas explicitas que
mapean los objetos de la misma clase entre si. Posteriormente, aplicamos
este marco de la teoria de recursos para estudiar una configuraciéon termo-
dindmica tradicional con multiples cantidades no conmutables compuesta por
un sistema principal, un reservorio caldrico y baterias para almacenar varias
cantidades conservadas del sistema. Enunciamos las leyes de la termodinami-
ca para este sistema, y mostramos que ocurre un efecto puramente cuantico
en algunas transformaciones del sistema, es decir, algunas transformaciones
solo son factibles si existen correlaciones cuanticas entre el estado final del
sistema y del reservorio caldrico.
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Chapter 1

Introduction

1.1 Background and motivation

Information theory studies the transmission, processing, extraction, and uti-
lization of information. The notion of classical information was first intro-
duced by Shannon [1], who defined it operationally, as the minimum number
of bits needed to communicate the message produced by a statistical source.
This gave meaning to the Shannon entropy H(X) of a source producing a
random variable X. The amount of information that two random variables X
and Y have in common was given a meaning through the mutual information
I(X :Y). Operationally it is the rate of communication possible through a
noisy channel taking X to Y.

Quantum Shannon theory is a more general field which studies infor-
mation on physical systems governed by the rules of quantum mechanics,
therefore encompasses classical information as sub-field, and was mathemat-
ically founded by Holevo in 1973 [2] to study the transmission of information
over quantum channels following the earliest understanding of the connection
between quantum physics and information theory [3-6].

Surprisingly, von Neumann entropy, which is a generalization of Shannon
entropy, was formulated before Shannon entropy in the context of thermo-
dynamics and statistical mechanics, and it was not contemplated to convey
informational interpretation. Despite this fact and Holevo’s study of classical
information on quantum systems [2, 7], the concept of quantum information
was obscure till 1995, when Schumacher showed that the von Neumann en-
tropy has the operational interpretation of the number of qubits needed to
transmit quantum states emitted by a statistical source [8].

After Schumacher’s quantitative notion of quantum information, i.e. qubit,
and understanding its complementary nature to classical information, quan-



tum Shannon theory has been further established in the last three decades by
fundamental discoveries from source and channel coding to quantum cryptog-
raphy, quantum error-correcting, measures of entanglement and so on [9-22].

In particular, the notion of a quantum source as a quantum state together
with correlations with a reference system and its compression led to the
discovery of operational meaning for quantum quantities such as quantum
conditional entropy, which as opposed to its classical counterpart can obtain
negative values. In this source compression task with side information, which
is called state merging, the negative values of conditional entropy imply that
the entanglement is generated after the compression is accomplished, and it
can be used as a resource for future communications [23}24].

Other quantum source compression problems such as quantum state redis-
tribution and visible compression of mixed states gave operational meaning
to quantum conditional mutual information and regularized entanglement of
purification [25-27], respectively, and they have been used successfully as
sub-protocols to accomplish tasks other than data compression [28]. Vari-
ous source models and their compression have been considered throughout
these years and each source appeared to be a distinct case with a unique
compression behavior [23),25-27,[29-31], and the compression of many other
source models has been left open [30,32]. These open questions and the lack
of a source model, which can unify all these seemingly distinct models, is
the underlying motivation for the first part of this thesis which focuses on
the compression of quantum sources. We specifically solve the Schumacher’s
compression problem when the overall state together with the reference is a
general mixed state. When there are side information systems, a general ref-
erence system appears to be hard to tackle, therefore we attack compression
problems with classical references or so called ensemble sources.

Understanding compression and capacity problems apart from finding
fundamental limits on the amount of communication and storage rates, has
developed tools and quantitative notions, e.g typical subspaces and entropic
quantities, which has been successfully used to deal with and interpret other
quantum effects such as quantum thermodynamics and quantum coherence
[33435]. In particular, the innate relationship between information theory
and thermodynamics has proved that integrated ideas from both fields are
fruitful |36/-{39]. This has been the motivation for the second part of this
thesis which focuses on quantum thermodynamics, where we consider a gen-
eral framework with multiple conserved quantities and apply information
theoretic tools to construct charge conserving operations. These explicit op-
erations are extremely helpful to study traditional thermodynamics settings
and laws.

Perhaps the most up-to-date and comprehensive review of the fast-growing



field of quantum thermodynamics is contained in the collection of essays
in [40]. Still, some very fundamental questions concerning quantum ther-
modynamics have been answered in this thesis. For a non-specialist, These
questions can be formulated as follows. Normally in both classical and quan-
tum thermodynamics one deals with large system interacting with an even
larger bath. In addition to energy, the system maybe characterized by many
macroscopic conserved (in average) quantities, called here charges like total
electric charge, total dipole moment, angular momentum, magnetization, to-
tal spin components etc. In quantum case, these quantities may correspond
to non-commuting operators. How come that with repeated measurements
on the system prepared in the same state, we obtain well defined average val-
ues of this charges? The repeated measurements of equally prepared systems
can be mathematically treated by considering tensor product states of many
copies of the systems. This mathematical construction is used in the thesis
to define thermodynamically allowed transformation, which have to conserve
all average values of the charges. To any quantum state, we associate a vec-
tor with entries of the expected charge values and entropy of that state. The
set of all these vectors forms the phase diagram of the system, and show
that it characterizes the equivalence classes of states under thermodynami-
cally allowed transformations, which are proven rigorously to correspond to
asymptotic unitary transformations that approximately conserve the charges.

Our theory provides a general theoretical framework, but leads also pre-
diction of very concrete effects. In particular, we estimate how large an
asymptotically large bath is necessary to attain the second law of thermo-
dynamics, and permit a specified work transformation of a given system. In
some situations, the necessary bath extension is relatively small, and then
quantum setting requires an extended phase diagram exhibiting negative en-
tropies. This corresponds to the purely quantum effect that at the end of
the process, system and bath are entangled. Obviously, such processes are
impossible classically! For large thermal bath, thermodynamically allowed
transformation leave the system and the bath uncorrelated. In such case, the
heat capacity of the bath becomes a function of how tightly the second law
is attained.

1.2 The structure of the thesis

The reminder of this chapter is dedicated to introduce some notation and
preliminary material, which are prerequisite for the subsequent chapters. In
summary as mentioned above, the thesis is based on two main themes: part
I and part II revolving around quantum source compression and quantum



thermodynamics, respectively.

As for the source compression part, we start with chapter [2] where we
first expand on the notion of a quantum source and continue with a rigorous
definition of asymptotic source compression task which encompasses as spe-
cial cases all the reviewed compression problems in the context of asymptotic
quantum source compression and unifies them under a common base. Later
in the chapter, we define side information and distributed settings for com-
pressing the information. As for the resources available for communication,
we consider noiseless qubit channel and shared entanglement between the
parties.

In chapter [3| we consider the most general source where the overall state
with the reference system is a general mixed state. This model covers all the
previously studied models such as Schumacher’s ensemble and pure sources
[8] and the ensemble of mixed state source |31]. We find the optimal trade-off
between the entanglement and quantum communication rates. The optimal
rates are in terms of a decomposition of the source introduced in [41] which is
a generalization of the well-known decomposition discovered by Koashi and
Imoto in [42]. When there are side information systems or the compression
task is distributed, the general models defined in chapter [2| appears to be
very complicated, and even much simpler models have been left open since
the early exploration of the compression problems [29,[30,32]; therefore in
the subsequent chapters we consider special cases where the source states
are from an ensemble, that is the reference system is partly classical.

In chapter 4 we consider an interpolation between visible and blind Schu-
macher compression, that is the encoder has access to a side information sys-
tem which can reduce to a classical system with the information about the
identity of the states and a trivial system in the visible and blind scenarios,
respectively. We find the optimal trade-off between the entanglement and
quantum rates which depending on whether the ensemble is reducible or not,
the entanglement consumption reduces the quantum rate or does not help it
at all.

Chapter [ is about the distributed compression of a hybrid classical-
quantum source which is an extension of the celebrated Slepian-Wolf prob-
lem [43]. Two important sub-problems of this distributed compression prob-
lem are classical data compression with quantum side information (at the
decoder), which is addressed in [29,30], and quantum data compression with
classical side information (at the decoder), which is the main focus of this
chapter. For a class of generic sources we show that the compression rate can
be strictly larger than the conditional entropy contrary to the fully classical
problem of Slepian-Wolf where the rate of the side information case is always
governed by the conditional entropy. However, in general the quantum com-
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pression rate reduces by a factor of half of the mutual information between
the classical variable and the environment system of the encoder.

Chapter [0] closes the first part of the thesis where we consider the most
general ensemble model of pure states with side information available both
at the encoder and decoder side. When the overall state of the parties and
the reference system is pure, the problem is known as quantum state redis-
tribution [25],26/44]. We find the optimal quantum compression rate and
confirm that preserving correlations with a a hybrid classical-quantum refer-
ence, which is less stringent than preserving the correlations with the purified
reference, can lead to strictly smaller quantum rates. Indeed, this model in-
cludes as special cases the sources considered in chapter [] and chaprer [5]
however, in the former chapter the figure of merit is block fidelity whereas in
the last two chapters the optimal rates are obtained by considering per-copy
fidelity; considering block fidelity in the last two chapters, we find upper and
lower bounds which would match if the corresponding function defining the
bounds is continuous.

The second part of the thesis consists of two chapters. In chapter [7 we
develop a general resource theory with allowed operations which are thermo-
dynamically meaningful. The objects of this resource theory are quantum
states and the allowed operations are those asymptotically commuting with
a general set of charges associated with the quantum system. In order to ex-
plicitly construct these operations we use tools and notions such as quantum
typicality and approximate microcanonical subspace. Later in chapter [§] we
use the developed operations to study a traditional thermodynamics setting
with multiple conserved quantities consisting of a work system, a thermal
bath and many batteries to store each charge. We extend the notion of
charge-entropy diagram to a diagram with conditional entropy to find out
which transformations are feasible and show that some transformations are
feasible only if the final states of the work system and the thermal bath are
entangled, i.e. a purely quantum effect enlarges the set of feasible transfor-
mations for the work system.

Finally, the last six chapters are essentially based on the following publi-
cations and preprints:
e Chapter 3:

[45] Z. B. Khanian and A. Winter, “General mixed state quantum
data compression with and without entanglement assistance,” pre-print
(2019), arXiv: 1912.08506.

[46] Z. B. Khanian and A. Winter, “Entanglement-assisted quantum
data compression,” in: Proc. IEEE Int. Symp. Inf. Theory (ISIT),

5



Los Angeles, CA, USA, pp. 1852-1857, June 2020.

Chapter 4:

[47] Z. B. Khanian and A. Winter, “Entanglement-assisted quantum
data compression,” preprint (2019), arXiv: 1901.06346.

[48] Z. B. Khanian and A. Winter, “Entanglement-assisted quantum
data compression,” in: Proc. IEEE Int. Symp. Inf. Theory (ISIT),
Paris, France, pp. 1147-1151, July 2019.

Chapter 5:

[49] Z. B. Khanian and A. Winter, “Distributed compression of cor-

related classical-quantum sources or: the price of ignorance,” IEEE
Trans. Inf. Theory, vol. 66, no. 9, pp. 5620-5633, Sep 2020. arXiv:
1811.09177.

[50] Z. B. Khanian and A. Winter, “Distributed compression of cor-
related classical-quantum sources,” in: Proc. IEEE Int. Symp. Inf.
Theory (ISIT), Paris, France, pp. 1152-1156, July 2019.

Chapter 6:

[51] Z. B. Khanian and A. Winter, “Rate distortion perspective of
quantum state redistribution,” in preparation.

[52] Z. B. Khanian and A. Winter, “Quantum state redistribution for
ensemble sources,” in: Proc. IEEE Int. Symp. Inf. Theory (ISIT),
Los Angeles, CA, USA, pp. 1858-1863, June 2020.

Chapter 7 and Chapter 8:

[53] Z. B. Khanian, M. N. Bera, A. Riera, M. Lewenstein and A.
Winter, “Resource theory of heat and work and everything else,” in
preparation.

During my Phd, I have also worked on the following thermodynamics

project which is not included in this thesis:

[54] M. N. Bera, A. Riera, M. Lewenstein, Z. B. Khanian, and A. Win-
ter, “Thermodynamics as a Consequence of Information Conservation,”
Quantum, vol. 3, 2018. arXiv|[quant-ph]:1707.01750.
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1.3 Notation and preliminaries

In this section, we introduce some conventions, notation and facts that we
use throughout this thesis.

Quantum systems are associated with (finite dimensional) Hilbert spaces
A, B, etc., whose dimensions are denoted |A|, |B|, respectively. The state
of such quantum system is entirely characterized by a density operator, say
p, acting on the associated Hilbert space which is a positive semidefinite
operator with trace 1. Also, we use the notation ¢ = |¢p)$| to denote the
density operator of the pure state vector |¢). Moreover, a system is called
classical if all the states of the system are diagonal in a fixed orthonormal
basis.

The evolution of a quantum system is characterized by a quantum channel
or a so-called completely positive and trace preserving (CPTP) map which is
a linear map taking operators on a Hilbert space to operators on the same or
a different Hilbert space [55], however, since there is no risk of confusion, we
denote a CPTP map by the input and output Hilbert spaces, for example,
the operator N’ : A — B takes the input state p on A to the output state
N(p) on B.

Furthermore, according to Stinespring’s factorization theorem [55], if N :
A — Bisa CPTP map, then it can be dilated to the isometry Uy : A - BW
with I as the environment system such that N(p) = Try (UppUJ,) where
Try (-) denotes the partial trace on system W.

The fidelity, which is a measure of closeness, between two states p and o
is defined as [56]

F(p,0) = |\/pv/ely = Tr\/ prop, (1.1)
where the trace norm is defined as
[ X :=Tr|X]|=TrVXTX (1.2)

It relates to the trace distance in the following well-known way [57]:

1= F(p,0) < glo- ol <v/T- Fp o). (1.3)

The von Neumann entropy of a quantum state p on system A is defined
as

S(p)a:=-Trplogp, (1.4)



where throughout this thesis, log denotes by default the binary logarithm,
and its inverse function exp, unless otherwise stated, is also to basis 2. S(p)a
is also denoted by S(A),. For the diagonalization of p, i.e p = ¥, pu|vs vy
with orthonormal basis {|v,)}, the von Neumann entropy reduces to the
Shannon entropy H(X) of a random variable X with probability distribution

Po:

H(X) ==Y p.logp, = S(p)a (1.5)

The von Neumann entropy is always bounded as the following:
0<S(p) <log|A, (1.6)

where |A| is the dimension of the underlying Hilbert space of p, i.e. the
support of p. Moreover, S(p) = 0 if and only if p is a pure state, and
S(p) =log|A| if and only if it is a maximally mixed state, i.e. p = ﬁw.

The mutual information for a state pAZ on a bipartite Hilbert space A® B
is defined as:

I(A:B):=5S(A),+5(B),-S(AB),, (1.7)

which is always non-negative due to sub-additivity of the von Neumann en-
tropy [58] and is equal to 0 if and only if pAZ = pA®p~, that is an uncorrelated
state.

Quantum conditional entropy and quantum conditional mutual informa-
tion, S(A|B), and I(A: B|C),, respectively, are defined in the same way as
their classical counterparts:

S(A|B),:=S(AB),-S(B),, and
I(A: B|C),:=S(A|C),-S(A|BC),
=S(AC),+S(BC),~S(ABC),-S(C),. (1.8)
Quantum conditional entropy can acquire negative values, however, it is al-

ways positive if at least one of the systems A or B is classical. Araki-Lieb
inequality holds for the conditional entropy as the following [58]:

-5(A), < S(A|B), < 5(A),, (1.9)

where the inequality on the right hand side is known as sub-additivity of the
entropy. Quantum conditional mutual information is always positive due to
strong sub-additivity of the entropy as the following [59):

S(A|BC), < S(A|C),. (1.10)



The quantum relative entropy between two quantum states p and o is
defined as:

D(pllo) = {Tr (p(logp—-logo)) supp(p) € supp(o) (111)

otherwise,

which is always non-negative. Pinsker’s inequality [19] relates the quantum
relative entropy and the trace norm by

lp-oli</2In2D(p|o). (1.12)
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Chapter 2

Formulation of quantum source
compression problems

In this chapter, we first expand on the concept of quantum sources and the
literature on that and mathematically define an asymptotic compression task
as a general model which include all previously studied asymptotic models.
Then, we introduce quantum compression problems with side information
and review the literature, and later we proceed with defining the most general
asymptotic compression task with side information. Finally at the end of the
chapter, we summarize the results that we have accomplished on quantum
source compression.

2.1 What is a quantum source?

A statistical quantum source is a quantum system together with correlations
with a reference system. A criterion of how well a source is reproduced in
a communication task is to measure how well the correlations are preserved
with the reference system. Without correlation, the information does not
make sense because a known quantum state without correlations can be
reproduced at the destination without any communication.

A special case is a classical statistical source, which is modeled by a ran-
dom variable. Since classical information can be copied, a copy of a random
variable can be always stored as a reference, and the final processed informa-
tion is compared with the copy as a reference to analyse the performance of
the communication task. However, in the classical information theory liter-
ature, the reference is not usually considered explicitly in the description of
classical information theory tasks, but arguably it is conceptually necessary
in quantum information. This is because it allows us to present the figure of

13



merit quantifying the decoding error as operationally accessible, for example
via the probability of passing a test in the form of a measurement on the
combined source and reference systems. This point is made eloquently in the
early work of Schumacher on quantum information transmission [11}/13].

To elaborate more on the reference system, consider the source that
Schumacher defined in his 1995 paper [8,/60] as an ensemble of pure states
{p(2), [1.)"*}, where the source generates the state |1h,) with probability p(z).
The figure of merit for the encoding-decoding process is to keep the decoded
quantum states on average very close to the original states with respect
to the fidelity, where the average is taken over the probability distribution
p(x). By basic algebra one can show that this is equivalent to preserving
the classical-quantum state pA¥ = 3 ()| N.|* ® |xz|X, where system
A is the quantum system to be compressed and X is the reference system;
namely the following fidelity relation holds:

S p(x) F(JbeXba 4, €2) = F(pAX, 645),

where €4 is the decoded state for the realization z and £4%X = ¥, p(z)é4 ®
|z z|X. Another source model that Schumacher considered was the purifi-
cation of the source ensemble, that is the state [)* = ¥ \/p(@) [ )* |2)7,
where the figure of merit for the encoding-decoding process was to preserve
the pure state correlations with the reference system R by maintaining a high
fidelity between the decoded state and 1. He showed that both definitions
lead to the same compression rate, namely, the von Neumann entropy of
the source S(A), = S(p?), where p# = Tr gpA£. Incidentally, the full proof
of optimality in the first model, without any additional restrictions on the
encoder, had to wait until [61] (see also [62]); the strong converse, i.e. the
optimality of the entropy rate even for constant error bounded away from 1,
was eventually given in [30].

Another example of a quantum source is the mixed state source con-
sidered by Horodecki [62] and Barnum et al. [63], and finally solved by
Koashi and Imoto [31], where the source is defined as an ensemble of mixed
states {p(x), pA}. Preserving these mixed quantum states, on average, in the
process of encoding-decoding, the task is equivalent to preserving the state
pAX =Y p(x)pd ® |z)z|¥, that is the quantum system A together with its
correlation with the classical reference system X.

In this thesis, we consider the most general finite-dimensional source in
the realm of quantum mechanics, namely a quantum system A that is corre-
lated with a reference system R in an arbitrary way, described by the overall
state pAf. In particular, the reference does not necessarily purify the source,
nor is it assumed to be classical. The ensemble source and the pure source
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defined by Schumacher are special cases of this model, where the reference
is a classical system in the former and a purifying system in the latter. So
is the source considered by Koashi and Imoto in [31], where the reference
system is classical, too.

Understanding the compression of the source pA% has paramount impor-
tance in the field of quantum information theory and unifies all the models
that have been considered in the literature. Schumacher’s pure source model
in a sense is the most stringent model because it requires preserving the
correlations with a purifying reference system which implies that the corre-
lations with any other reference system is preserved which follows from the
fact that the fidelity is non-decreasing under quantum channels. However,
the converse is not necessarily true: if in a compression task the parties are
required to preserve the correlations with a given reference system which
does not purify the source state, they might be able to compress more ef-
ficiently compared to the scenario where the reference system purifies the
source. This is exactly what we show in Chapter [3} we characterise the gap
precisely depending on the reference system.

2.2 Mathematical definition of quantum noise-
less compression

A source compression task consists of an encoder which maps the source to
compressed information which is stored or sent to another party. When it
is needed, a decoder maps the compressed information to decoded informa-
tion, and the aim is to preserve the correlations with the reference system
and reconstruct a source which is very close to the original source in some
distance measure. In the quantum realm the most general encoding and
decoding maps which can be performed on the information is a quantum
operation or a CPTP map. The communication means or quantum storage
device is assumed to be an ideal channel acting as an identity on the en-
coded information which can be simulated through various resources such
as a qubit channel, sharing entanglement and sending classical information
and etc. The resource is the dimension of the Hilbert space of the encoding
operation.

Throughout the thesis, we consider the information theoretic asymptotic
limit of n copies of a finite dimensional source with state pA%, ie. pA"R" =
(pAR)®" where system A is the system to be compressed and system R is an
inaccessible reference system. We assume that the encoder, Alice, and the
decoder, Bob, share initially a maximally entangled state @‘;‘(OB  on registers
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Reference

Figure 2.1: Circuit diagram of the compression task: the source is composed
of n copies of the state pAf where A™ is the system to be compressed and R”
is an inaccessible reference system. Dotted lines are used to demarcate do-
mains controlled by the different participants here the reference, the encoder,
Alice and the decoder, Bob. The solid lines represent quantum information
registers. The encoder sends the compressed information, i.e. system M,
to the decoder through a noiseless quantum channel; moreover, they share
initial entanglement in the registers Ay and By, respectively. The aim of
the compression task is to reconstruct the source at the decoder side, that
is the final state £A"E" has the fidelity converging to 1 with the source state
pA"E": this ensures that the correlations between the reconstructed system
A" and the reference system R™ are preserved. Furthermore, the encoder
and decoder distill entanglement in their registers A} and B, respectively.

Ap and By (both of dimension K'). The encoder, Alice, performs the encoding
compression operation £ : A"Ay — M, A{, on the system A™ and her part
Ag of the entanglement, which is CPTP map. Alice’s encoding operation
produces the state oM /" 4080 with M, A and By as the compressed system of
Alice, Alice’s new entanglement system and Bob’s part of the entanglement,
respectively. The dimension of the compressed system is without loss of
generality not larger than the dimension of the original source, i.e. |M,| <
|A". The system M,, is then sent to Bob via a noiseless quantum channel,
who performs a decoding operation D : M, By — A”B(’) on the system M,
and his part of the entanglement B, where A and B are the reconstructed
source and Bob’s new entanglement system. Ideally the encoder and decoder
want to distill entanglement in the form of maximally entangled state @féBé
of dimension L in their corresponding registers Aj and BJ.

We call %log(K - L) and +log|M,| the entanglement rate and quantum
rate of the compression protocol, respectively. We say the encoding-decoding
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scheme has fidelity 1 —¢€, or error e, if

Fp" e ) 21—, (2.1)

where ¢A"R" = Ty AL By [(Do&)®idpn) p"F" ® @IA}OBO]. Moreover, we say
that (E,Q) is an (asymptotically) achievable rate pair if for all n there exist
codes (encoders and decoders) such that the fidelity converges to 1, and the
entanglement and quantum rates converge to £ and @), respectively. The
compression schemes where the error converges to zero are called noiseless
compression schemes which we consider throughout the thesis. The rate
region is the set of all achievable rate pairs, as a subset of R x R.

A schematic description of the quantum source and its compression is
illustrated in Fig. where the system to be compressed and the reference
are denoted by A™ and R", respectively. This compression problems is ad-
dressed in Chapter [3| where we find the optimal trade-off rate region for the
entanglement and quantum rates, that is the pairs (F, Q).

2.3 Quantum noiseless compression with side
information

Side information in information theory is referred to as extra information,
which is correlated with an information source and it is available to encoder,
decoder or both of them, and they can use this extra information to use
less resources, for example reduce the dimension of the compressed infor-
mation. Slepian and Wolf for the first time studied the compression of a
classical source, i.e a random variable, where a decoder has access to another
random variable, which is correlated with the source, and showed that the
compression rate is equal to the conditional Shannon entropy [43].

The wisible paradigm of source compression problems are basically com-
pression problems where an encoder has access to side information, i.e. the
identity of states from an ensemble generated by a source 27,60} 61,64-67].
For example, the source in the visible Schumacher compression [60,61] is mod-
eled by a classical-quantum state pAXX" = ¥ p(2)[th, XA ®|x X z|X ®|x X z|X',
where system A is the system to be compressed, and systems X and X’ are
the side information system of the encoder and the reference system, re-
spectively. It is shown that both visible model and blind model, where the
encoder does not have access to system X, lead to the same compression rate,
i.e. S(A) [8,/60,61] whereas this is not the case when system A is composed of
mixed states, that is visible and blind models for mixed states lead to different
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compression rates. In the visible mixed state compression problem, the source
is modeled by many copies of the state pAXX" =¥ p(z)p2 ® |x)Xz|¥ & |z} x|’
where system A with mixed states is the system to be compressed, and
systems X and X’ are the side information system of the encoder and the
reference system, respectively. Hayashi showed that the optimal compression
rate is equal to the regularized entanglement of purification of the source [27]
which is different from the blind compression (X is not available to the en-
coder) rate obtained by Koashi and Imoto [31,42]. The visible compression of
the this source when the encoder and decoder share unlimited entanglement
is a special case of the remote state preparation considered in [66], and the
optimal quantum compression rate is equal to $S(A).

Winter in his Phd thesis [30] generalized the notion of correlated sources
and side information at the decoder to a quantum setting by modeling it
as a multipartite quantum source which generates multipartite quantum
states where different parties have access to some parts of a source. The
first example studied in this context was a hybrid classical-quantum source
pXARX" = 5 p(z) |2 Xz|X @ [th, (1o AF ® |z)z|X" where an encoder compresses
the classical system X, and a decoder aims to reconstruct this system while
having access to quantum side information system A such that the correla-
tions with the reference systems R and X’ are preserved [29,30]. This exam-
ple is one of the earliest attempts to find operational meaning to quantum
conditional entropy in analogy to the classical conditional Shannon entropy
which characterizes the optimal compression rate of a classical source with
classical side information at the decoder side, a.k.a. fully classical Slepian-
Wolf problem [43].

The compression of a purified source with side information at the decoder
is known as state merging or fully quantum Slepian-Wolf (FQSW) and its
discovery was an important mile stone in the quantum information field which
gave an operational meaning to the quantum conditional entropy [23}|68];
in this task, a source generates many copies of the state ]w)ABR where an
encoder compresses system A and sends it to a decoder who has access to
system B and aims to reconstruct system A while preserving the correlations
with the reference system R. Depending on the communication means which
has been considered shared entanglement with free classical communication
or quantum communication, the compression rate is equal to S(A|B) ebits
or $1(A: R) qubits, respectively [2368]. An ensemble version of FQSW is
considered in [32] with the source pABX = p(2)[h. 12|48 ® [z)z|¥ and A,
B and X as the system to be compressed, the side information at the decoder
and the reference system, respectively; the optimal quantum compression
rate is found for some special cases, but the problem has been left open in
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general.

A generalization of state merging, which is known as quantum state re-
distribution (QSR), is proposed in [25]26], where both encoder and decoder
have access to side information systems. Namely, a source generates many

copies of the state |1/1)ACBR, where an encoder compresses system A while

having access to side information system C' and sends the compressed infor-
mation to a decoder who has access to system B and aims to reconstruct
system A while preserving the correlations with the reference system R; in
this compression task systems C' and B remain at the disposal of the encoder
and decoder, respectively. This gave an operational meaning to the quantum
conditional mutual information since the optimal quantum compression rate
was obtained to be $1(A: R|C).

In the reminder of this section, we define mathematically the most general
model for the compression of quantum sources with side information which
includes as special cases all the aforementioned side information problems of
this section (considering block fidelity defined in Eq. [2.2)).

We consider a source generates asymptotic limit of n copies of a finite
dimensional state pACBR je. pA"C"B"R" = (pACBR)®" and distributes the
copies of the systems AC', B and R between an encoder, a decoder and an
inaccessible reference system, respectively. We assume that the encoder, Al-
ice, and the decoder, Bob, share initially a maximally entangled state @fg)B 0
on registers Ay and By (both of dimension K'). The encoder, Alice, performs
the encoding compression operation & : AC" Ay — Mné'"Ag on the system
AnC™ and her part Ay of the entanglement, which is CPTP map. Alice’s
encoding operation produces the state oM-C"B"R"4Bo with M,,, C*, A} and
By as the compressed system of Alice, a reconstruction of system C”, Alice’s
new entanglement system and Bob’s part of the entanglement, respectively.
The dimension of the compressed system is without loss of generality not
larger than the dimension of the original source, i.e. |M,| < |A|". The system
M, is then sent to Bob via a noiseless quantum channel, who performs a de-
coding operation D : M, B"By, — A”E”B{) on the compressed information
M, system B™ and his part of the entanglement By where Ar, Bm and B are
the reconstruction of systems A", B™ and Bob’s new entanglement system,
respectively. In this task, the side information systems remain at the disposal
of their corresponding parties, that is the encoder and decoder respectively
reconstruct systems C™ and B" after using them as side information. Ideally
the encoder and decoder want to distill entanglement in the form of maxi-
mally entangled state @fg)B(’)
A} and Bj.

We call Tlog(K - L) and =log|M,| the entanglement rate and quantum

of dimension L in their corresponding registers
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Figure 2.2: Circuit diagram of the compression task with side information:
the source is composed of n copies of the state pA“BE where A™ is the system
to be compressed and R™ is an inaccessible reference system; systems C™
and B™ are the side information available for the encoder and the decoder,
respectively. Dotted lines are used to demarcate domains controlled by the
different participants here the reference, the encoder, Alice and the decoder,
Bob. The solid lines represent quantum information registers. The encoder
sends the compressed information, i.e. system M, to the decoder through
a noiseless quantum channel; moreover, they share initial entanglement in
the registers Ay and By, respectively. The aim of the compression task is to
reconstruct system A™ at the decoder side while each party reconstructs its
own corresponding side information as well, that is the final state £¢A"C"B"R"
has the fidelity converging to 1 with the source state pA"¢"B"R": this ensures
that the correlations between the reconstructed systems ArCnBr and the
reference system R™ are preserved. Furthermore, the encoder and decoder
distill entanglement in their registers A and B, respectively.

rate of the compression protocol, respectively. We say the encoding-decoding
scheme has block fidelity 1 — €, or block error €, if

Ja (pA"C”B"R"7§A”C’"B”R”) >1—e, (2.2)

where ¢A"C"B"R" = Ty AL By [(Do&)®idpn) pA"C"B"R" & (ID‘;}OBO]. Moreover,
we say that (Ej, Q) is an (asymptotically) achievable block-error rate pair if
for all n there exist codes (encoders and decoders) such that the block fidelity
converges to 1, and the entanglement and quantum rates converge to Fj and
@y, respectively. The rate region is the set of all achievable rate pairs, as a
subset of R x Ryg. A schematic description of the source compression task
with side information is illustrated in Fig. [2.2

We also consider another figure of merit which turns out to be an easier
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criterion to evaluate side information problems; we say a code has per-copy
fidelity 1 — €, or per-copy error e, if

1
n

ZF(pACBR7£AjéijRj) >1—¢, (2.3)
j=1

where SAJOJ‘BJ‘R' = Tr [} §A"O"Bn3n, and ‘Tr,].;" denotes the partial trace
over all systems with indices in [n] \ j. Similarly, we say that (E.,Q.) is
an (asymptotically) achievable per-copy-error rate pair if for all n there exist
codes (encoders and decoders) such that the per-copy fidelity converges to 1,
and the entanglement and quantum rates converge to E, and ()., respectively.
The rate region is the set of all achievable rate pairs, as a subset of R x Ryq.

This general compression problem has a complex nature; for example,
consider the special case of the visible mixed state source by Hayashi [27] with
classical reference R = X’ and classical side information at the encoder C' = X,
with no side information at the decoder B = @, i.e. pAXX =% p(z)pd ®
lzXz|X ®|zXx|X’; with no entanglement consumption, the optimal block-error
quantum rate, i.e. the pair (0, Q;) is equal to the regularized entanglement of
purification whereas with free entanglement the optimal block-error quantum
rate, i.e. the pair (o0,Q;) is equal to (co,3S(A)) [66]. Therefore, it is
insightful to first study the pairs (0, Q;) and (oo, Q;) for some other special
cases of the source pACBE,

Moreover as we will show in the subsequent chapters, unlike the classical
scenario where conditional entropy characterizes the classical compression
rate, for non-pure sources, the quantum conditional entropy or mutual infor-
mation does not necessary play a role and more complicates functions of the
source determine the compression rate. In section [2.5, we briefly go through
the special cases of the general source pA¢BE with side information which we
address in this thesis and discuss the challenges of each particular case in its
corresponding chapter.

2.4 Distributed noiseless quantum source com-
pression

This thesis mainly focuses on the side information compression problems,
however, in chapter [ aside from a side information problem we study the
distributed compression of correlated classical-quantum sources. This moti-
vates us to define a general distributed compression problem, which the side
information problem of section can be considered a sub-problem of this

21



distributed scenario since the decoder can use successive decoding, that is it
can first decode the information of one of the encoders and treat it as its own
side information, and later decode the information of the other encoder.

Here we define the problem for two encoders, however, the definition can
be easily extended to three or more encoders. We consider a source gener-
ates asymptotic limit of n copies of a finite dimensional state p41€142C2BR
i.e. pATCTAZCIB R — (pAiC1A2C2BRY®" an( distributes the copies of the sys-
tems A;C4, AyCy, B and R between encoder 1, encoder 2, a decoder and an
inaccessible reference system, respectively. We assume that both encoder 1,
Alice and encoder 2, Ava, share initially maximally entangled states @‘;}TE 01

and @’;}022302 with the decoder, Bob, respectively (of dimension K and K,
respectively). The encoder i (i = 1,2) performs the encoding compression op-
eration, i.e. the CPTP map &; : ATC'Ay; — M,;, CA'fA{)i on the systems A?C?
and the entanglement part Agp,. The encoding operations are distributed in
the sense that each encoder applies her own operation locally without having
access to the information of the other encoder. The dimension of the com-
pressed systems are without loss of generality not larger than the dimension
of the original sources, i.e. |M; | <|A;|". The systems M;, (i =1,2) are then
sent to Bob via a noiseless quantum channel, who performs the decoding
operation D : My, Ms B"Bg By — AlnﬁznénBélB’z on the compressed
information systems M, Mo, , system B™ and his parts of the entanglement
By Bgz where A1 Ag , B and Bj,B(, are the reconstruction of systems
ATAY, B™ and Bob’s new entanglement systems, respectively. In this task,
the systems C}', CI and B™ remain at the disposal of their corresponding
parties, that is the encoders and the decoder respectively reconstruct systems
C7, CF and B™ after using them as side information. Ideally the encoder i
(¢ = 1,2) and the decoder aim to distill entanglement in the form of maxi-

mally entangled state @f&iBé"' of dimension L; in their corresponding registers
A, and Bj;, respectively.

We call 2log(K; - L;) and X log|M;,| the entanglement rate and quantum
rate of the compression protocol, respectively (for i = 1,2). Moreover, we say
the encoding-decoding scheme has block fidelity 1 — €, or block error e, if

2 (pAgLC{LAgC;B"R"7é“AlnélnA?né?anRn) >1-¢, (2'4>

where
§A1n017zA27L02anRn _

Tr ag, g, 43,85, [ (D 0 (61 @ E&2)) @ idgn) p 1T @ g Por @ gz ]
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Figure 2.3: Circuit diagram of the distributed compression task: the source is
composed of n copies of the state pA1¢142C2BR where A" (i = 1,2) is the system
to be compressed and R"™ is an inaccessible reference system; systems C?”
and B™ are the side information available for the encoder ¢ and the decoder,
respectively. Dotted lines are used to demarcate domains controlled by the
different participants here the reference, the encoders, Alice and Ava, and
the decoder, Bob. The solid lines represent quantum information registers.
The encoder i sends the compressed information, i.e. system M, , to the
decoder through a noiseless quantum channel; moreover, they share initial
entanglement in the registers Ay and By;, respectively. The aim of the
compression task is to reconstruct systems A} and A} at the decoder side
while each party reconstructs its own corresponding side information as well,
that is the final state &A1 "C1"42"C2"B"R" hag the fidelity converging to 1 with
the source state pATCTAsC2 B"R". this ensures that the correlations between
the reconstructed systems A"C A O, B and the reference system R"™ are
preserved. Furthermore, the encoder ¢ and the decoder distill entanglement
in their registers Aj,, and By, respectively.

Moreover, we say that (Ey,, Ep,, Qp,,Qp,) is an (asymptotically) achievable
block-error rate tuple if for all n there exist codes (encoders and decoders)
such that the block fidelity converges to 1, and the ith entanglement and
quantum rates converge to Ep, and @), for encoder 7, respectively. The rate
region is the set of all achievable rate pairs, as a subset of RxRxR5gxR5g. A
schematic description of the source compression task with side information
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is illustrated in Fig.

In chapter [5, we consider block fidelity, however, the results follow for
the per-copy fidelity as well which is defined as follows: we say a code has
per-copy fidelity 1 — €, or per-copy error €, if

1 Z": r (pAlc’lAgCgBR7 gAijcijA;jcngR) >1—¢ (2.5)
n i

where {AAUCAUA;J‘CA%BR = Trp)ey EATCI A G B R and Ty [n]v; denotes the
partial trace over all systems with indices in [n] \ j. Similarly, we say that
(Eepy Eey, Qe , Qe ) is an (asymptotically) achievable per-copy-error rate tuple
if for all n there exist codes such that the per-copy fidelity converges to 1,
and the 7th entanglement and quantum rates converge to E. and Q. for
encoder i, respectively. The rate region is the set of all achievable rate pairs,
as a subset of R x R x Ryg x Ryg.

In [69,[70], compression of a pure source |@Z))A1A2R with side information

at the encoders is considered (Cy,Cy, B = @). The achievable rate region is a
convex hull of various points where each point corresponding to an encoder
is achieved by applying fully quantum Slepian-Wolf (FQSW) compression
and treating the rest of the systems as a reference. The converse bounds are
in terms of the multipartite squashed entanglement, which is a measure of
multipartite entanglement.

2.5 Summary of our results in quantum source
compression and discussion

In this section, we briefly explain the special cases of problems, defined in the
previous sections, that we address in this thesis. Notice that in the subse-
quent chapters we do not necessarily respect the notation A, C', B and R for
the system to be compressed, the side information at the encoder, the side in-
formation at the decoder and the reference system, however, we clearly define
the task and specify the notation for the corresponding registers. Moreover,
we specify whether the error criterion is block fidelity or per-copy fidelity.

In chapter 3] we consider the compression of a general mixed state source
pAT (no side information) and find the optimal trade-off between the entan-
glement and quantum rates, i.e. the pair (E,Q).

In chapter 4] we unify the visible and blind Schumacher compression by
considering an interpolation between them as side information, that is the
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source pACX = % p(2)|[hp el ® e Xcz|C ® [xXz|X with A, C and X as
the system to be compressed, the side information at the encoder and the
classical reference system. For this source, we find optimal trade-off between
the block-error entanglement and quantum rate pairs (FEy, Q).

In chapter [5 we consider quantum source compression with classical side
information with the source pAfRXX" = ¥ p(2) b, {147 ® |}z @ |a)|X
and A, X and RX’ as the system to be compressed, the side information at
the decoder and the hybrid classical-quantum reference systems, respectively.
We study the entanglement assisted case (o0, (), the unassisted case (0, Q)
then distributed scenario considering block fidelity. We find achievable and
converse bounds for each scenario and show that the two bounds match for
the entanglement assisted quantum block-error rate ), up to continuity of a
function which appears in the bounds. Finally, considering per-copy fidelity
we find the optimal entanglement assisted quantum per-copy-error rate, i.e.
the pair (oo, Q).

In chapter [6), we consider an ensemble generalization of the quantum
state redistribution (QSR), i.e. the source pACBE = ¥ p(z)|1h, X1 |[ACPF &
|zXz|X" with A, C, B and R = R'X’ as the system to be compressed, the
side information at the encoder, the side information at the decoder and the
hybrid classical-quantum reference systems, respectively. We consider free
entanglement scenario and find the optimal quantum per-copy-error rate,
i.e. the pair (o0,@?). With block fidelity, we find achievable and converse
bounds which match up to continuity of a function appearing in the bounds.

In summary, for a general mixed state we solve the problem when there
is no side information, and the rate region is in terms of an extension of
the decomposition of the source state which is discovered by Koashi and
Imoto in [42], and later this decomposition extended to a general mixed
state in [41]. However, for multipartite states this decomposition does not
necessarily preserve the tensor structure over various systems; this turns
out to be the main hurdle in dealing with general mixed state problems
with side information. This is not an issue for pure or ensemble sources
mainly because the structure of maps which preserve these states are well-
understood. For these sources the environment systems of the encoding and
decoding operations are decoupled from the reconstructed source given the
identity of the state from the ensemble. This property is one of the guiding
intuitions behind the converse proofs for the side information problems.
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Chapter 3

Compression of a general
mixed state source

In this chapter, we consider the most general (finite-dimensional) quantum
mechanical information source, which is given by a quantum system A that is
correlated with a reference system R. The task is to compress A in such a way
as to reproduce the joint source state pAf at the decoder with asymptotically
high fidelity. This includes Schumacher’s original quantum source coding
problem of a pure state ensemble and that of a single pure entangled state,
as well as general mixed state ensembles. Here, we determine the optimal
compression rate (in qubits per source system) in terms of the Koashi-Imoto
decomposition of the source into a classical, a quantum, and a redundant
part. The same decomposition yields the optimal rate in the presence of
unlimited entanglement between compressor and decoder, and indeed the
full region of feasible qubit-ebit rate pairs. This chapter is based on the
papers in [45,46].

3.1 The source model and the compression
task

We consider a general mixed state source pA% with A and R as the system
to be compressed and the reference system, respectively, where the source
generates the information theoretic limit of many copies of the state pAE,
i.e. pA"R" = (pAR)®". We assume that the encoder, Alice, and the decoder,
Bob, have initially a maximally entangled state (IDIA}OB ° on registers Ay and
By (both of dimension K). The encoder, Alice, performs the encoding com-
pression operation C : A"Ay — M on the system A" and her part Aj of the
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entanglement, which is a quantum channel, i.e. a completely positive and
trace preserving (CPTP) map. Notice that as functions CPTP maps act on
the operators (density matrices) over the respective input and output Hilbert
spaces, but as there is no risk of confusion, we will simply write the Hilbert
spaces when denoting a CPTP map. Alice’s encoding operation produces the
state oMBoE" with M and By as the compressed system of Alice and Bob’s
part of the entanglement, respectively. The dimension of the compressed sys-
tem is without loss of generality not larger than the dimension of the original
source, i.e. |M|<|A]". We call 2log K and +log|M| the entanglement rate
and quantum rate of the compression protocol, respectively. The system M is
then sent to Bob via a noiseless quantum channel, who performs a decoding
operation D : M By —> A™ on the system M and his part of the entanglement
By. We say the encoding-decoding scheme has fidelity 1 — €, or error e, if

F (pAan,ﬁAan) >1-¢, (3.1)

where ¢4"R" = ((DoC) ®idgn) pA"E". Moreover, we say that (E,Q) is an
(asymptotically) achievable rate pair if for all n there exist codes such that
the fidelity converges to 1, and the entanglement and quantum rates converge
to F and @, respectively. The rate region is the set of all achievable rate
pairs, as a subset of Ry x Ryq.

According to Stinespring’s theorem [55|, a CPTP map 7 : A — A can be
dilated to an isometry U : A - AE with F as an environment system, called
an isometric extension of a CPTP map, such that 7T (p?) = Tr g(UpAUY).
Therefore, the encoding and decoding operations are can in general be viewed
as isometries Ug : A" Ay - MW and Up : M By < A"V, respectively, with the
systems W and V' as the environment systems of Alice and Bob, respectively.

We say a source wPf is equivalent to a source pAf if there are CPTP
maps 7 : A — B and R : B — A in both directions taking one to the
other:

(,UBR — (T® idR)pAR and ,OAR — (R ® idR)wBR_ (32)

The rate regions of equivalent sources are the same, because any achievable
rate pair for one source is achievable for the other source as well. This
follows from the fact that for any code (C,D) of block length n and error e
for pAR, concatenating the encoding and decoding operations with 7 and R,
ie. letting C'=CoR® and D’ = T®" o D, we get a code of the same error e
for wBE. Analogously we can turn a code for wB% into one for pA~X.
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3.2 The qubit-ebit rate region

The idea behind the compression of the source pAf is based on a decom-
position of this state introduced in [41], which is a generalization of the
decomposition introduced by Koashi and Imoto in [42]. Namely, for any set
of quantum states {p,}, there is a unique decomposition of the Hilbert space
describing the structure of CPTP maps which preserve the set {p2}. This
idea was generalized in [41] for a general mixed state pA® describing the
structure of CPTP maps acting on system A which preserve the overall state
pAE. This was achieved by showing that any such map preserves the set of
all possible states on system A which can be obtained by measuring system
R, and conversely any map preserving the set of all possible states on system
A obtained by measuring system R, preserves the state pAf, thus reducing
the general case to the case of classical-quantum states

P =2 aW)py @ lyXyl” =30 Tr e (1a © MT) @ [yXyl”,
y y

which is the ensemble case considered by Koashi and Imoto. As a matter of
fact, looking at the algorithm presented in [42] to compute the decomposition,
it is enough to consider an informationally complete POVM (1/,) on R, with
no more than |R|?> many outcomes. The properties of this decomposition are
stated in the following theorem.

Theorem 3.1 ( [4142]). Associated to the state pAE, there are Hilbert spaces
C, N and @Q and an isometry Ug;: A > CNQ such that:

1. The state pAE is transformed by Ugr as

(Ukr® 1p)p" (U}, © 1R) = ij|j)(j|c Qw) ® P?R = wONeE - (3.3)
J

where the set of vectors {|j)} form an orthonormal basis for Hilbert

space C, and p; is a probability distribution over j. The states wév and

p?R act on the Hilbert spaces N and Q) ® R, respectively.

2. For any CPTP map A acting on system A which leaves the state pAR
invariant, that is (A ® idg)pAf = pAR, every associated isometric ex-
tension U : A - AFE of A with the environment system E is of the
following form

U=Uki® 1E)f(Z|j><j|C®UjN®le) Uk, (3.4)
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where the isometries U;j: N = NE satisfy Tr E[ijjUf] =wj for all j.
The isometry Uk is unique (up to trivial change of basis of the Hilbert
spaces C', N and Q). Henceforth, we call the isometry Uk and the
state wONCE = 3. pi[i}j|C @ Wi ® pjci)R the Koashi-Imoto (KI) isometry
and KI-decomposition of the state pAR, respectively.

3. In the particular case of a tripartite system CNQ and a state wCNQE
already in Koashi-Imoto form , property 2 says the following: For
any CPTP map A acting on systems CNQ with (A ® idg)wCNCE =
WENRR - every associated isometric extension U: CNQ - CNQE of A
with the environment system E s of the form

U= liXil“eUNe17, (3.5)
J

where the isometries U; : N = NE satisfy Tr E[ijjUjf] = wj for all j.

According to the discussion at the end of Sec. [3.1] the sources pA% and
WENRR are equivalent because there are the isometry Ug; and the reversal
CPTP map R : CNQ — A, which reverses the action of the KI isometry,
such that:

wONOR = (U © 1) p™ (U @ 15),
o = (R @ id)wONOR
= (UITH ® 1R)WCNQR(UKI ® 1R) +Tr [(10]\[@ - HCNQ)CUCNQ]O', (36)

where Ilong = UKIUIT<I is the projection onto the subspace UxiAc C@ N ®Q,
and o is an arbitrary state acting on A ® R. Henceforth we assume that the
source is w¢N@E which is convenient because our main result is expressed
in terms of the systems C' and Q. Notice that the source w¢N@E is in turn
equivalent to wC¢@f a fact we will exploit in the proof.

Moreover, since the information in C' is classical, we can reduce the com-
pression rate even more if the sender and receiver share entanglement, by
using dense coding of j. In the following theorem we show the optimal
qubit-ebit rate tradeoff for the compression of the source pA~.

Theorem 3.2. For the compression of the source pAf, all asymptotically
achievable entanglement and quantum rate pairs (E, Q) satisfy

Q2 5(CQ). - 35(C)..
Q+E>500Q).,
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where the entropies are with respect the KI decomposition of the state pAR,
i.e. the state wCNRE,  Conversely, all the rate pairs satisfying the above
inequalities are asymptotically achievable.

Remark 3.1. This theorem implies that the optimal asymptotic quantum
rates for the compression of the source pAf with and without entanglement as-
sistance are S(CQ),—15(C)w and S(CQ)., qubits, respectively, and 55(C).,
ebits of entanglement are sufficient and necessary in the entanglement as-
sisted case.

Remark 3.2. If in the compression task the parties were required to preserve
the correlations with a purifying reference system, then due to Schumacher
compression the optimal qubit rate would be S(A), = S(CNQ).. However,
Theorem shows that the parties can compress more if they are only re-
quired to preserve the correlations with a mized state reference. This gap
can be strictly positive if the redundant system N is mized given the classical

information j in system C, that is S(CNQ)., - S(CQ)., = S(N|CQ)., > 0.

Q

S(CQ) - 55O |

> [

T
§S(O)u

Figure 3.1: The achievable rate region of the entanglement and quantum
rates.

Proof. We start with the achievability of these rates. The converse proofs
need more tools, so we will leave them to the subsequent sections. Looking at
Fig. 3.1} it will be enough to prove the achievability of the corresponding cor-
ner points (£, Q) = (0,5(CQ).,) and (E,Q) = (55(C)w, S(CQ). -~ 55(C).)
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for the unassisted and entanglement assisted cases, respectively. This is be-
cause by definition (and the time-sharing principle) the rate region is convex
and upper-right closed. Indeed, all the points on the line @ + E = S(CQ).,
for @ > S(CQ)., - 355(C)., are achievable because one ebit can be distributed
by sending a qubit. All other rate pairs are achievable by resource wasting.
The rate region is depicted in Fig. 3.1}

As we discussed, we can assume that the source is (wWEN@E)®n = (HC"N"Q"R"
To achieve the point (0, S(CQ),,), Alice traces out the redundant part N™ of
the source, to get the state w®"@"R" and applies Schumacher compression to
send the systems C"Q™ to Bob. Since the Schumacher compression preserves
the purification of the systems C"Q", it preserves the state w¢"@"E" as well.
To be more specific, let Ag denote the composition of the encoding and de-
coding operations for the Schumacher compression of the state |w)chanRm
where the system R'™ is a purifying reference system which of course the
parties do not have access to. The Schumacher compression preserves the
following fidelity on the left member of the equation, therefore it preserves
the fidelity on the right member:

e < F (0T (Ag @ id e ) @ F ")

S F (wchTLRn’ (AS ® ian)anQan) ,

where the inequality is due to monotonicity of the fidelity under partial trace.
The rate achieved by this scheme is S(CQ),. After applying this scheme,
Bob has access to the systems C’”Q”, which is correlated with the reference
system R™:

CCPE" = (Ag ®idpn )wC "R

Then, to reconstruct the system N™, Bob applies the CPTP map N : CQ —
CNQ@ to each copy, which acts as follows:

N(p“?) = 2 (i) 10)p Y (15Ki° @ 1g) ® w)'.

This map satisfies the fidelity criterion of Eq. (3.7) because of monotonicity
of the fidelity under CPTP maps:

1 ¢ S F (wchan’ CCWLQan)
< F((W®" @ id ) @R (W7 @ id )OO

p(uea o B7)
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To achieve the point (35(C)., S(CQ). - 35(C).), Alice applies dense
coding to send the classical system C™ to Bob which requires £5(C').,, ebits
of initial entanglement and £.5(C'),, qubits [71]. When both Alice and Bob
have access to system C", Alice can send the quantum system Q™ to Bob by
applying Schumacher compression, which requires sending n.S(Q|C) qubits
to Bob. Therefore, the overall qubit rate is $5(C),, + S(Q|C) = S(CQ)., -
15(0).. ]

3.3 Converse

In this section, we will provide the converse bounds for the qubit rate @)
and the sum rate ) + £/ of Theorem We obtain these bounds based
on the structure of the CPTP maps which preserve the source state wCN@E,
Namely, according to Theorem [3.1|the CPTP maps acting on systems C'N(Q,
which preserve the state w¢N@E act only on the redundant system N. This
implies that the environment systems of such CPTP maps are decoupled
from systems QR given the classical information j in the classical system C.
This gives us an insight into the structure of the encoding-decoding maps,
which preserve the overall state asymptotically intact.

To proceed with the proof, we first define two functions that emerge in
the converse bounds. Then, we state some important properties of these
functions in Lemma [3.1] which we will use to compute the tight asymptotic
converse bounds.

el . Ny - R
Definition 3.1. For the KI decomposition w“N@ =3, pj|i}j|° @ w ® p?
of the state pA® and € >0, define

J.(w) :=max I(NE: CQ|C"), s.t.

U:CNQ - CNQE is an isometry with F(wCNQR,TéNQR) >1—c¢,
Z.(w) := max S(NE|C"), s.t.

U:CNQ -~ C’N@E is an isometry with F(wCNQR,TCNQR) >1—¢,
where

WONGRE = 3 piliKilC @ W @ p? " @ i),
J

TC’NQERC’ - (U ® 1RC,)WCNQRC’(U7L ® 1RC’)a
TC'NQR = Tr per [TCNQERC/]'

In this definition, the dimension of the environment is w.l.o.g. bounded
as |E| < (|C||N||Q])? because the input and output dimensions of the channel
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are fixed as |C||N||Q|; hence, the optimisation is of a continuous function over
a compact domain, so we have a maximum rather than a supremum.

Lemma 3.1. The functions Z.(w) and J.(w) have the following properties:
1. They are non-decreasing functions of €.
2. They are concave in €.

3. They are continuous for € > 0.

N N
4. For any two states w ™M and w9 and for e > 0,

Je(wl ®w2) < Je(wl) + Je((,dg),
Ze(w1 ®wy) < Z(wr) + Ze(w2).

5. At e =0, Zy(w) = S(N|C), and Jy(w) = 0.

The proof of this lemma follows in the next section. Now we show how
it is used to prove the converse (optimality) of Theorem [3.2 As a guide
to reading the subsequent proof, we remark that in Eqs. and ,
the environment systems VW of the encoding-decoding operations appear
in the terms I(N*"VW : CnQn|C'™) and S(N"VW|C'™), which are bounded
by the functions J.(w®") and Z.(w®"), respectively. As stated in point 4
of Lemma [3.1] these functions are sub-additive, so basically we can single-
letterize the terms appearing in the converse. Moreover, from point 3 of
Lemma [3.1, we know that these functions are continuous for € > 0; therefore,
the limit points of these functions are equal to the values of these functions
at € = 0. When the fidelity is equal to 1 (e = 0), the structure of the CPTP
maps preserving the state wN@E in Theorem |3.1] implies that Jy(w) = 0 and
Zp(w) = S(N|C)., as stated in point 5 of Lemma Thereby, we conclude

the converse bounds in Eqs. (3.26)) and (3.30)).

Proof of Theorem (converse). We first get the following chain of inequal-
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ities considering the process of the decoding of the information:

n@Q+S(By) > S(M)+ S(By) (3.8)
> S(M By) (3.9)
= S(C"N"Q"V) (3.10)
= S(C"Q™) + S(N"V|C™Q™) (3.11)
>nS(CQ)+S(N"VIC"Q™) —nd(n,€) (3.12)
>nS(CQ)+S(N"VIC"QC™) - nd(n, ) (3.13)

=nS(CQ) +S(N"VIC"Q"C™) - S(N"V|C'™)
+ S(N"VIC™) = nd(n, )
=nS(CQ) - I(N"V : C"Q"|C™) + S(N"V|C™) = nd(n,€)
>nS(CQ) - I(N"VW : C"Q"|C"™) + S(N"V|C'™) - nd(n, €)
(3.14)

where Eq. (3.8]) follows because the entropy of a system is bounded by the
logarithm of the dimension of that system; Eq. (| . is due to sub-additivity
of the entropy; Eq. - follows because the decodlng isometry Up : M By —

CnN*Q"V does not change the entropy; Eq. is due to the chain rule;
1-

Eq. (3.12) follows from the decodability: the output state on systems CmQ"
is 2v/2e-close to the original state C"Q™ in trace norm; then the inequality
follows by applying the Fannes-Audenaert inequality [72,/73], where d(n,¢€) =

V2elog(|C1|Q)) + Lh(v/2€); Eq. is due to strong sub-additivity of the
entropy, and system C’ is a copy of classical system C'; Eq. follows
from data processing inequality where W is the environment system of the
encoding isometry Ug : CPN"Q"Ag > MW.

Moreover, considering the process of encoding the information, () is bounded
as follows:

Q> S(M)
>S(MwC™) (3.15)
= S(MWC™) - S(We™) (3.16)
= S(CT"N™QAyC'™) - S(WC™) (3.17)
= S(C"N™Q"C™) + S(4p) - S(WC™) (3.18)
= S(C"N"Q"C™) + S(Ag) - S(C™) - S(W[C™) (3.19)
= S(C"N"Q") + 5(Ag) - S(C™) = S(WIC™) (3.20)
=nS(CQ) +nS(N|CQ) + S(Ag) -nS(C") - S(W|C™) (3.21)
= nS(CQ) +nS(N|C) + S(Ag) —nS(C") - S(W|C™), (3.22)
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where Eq. is due to sub-additivity of the entropy; Eq. is due
to the chain rule; Eq. follows because the encoding isometry Upg :
C"N"Q"Ay = MW does not the change the entropy; Eq. follows be-
cause the initial entanglement Aq is independent from the source; Eq.
is due to the chain rule; Eq. (3.20) follows because C’ is a copy of the sys-
tem C, so S(C'|CNQ) = 0; Eq. is due to the chain rule and the fact
that the entropy is additive for product states; Eq. follows because
conditional on system C' the system N is independent from system ().

Now, we add Eqs. and (3.22); the entanglement terms S(Ap) and
S(By) cancel out, and by dividing by 2n we obtain

Q> S(CQ) - %5(0)+ %S(N|C)— %I(N"VW . CmOn|em™)
1 o m 1 P |
L SS(VIC™) = L S(VIC™) - 25(n, )
1 1 1 o AnAnlm
> S(CQ) - 3 5(C) + 5S(NIC) ~ - [NV C"QriC™)
1 o m 1
- SES(VIVIC™) - 250, (3.23)
1 1 SR IR
>5(CQ) - 55(0) + 5 S(NIC) - %Je(w ) - %Ze(w )~ 50(n.¢)
(3.24)
> S(CQ) - 28(C) + LS(NOY = 2 (w) - 2 2.(0) - 2o(n,e),  (3.29)
h 2 2 2°¢ 27¢ 2 Y

where Eq. follows from strong sub-additivity of the entropy, S N "VIC™)+
S(N"V|WC™) > 0; Eq. follows from Definition Eq. (3.25) is due
to point 4 of Lemma [3.1]

In the limit of ¢ > 0 and n - oo, the qubit rate is thus bounded by

Q> S(CQ) - 35(C) + 35 (NIC) - 51() - 3 20(w)
_ 5(CQ) - %S(C’), (3.26)

where the equality follows from point 5 of Lemma (3.1}
Moreover, from Eq. (3.14) we have:
n@ +S(By) =nQ +nk
>nS(CQ) - I(N"VW : C"Q"|C™) + S(N"V|C™) = nd(n,€)

>nS(CQ) - I(N"VW : C"Q"|C"™) - nd(n, €) (3.27)
>nS(CQ) - J(w®™) —nd(n,e) (3.28)
>nS(CQ) -nJ(w)—nd(n,e), (3.29)
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where Eq. follows because the entropy conditional on a classical system
is positive, S(N"V|C"™) > 0; Eq. follows from Definition ; Eq.
is due to point 4 of Lemma (3.1}

In the limit of € = 0 and n — oo, we thus obtain the following bound on
the rate sum:

Q+E>5(CQ) - Jo(w) =5(CQ), (3.30)
where the equality follows from point 5 of Lemma (3.1} [ ]

Remark 3.3. Our lower bound on QQ+ E in FEq. reproduces the result
of Koashi and Imoto [31] for the case of a classical-quantum source pAX =
S p(x)pd & |xXx|X. This is because a code with qubit-ebit rate pair (Q,E)
gives rise to a compression code in the sense of Koashi and Imoto using a
rate of qubits QQ + E and no prior entanglement, simply by first distributing
E ebits and then using the entanglement assisted code.

It is worth noting that conversely, Eq. can be obtained from the
Koashi-Imoto result, as follows. Any good code for pAR is automatically a
good code for the classical-quantum source of mized states

P =2 a(y)ey @ lyfyl” = 2 Trrp™(La @ M) @ Jy)yl”,
y y

for any POVM (M,) on R, simply by the monotonicity of the fidelity under
CPTP maps. As discussed before, by choosing an informationally complete
measurement, the KI-decomposition of the ensemble {q(y), pi'} is identical to
that of pAR in Theorem [3.1 Thus the unassisted qubit compression rate of
pY and of pAE are lower bounded by the same quantity, the right hand side

of Fq. .

3.4 Proof of Lemma [3.1]

1. The definitions of the functions J.(w) and Z.(w) directly imply that
they are non-decreasing functions of e.

2. We first prove the concavity of Z.(w). Let Uy : CNQ - CNQE and

Uy : CNQ - CN @E be the isometries attaining the maximum for €;

and eq, respectively, which act as follows on the purification |w)CNQRC/R/

of the previously introduced state wCN@RC":

|T1 >ONQERC’R’ - (U, CNQRC'R’

® 1RCIRI) |w> and
|7_2>CNQERC/R/ _ (U2 ® 1RC’R') |w>CNQRC/R’

Y
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where Tr g [w)w|CNQROR] = ONQRC™ For 0 < A < 1, define the isom-
etry Uy : CNQ - CNQFEFF'" which acts as

Up = VAU ® 1) + VT - \U, ® 22)77 (3.31)
where systems F' and F” are qubits, and which leads to the state
) |w)CNQRC'R'
_ \/X|TI>CNQERC’R’ |11>FF’ 4 m|TZ>CNQERC’R’ |22>FF’ .

Then, U, defines its state 7. for which the reduced state on the systems
CNQRC" is

(Uo ® Lrerpr

FONQRC! _ \pCNQRC | (1 _ \)rfNQRC!, (3.32)
Therefore, the fidelity for the state 7 is bounded as follows:
F(wCNQR, TONQR)

= F(wONC@E, )\TléNQR +(1- )\)TSNQR)

= FOAWONOR 4 (1= \)wONQR \rONQR 4 (1 - )7 INQR)

> \F(wON@R 7ONQRY L (1 - \)F(wONQR, £CNQRY

>1-(Aer+(1-N)ea). (3.33)
The first inequality is due to simultaneous concavity of the fidelity in
both arguments; the last line follows by the definition of the isometries
Uy and Us. Thus, the isometry U, yields a fidelity of at least 1 —

(Aer + (1= XN)eg) =t 1—€e. Now let £/ = EF'F’ denote the environment of
the isometry U, defined above. According to Definition [3.1] we obtain

Z.(w) > S(NE'|C"),
= S(NEFF'|C"),

= S(F|C"), + S(NE|FC"), + S(F'|NEFC"), (3.34)
> S(NE|FC"), (3.35)
= AS(NE|C"),, + (1= N)S(NE|C)., (3.36)
= AZ., (w) + (1= \)Z., (w), (3.37)

where the state 7 in the entropies is given in Eq. (3.32)); Eq. (3.34)) is
due to the chain rule; Eq. (3.35)) follow because for the state on systems

NEFF'C' we have S(F'|C") + S(F'|NEFC") > 0 which follows from
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strong sub-additivity of the entropy; Eq. (3.36) follows by expanding
the conditional entropy on the classical system F'; Eq. (3.37)) follows
from the definitions of the isometries U; and Us,.

Moreover, let U; : CNQ < C’N@E and Uy : CNQ < C‘NQE be the
isometries attaining the maximum for €; and e; in the definition of
Je(w), respectively. Again, define the isometry Uy as in Eq. (3.31)),
which leads to the bound on the fidelity as in Eq. , letting E’ =

EFF' be the environment of the isometry Uy. According to Definition
3.1} we obtain

Je(w) > I(
> I(
= I(

NEFF':CQ|C"),

NEF:CQ|C"). (3.38)
F:CQ|C"), + (NE : CQ|FC"), (3.39)
>I(NE:CQ|FC"), (3.40)
=M(NE:CQ|C),, +(1-NI(NE:CQ[C"),,  (341)
= Ae (W) + (1= A) ey (w), (3.42)

where Eq. (3.38]) follows from data processing; Eq. (3.39) is due to the
chain rule for mutual information; Eq. (3.40]) follows from strong sub-

additivity of the entropy, I(F : CQ|C"), > 0; Eq. (3.41) is obtained by
expanding the conditional mutual information on the classical system
F; finally, Eq. (3.42) follows from the definitions of the isometries U
and Us,.

. The functions are non-decreasing and concave for € > 0, so they are
continuous for € > 0. The concavity implies furthermore that J. and
Z. are lower semi-continuous at € = 0. On the other hand, since the
fidelity, the conditional entropy and the conditional mutual information
are all continuous functions of CPTP maps, and the domain of both
optimizations is a compact set, we conclude that J.(w) and Z, are also
upper semi-continuous at € = 0, so they are continuous at € = 0 [74,
Thms. 10.1 and 10.2].

4. We first prove Z. (w1 ® ws) < Z(wy) + Z(w2). In the definition of

Ze(wl ®CU2), let the isometry Ug . ClN1Q102N2Q2 > élNlc?légNgQQE
be the one attaining the maximum, which acts on the following purified
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source states with purifying systems R| and R):

C1N1Q1C2N2Q2ER1C! R, RoCL R,

|7_> 1N1Q1C2 N2 Q2 ER1C R RoCo R, (343)

CiN1Q1R1C1 Ry CaN2Q2 R2 O3 Ry
14 ®|w2> 272

(3.44)

= (Uo ® 1r,ci R, rocyRy) [w1)

By definition, the fidelity is bounded by

Now, we can define an isometry U; : C1N1Q1 < éllvl@lEl acting
only on systems C1N,Q1, by letting Uy = (Uy ® Lr,opr)(loynign ©
|wQ)CQN2Q2RQC§R2) and with the environment F; := éQNQQQERQOéRé. It
has the property that |T)élN1Q1RlciRiE = (U1®1g,c1r,) |w1)clN1QlRlciR’1
has the same reduced state on C’1N1Q1R1 as 7 from Eq. . This

isometry preserves the fidelity for wy, which follows from monotonicity
of the fidelity under partial trace:

F(wlelQlRl’TlelQlRl) _ F(wlclNlQlRl : 7_01]\71(2131)

> F(wlclNlQlRl ®(A)2C2]\72Q21'"7527 C1N1Q102N2Q2R1R2)

-
>1-e

By the same argument, there is the following isometry
Uz : CaNoQo = C1N1Q162N2Q2E3101 1

with output system OQNQQQ and environment F, := élNlQlERlC{Ri,
such that

N. o NoQ N. 2t NoO
F(WQCQ 2Q2R2’7_202 2Q2R2):F(w202 2Q2R277—02N2Q2R2)

N- N-
> F(wlcl 1Q1R1 ®w2c2 2Q2R277_C1N1Q102N2Q2R1R2)

>1-e
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Therefore, we obtain:

Ze(wl) + ZG(CL)Q) — Ze(wl ® UJQ)
2 S(N1E1|C{)T + S(N2E2|Cé)7- - S(N1N2E|C{Cé)7- (345)
= S(NlElc{)T + S(NQEQC&)T - S(NlNQEC{Cé)T

—S(C1) - S(Ch) +S(CiCh) (3.46)

= S(NlElci)T+S(N2EQC%)T—S(NlNQEC{Cé)T (347)
= S(CLO1 R R,) + S(CoQsRoRY) — S(C1Q1Co05 R R} Ry Rb)

(3.48)

= I(C1Q1 R, R} : C2Q2 Ry RY)
L0, (3.49)

where Eq. (3.45) is due to Definition .1} Eq. (3.46)) is due to the chain

rule; Eq. (3.47) because the systems C] and C} are independent from
each other; Eq. (3.48]) follows because the overall state on systems

CiN1Q1CoN,Q2 ER,C R, RyCLR) is pure; Eq. (3.49) is due to sub-
additivity of the entropy.

To prove prove J.(w; ® we) < Jo(wr) + Je(ws), let the isometry Uy :
CiN1Q1C5N2Qy — OlllelégNgQgE be the one attaining the maxi-
mum in definition of J.(w; ® wy), which acts on the following purified
source states with purifying systems R} and R, as in Eq. . By
definition, the fidelity is bounded as

Now define U1 : ClNlQl > élNlQléQNQQQERQCéRIQ and UQ : CQNQQQ >
C'1N1Q1 OZNQQQER10{ R} as in the above discussion, with the environ-
ments FE; := C’gNgQgERgCéRé and Fy = CA’1N1Q1ER10{R'1, respec-
tively. Recall that the fidelity for the states w; and wy is at least 1 —¢,
because of the monotonicity of the fidelity under partial trace. Thus
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we obtain

Jo(wr) +

>

>

where Eq.

Je(w2) = Je(wr ® wy)

I(NLEy : ChQ4|CY) - + I(NyEy - C2Q4|Ch),
_I(N1N2EIO1Q1C'2Q2|C{C§)T (3.50)
S(NECY) + S(C1Q1CY) = S(C1 N Q1 EACY) - S(CY)

+ S(NyE,C3) + S(CoQaCh) — S(CoNQu ExCh) — S(Ch)
~S(N1 N EC{Cy)=S(C1@Q1C2Q2C{ C3)

+S(C1N1Q1Ce N2 Q2 ECCY) +S(C1Ch) (3.51)
S(C1Q1 R Ry) + S(C1Q:CY) - S(RRy) - S(Cy)

+ S(Co@aRaRy) + S(C2Q2C5) - S(RaRY) - S(C)
~S(C1Q1CoQ5 Ry R, Ry RY) - S(C1Q1CoQ-CLCY)

+S(R, R} RyRY)+5(CLCY) (3.52)
I(C1Q1R\Ry - CoQaRyRY) — I(Ry R} : RyRp)

+ 1(016?10{ : C’ZQQCé) - I(C7:Cy)

I(R Ry RaRty) - I(R R, : o) + 1(CY 2 C3) = 1(CY : C3)
(3.53)

0,

(3.50)) is due to Definition In Eq. (3.51) we expand the

AAAAAA

the overall state on systems Cy N1Q)1CoNoQo E R C R RoCY RY, is pure;

Eq

. According

is due to data processing.

to Theorem [41,42], any isometry U : CNQ — CNQE

acting on the state wCN@EC" which preserves the reduced state on sys-
tems CNQRC" (C" here is considered as a part of the reference system),
acts as the following:

(U @ Lre)wNRO (U @ Lper) = Y piliNil” @ Ujw N UT @ p2% @ |,
J

where the

isometry U, : N - NE satisfies TrE[ijijjT] = wj. There-

fore, in Definition [3.1] for € = 0, the final state is

TONQERC = 5 piliNil” ® Ujw, US @ " @ 1)1
J
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Thus we can directly evaluate

Zy(w) = S(NE|C"), = S(N|C),, and Jo(w) = [(NE : CQ|C"), =0,

concluding the proof. [

3.5 Discussion

We have introduced a common framework for all single-source quantum com-
pression problems, i.e. settings without side information at the encoder or
the decoder, by defining the compression task as the reproduction of a given
bipartite state between the system to be compressed and a reference. That
state, which defines the task, can be completely general, and special instances
recover Schumacher’s quantum source compression (in both variants of a pure
state ensemble and of a pure entangled state) [8] and compression of a mixed
state ensemble source in the blind variant [31,62].

Our general result gives the optimal quantum compression rate in terms
of qubits per source, both in the settings without and with entanglement,
and indeed the entire qubit-ebit rate region, reproducing the aforementioned
special cases, along with other previously considered problems [48]. Despite
the technical difficulties in obtaining it, the end result has a simple and
intuitive interpretation. Namely, the given source pA% is equivalent to a
source in standard Koashi-Imoto form,

WO =Y piliNdle @ P,
J

so that j has to be compressed as classical information, at rate S(C), and Q
as quantum information, at rate S(Q|C); in the presence of entanglement,
the former rate is halved while the latter is maintained. Indeed, what our
Theorem shows is that the original source has the same qubit-ebit rate
region as the clean classical-quantum mixed source

QO = 5 pyliNil” @ X" @ il
J

where \%)QRR, purifies p;??R , and RR'C" is considered the reference. In Q, C'
is indeed a manifestly classical source, since it is duplicated in the reference
system, and conditional on C, @) is a genuinely quantum source since it is
purely entangled with the reference system. As Tr pQCQRR'CT = ((CQR,
any code and any achievable rates for €2 are good for w, and that is how

the achievability of the rate region in Theorem can be described. The
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opposite, that a code good for w should be good for €2, is far from obvious.
Indeed, if that were true, it would not only yield a quick and simple proof of
our converse bounds, but would imply that the rate region of Theorem
satisfies a strong converse! However, as we do not know this reduction to the
source (), our converse proceeds via a more complicated, indirect route, and
yields only a weak converse. Whether the strong converse holds, and what
the detailed relation between the sources wC@R and QC@RE'C' {5 remain open
questions.
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Chapter 4

Unification of the blind and
visible Schumacher compression

In this chapter, we ask how the quantum compression of ensembles of pure
states is affected by the availability of entanglement, and in settings where
the encoder has access to side information. We find the optimal asymptotic
quantum rate and the optimal tradeoff (rate region) of quantum and entan-
glement rates. It turns out that the amount by which the quantum rate
beats the Schumacher limit, the entropy of the source, is precisely half the
entropy of classical information that can be extracted from the source and
side information states without disturbing them at all (“reversible extraction
of classical information”).

In the special case that the encoder has no side information, or that she
has access to the identity of the states, this problem reduces to the known
settings of blind and visible Schumacher compression, respectively, albeit here
additionally with entanglement assistance. We comment on connections to
previously studied and further rate tradeoffs when also classical information
is considered. This chapter is based on the papers in |47, 48].

4.1 The source model

The task of data compression of a quantum source, introduced by Schumacher
[8], marks one of the foundations of quantum information theory: not only
did it provide an information theoretic interpretation of the von Neumann
entropy S(p) = —Trplogp as the minimum compression rate, it also moti-
vated the very concept of the qubit! In the Schumacher modelling, a source is
given by an ensemble & = {p(x), [, .|} of pure states ¥, = [t X1.| € S(A),
|1,) € A, with a Hilbert space A of finite dimension |A| < co; S(A) denotes
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the set of states (density operators). Furthermore, z € X ranges over a dis-
crete alphabet, so that we can can describe the source equivalently by the

classical-quantum (cq) state w = Y, p(@)|zXx|X ® [t X1b.|A.

While the achievability of the rate S(A), = S(w4) was shown in [8,/60]
(see also |75, Thm. 1.18]), the full (weak) converse was established in [61], a
simplified proof being given by M. Horodecki [62]; the strong converse was
proved in [30].

In this chapter, we consider a more comprehensive model, where on the
one hand the sender/encoder of the compressed data (Alice) has access to
side information, namely a pure state o¢ in addition to the source state ¥,
and on the other hand, she and the receiver/decoder of the compressed data
(Bob) share pure state entanglement in the form of EPR pairs at a certain
rate.

Thus, the source is now an ensemble £ = {p(x), |1 2| ® |0, X04|¢} of
product states, which can be described equivalently by the cqqg-state

w¥AC= 37 p(@)|z )l @ 1o Kihal” @ oz K os| (4.1)

reX

Yet another equivalent description is via the random variable X e X', dis-
tributed according to p, i.e. Pr{X =z} = p,; this also makes the pure states
1¥x and ox random variables.

We will consider the information theoretic limit of many copies of w,
ie. wX"ATCT = ((XAC)®,

WX A S () KX @ [t Wb [ @l Noran |

zheX™

using the notation

" =21Tg . T, p(a”) = p(a1)p(x2)-p(Tn),
[2") = [z1) [v2) - |Tn) s [an) = [0y ) [ay) -+ [0n, ) -

4.2 Compression assisted by entanglement

We assume that the encoder, Alice, and the decoder, Bob, have initially a
maximally entangled state @}4(030 on registers Ay and By (both of dimen-
sion K). With probability p(z™), the source provides Alice with the state

4 ® oG, Then, Alice performs her encoding operation C : A"C"Ay —
CnCy on the systems A", C™ and her part Ag of the entanglement, which is
a quantum channel, i.e. a completely positive and trace preserving (CPTP)

map. (Note that our notation is a slight abuse, which we maintain as it
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is simpler while it cannot lead to confusions, since channels really are maps
between the trace class operators on the involved Hilbert spaces.) The dimen-
sion of the compressed system obviously has to be smaller than the original
source, i.e. |Cul < |A[". We call @Q = +1og|C4| and E = +log K the quantum
and entanglement rates of the compression protocol, respectively. The sys-
tem C, is then sent to Bob via a noiseless quantum channel, who performs
a decoding operation D : Cy By — A" on the system (4 and his part of
entanglement B,.

According to Stinespring’s theorem [55], all these CPTP maps can be
dilated to isometries V4 : APC"Ay — C’"CAWA and Vg : CyBy — /Al"WB,
where the new systems W, and Wpx are the environment systems of Alice
and Bob, respectively.

We say the encoding-decoding scheme has fidelity 1 — ¢, or error e, if

- . X'nAnén XnAann
Fi= F(WXAnen gxmaner)

= Y (@) E ([t Nt @l Noran| 7, €41 (42)

zeXn

>1 -k,

where ¢X"A"C" = 3 p(am) |z XzX" © ffnné" and ff,fé" = (D o C)thynfthun| A" ®
|02} 00n|C" @D 2P0 We say that (E, Q) is an (asymptotically) achievable rate
pair if for all n there exist codes such that the fidelity converges to 1, and
the entanglement and quantum rates converge to F and @, respectively. The

rate region is the set of all achievable rate pairs, as a subset of R x Ryg.

Note that this means that we demand not only that Bob can reconstruct
the source states 1,» with high fidelity on average, but that Alice retains the
side information states o,» as well with high fidelity.

There are two extreme cases of the side information that have been con-
sidered in the literature: If C' is a trivial system, or more generally if the
states ¢ are all identical, then the aforementioned task is the entanglement-
assisted version of blind Schumacher compression. If C' = X, or more pre-
cisely |o,) = |z), then Alice has access to classical random variable X, and
the task reduces to visible Schumacher compression with entanglement assis-
tance. The blind-visible terminology is originally from [61}64].

Remark 4.1. In the case of no entanglement being available, i.e. E =0
(K = 1), the problem is fully understood: The asymptotic rate Q = S(A)
from [8,160] is achievable without touching the side information, and it is
optimal, even in the visible case (which includes all other side informations),
by the weak and strong converses of [61,62] and [30]. ]
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4.3 Optimal quantum rate

To formulate the minimum compression rate under unlimited entanglement
assistance, we need the following concept.

Definition 4.1. An ensemble of pure states € = {p(x), |[: V|2 ®|0: 02| }wer
is called reducible if its states fall into two or more orthogonal subspaces.
Otherwise the ensemble £ is called irreducible. We apply the same terminol-
ogy to the source cqq-state wXAC.

Notice that a reducible ensemble can be written uniquely as a disjoint
union of irreducible ensembles & = (Jyey q(y)E,, with a partition X' = ey X}
and irreducible ensembles

Ey = {p(aly), [V Xoa|* ® lou X 00| Vacx,

where q(y)p(zly) = p(z) for x € X, and q(y) = ,ex, p(x). We define

the subspace spanned by the vectors of each irreducible ensemble as F, =

span{|,) ® |o;) : © € A,}. The irreducible ensembles &, are pairwise or-

thogonal, i.e. F, 1L F} for all ¥’ # y. We may thus introduce the random

variable Y = Y (X) taking values in the set ) with probability distribution

q(y); namely, Y is a deterministic function of X such that Pr{X e Xy} = 1.
We define the modified source as

XA = 3 p(a) K @ Kl © Kol @ L) M)l

with side information systems CY. Because there is an isometry V : AC' —

ACY which acts as
V) ®10,) = i) ®]0.) ® [y(2)) (4.3)

the extended source wXACY is equivalent to the original source and side
information wX4¢ modulo a local operation of Alice.

We first present the optimal asymptotic compression rate in the following
theorem and prove the achievability of it, but we leave the converse proof to
the end of this section, as it requires introducing further machinery.

Theorem 4.1. For the given source wXACY | the optimal asymptotic com-
pression rate assisted by unlimited entanglement is Q = (S(A) +S(A|CY)).

Furthermore, there is a protocol achieving this communication rate with
entanglement consumption at rate E = $(S(A) - S(A|CY)).
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Proof. We first show that this rate is achievable. Consider the following
purification of wXACY

w) AT Z\/p(w )™ ) ) o)y ()

with side information systems C'Y. This is obtained from
XX AC
= Z V@) ) 2 () o)

by Alice applying the isometry V from Eq. (4.3).

We apply quantum state redistribution (QSR) [2544] as a subprotocol,
where the objective is for Alice to send to Bob A", using C"Y™ as side
information, while (X X’)" serves as reference system; the figure of merit is
the fidelity with the original pure state (wXX'A¢Y)en  Denoting the overall
encoding-decoding CPTP map A : A"C?Y™ - AC"Y™, QRS gives us the
first inequality of the following chain:

< F(anAnCnYn, (1an ® A)anAnCnYn) ,
where the second inequality follows from monotonicity of the fidelity under
partial trace. Thus, the protocol satisfies our fidelity criterion (4.2)).
The communication rate we obtain from QSR is @ = 31(4 : XX') =

$(S(A) +S(A|CY)). Furthermore, QSR guarantees entanglement consump-
tion at the rate £ = 1I1(A:CY) = 1(S(A) - S(4|CY)). |

To prove optimality (the converse), we first need a few preparations.
The following definition is inspired by the “reversible extraction of classical
information” in [65].

Definition 4.2. For a source wX4¢ and € >0, define

I (w):= max I(X:COW)e s.t. FXA2 A% 5 1,

V:AC—»ACW isometry

where
XA 1y @ V)X A%y @ V=Y p(a)a)z¥ ® € XY

In this definition, the dimension of the environment is w.l.o.g. bounded
as |[W| < |A]?|CJ?; hence, the optimisation is of a continuous function over a
compact domain, so we have a maximum rather than a supremum.
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Lemma 4.1. The function I.(w) has the following properties:

1. It is a non-decreasing function of €.
2. It is concave in €.

3. It is continuous for € > 0.

X1A1Cq X9 AsCo
1 2

4. For any two states w and w and for € >0, I.(w; ® wy) <

Ig(wl) +I€(w2).
5. For any state wX4¢, Ij(w) < S(CY).

Proof. 1. The definition of I.(w) directly implies that it is a non-decreasing
function of e.

2. To prove the concavity, let V; : AC > ACW and Vy : AC' > ACW be
the isometries attaining the maximum for ¢; and es, respectively, which act
as follows:

Vilo) o) = 16" and Valw,) ! lon)” = jG)

For 0 < A < 1, define the isometry U : AC' - ACW RR' by letting, for all z,
Ul o) = VAL 00y /TR M )

where systems R and R’ are qubits. Then, the reduced state on the sys-

tems XAC is 754 = 3, p(a)|a )X © 71, where 71C = AT + (1 - A1,
therefore, the fidelity is bounded as follows:

F(w¥40, 7540 = S () (] (AEAC + (1= \)CAC) o)
> A p(e)\ (e €2€ [0 ) + (1= A) Y. p(2)\/(Wa] CAC by
>1- (/\61 + (1 - )\)62) y

where the second line follows from the concavity of the function \/x, and the
last line follows by the definition of the isometries Vi and V5. Now, define
W' := WRR’ and let € = Ae; +(1-\)es. According to Definition [4.2] we obtain
L(w)> (X :CW"),
= I(X:R),+I(X:CWIR), + (X : R|CWR),
> I(X :CW|R), = M, (w) + (1 - NI, (w),
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where the third line is due to strong subadditivity of the quantum mutual
information.

3. The function is non-decreasing and concave for € > 0, so it is continuous
for € > 0. The concavity implies furthermore that I, is lower semi-continuous
at € = 0. On the other hand, since the fidelity and mutual information are
both continuous functions of CPTP maps, and the domain of the optimiza-
tion is a compact set, we conclude that I.(w) is also upper semi-continuous
at € =0, so it is continuous at € = 0 |74, Thms. 10.1, 10.2].

4. In the definition of I.(w; ® wy), let the isometry Vg : A;C1AsCy —
fllé’lflgé’gW be the one attaining the maximum which acts on the purified
source state with purifying systems X| and X/ as follows:

| §>X1X{X2X§A 1C1ACW
= (Lx,xpxaxg ® V) Juy ) A ) Fo¥542

Now, define the isometry Vi : A;C; — fllélflgé’gWXgXé acting only on
the systems A;C; with the output state A;C; and the environment W :=
A CoW X5 X)) as follows:

| €>X1X{X?,X54101A202W >X1 X! A104 _

= (Lx,x; ® Vi) |wn
Hence, we obtain

F(wl—XlAlCl’ £X1A1C'1) > F(wfﬁAlCl ®W§2A202, €X1X2A101A2é2)

>1 -k,

where the first inequality is due to monotonicity of the fidelity under CPTP
maps, and the second inequality follows by the definition of V{y. Consider the
isometry V5 : AyCy — AlélAQC\’QWXlX{ defined in a similar way, with the
output state AQCA’Q and the environment Wy := A16'1WX1X{. Therefore, we
obtain

T(wr) + I(ws) > I(Xy : CYWY) + T( Xy : CoWsa)
2 [(Xl : OléQW) + [(XQ : éléQWXl)
= [(XlXQ : éléQW) = [E(wl ®WQ),

where the second line is due to data processing.
5. In the definition of I(w) let Vg : AC' - ACW be the isometry attaining
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the maximum with F(wXAC ¢XAC) = 1. Hence, we obtain

L(w)=I(X:CW) =I(XY : CW)

=Y :CW) +I(X:CWI|Y)

<S(Y)+I(X:CW[Y)

=S(Y)+I(X:W[Y)+I(X:C|WY)

<SY)+I(X:W|Y)+S(CWY)

<SY)+I(X:W[Y)+S(ClY),
where the first line follows because Y is a function of X. The second and
fourth line are due to the chain rule. The third line follows because for the
classical system Y the conditional entropy S(V|CW) is non-negative. The
penultimate line follows because for any x the state on the system C' is pure.
The last line is due to strong sub-additivity of the entropy. Furthermore,
for every y, the ensemble &, is irreducible; hence, the conditional mutual

information I(X : W|Y') = 0 which follows from the detailed discussion on
page 2028 of [65]. n

Proof of the converse part of Theorem[.1 We start by observing
nQ + S(By) > S(Cy) + S(Boy) > S(CaBy) = S(A"Wp),

where the second inequality is due to subadditivity of the entropy, and the
equality follows because the decoding isometry Vp does not change the en-
tropy. Hence, we get
nQ +S(By) > S(A™) + S(Wp|A™)

> S(A™) + S(Wg|A"X™)

> S(A™) + S(Wg|A"X™) = nd(n,€)

= S(A™M)+S(A"Wg| X™) - S(A™ X™)-nd(n,€)

= S(AM)+S(C"W Al X™) =S (A" X™)-nb(n, €)

> S(A™) + S(C"WAX™) = 3nd(n, e), (4.4)
where in the first and second line we use the chain rule and subadditivity
of entropy. The inequality in the third line follows from the decodability
of the system A": the fidelity criterion (4.2) implies that the output state
on systems A" is 2v/2e-close to the original state A" in trace norm; then

apply the Fannes-Audenaert inequality [72,73] where 6(n,¢) = v/2¢log|A| +
%h(\/Q_e) The equalities in the fourth and the fifth line are due to the chain
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rule and the fact that for any z™ the overall state of A”C’”WAWB is pure.
In the last line, we use the decodability of the systems X™A" that is the
output state on systems X n An is 2¢/2e-close to the original states X" A" in
trace norm, then we apply the Alicki-Fannes inequality [76,77].

Moreover, we bound @) as follows:

nQ > S(Cy) 2 S(CAIC"W,)
= S(A"C™Ay) - S(C"W )
= S(AMC™Y™) + S(Ao) - S(C"W4), (4.5)
where the first equality follows because the encoding isome W APC™ Ay —
4.

C4C"W,4 does not the change the entropy. Adding Eqs. (4.4) and 1 , We
thus obtain

Q> %(S(A) + S(ACY)) - %I(C’”WA SR gé(n, )
> %(S(A) + S(ACY)) - %I(C”WAWB LX) - gé(n, o)
> %(S(A) + S(ACY)) - %JE(W) _ gé(n, o)

1 1 3
> 5(5(14) +S(ACY)) - 516(&)) - 5(5(’0,6)

where the second line is due to data processing. The third line follows from
Definition [£.2] The last line follows from point 4 of Lemma In the limit

of € > 0 and n —» oo, the rate is bounded by
1 1
Q2 5(S(4) + S(ACY)) - S Io(w)
1 1
> é(S(A) +S(ACY)) - ES(CY)
1
= 5(5(4) + S(AICY)),
where the first line follows from point 3 of Lemma stating that I.(w) is
continuous at € = 0. The second line is due to point 5 of Lemma [4.1] [

4.4 Complete rate region

In this section, we find the complete rate region of achievable rate pairs

(E£,Q).
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Figure 4.1: The optimal rate region of quantum and entanglement rates.

Theorem 4.2. For the source wXACY | all asymptotically achievable entan-
glement and quantum rate pairs (E,Q) satisfy

Q2 5(5(4) +S(4lCY)),
Q+E>S(A).

Conversely, all the rate pairs satisfying the above inequalities are achievable.

Proof. The first inequality comes from Theorem 4.1} For the second inequal-
ity, consider any code with quantum communication rate R and entanglement
rate E. By using an additional communication rate E, Alice and Bob can
distribute the entanglement first, and then apply the given code, converting
it into one without preshared entanglement and communication rate Q) + F,
having exactly the same fidelity. By Remark Q+E>S(A).

As for the achievability, the corner point (3/(A: CY), 1(S(A)+S(A|CY)))
is achievable, because QSR which is used as the achievability protocol in The-
orem 4.1 uses 31(A: C'Y) ebits of entanglement between Alice and Bob. Fur-
thermore, all the points on the line Q+E = S(A) for Q > 5(S(A)+S(A|CY))
are achievable because one ebit can be distributed by sending a qubit. All

other rate pairs are achievable by resource wasting. The rate region is de-
picted in Fig. [£.]] [




4.5 Discussion

First of all, let us look what our result tell us in the cases of blind and visible
compression.

Corollary 4.1. In blind compression (i.e. if C is trivial, or more generally
the states o, are all identical), the compression of the source wXACY reduces
to the entanglement-assisted Schumacher compression for which Theorem[].1]
gives the optimal asymptotic quantum rate

Q= 3(5(4) + S(AY) = S(4) - 35(V).

This implies that if the source is irreducible, then this rate is equal to the
Schumacher limit S(A). In other words, the entanglement does not help the
compression. Moreover, due to Theorem a rate %S(Y) of entanglement
is consumed in the compression, and E + Q) > S(A) in general. [ |

The blind compression of a source wX4Y is also considered in [65], but

there instead of entanglement, a noiseless classical channel was assumed in
addition to the quantum channel. It was shown that the optimal quantum
rate assisted with free classical communication is equal to S(A)-S(Y'), while
a rate S(Y') of classical communication suffices. By sending the classical
information using dense coding |71], spending % ebit and % qubit per cbit,
we can recover the quantum and entanglement rates of Corollary This
means that our converse implies the optimality of the quantum rate from [65].

Thus we are motivated to look at a modified compression model where
the resources used are classical communication and entanglement. Namely,
we let Alice and Bob share entanglement at rate £ and use classical com-
munication at rate C', but otherwise the objective is the same as in Section
4.2} define the rate region as the set of all asymptotic achievable classical
communication and entanglement rate pairs (C, E'), such that the decoding
fidelity asymptotically converges to 1.

Theorem 4.3. For a source wX4Y | a rate pair (C,E) is achievable if and
only if

C>25(A)-S(Y), E>S(A)-S(Y).
Proof. We start with the converse. The first inequality follows from The-
orem because with unlimited entanglement shared between Alice and
Bob, 1(S(A) + S(A4]Y)) = S(A4) - $5(Y) qubits of quantum communication
is equivalent to 25(A)-S(Y) bits of classical communication due to telepor-

tation [78] and dense coding [71]. The second inequality follows from [65], be-
cause with free classical communication, the quantum rate is lower bounded
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25(4) - S(Y)
Figure 4.2: The optimal rate region of classical and entanglement rates.

by S(A) - S(Y) which, due to teleportation [78], is equivalent to sharing
S(A) - S(Y) ebits when classical communication is for free.
The achievability of the corner point (25(A)-S(Y),S(A)-S(Y)) follows

from [65] because the compression protocol uses S(A)-S(Y’) qubits and S(Y")
bits of classical communication which is equivalent to using S(A)-S(Y') ebits
of entanglement and 25(A) -2S(Y) +S(Y) bits of classical communication,
due to dense coding [71]. Other rate pairs are achievable by resource wasting.
The rate region is depicted in Fig. 1.2 [

Corollary 4.1. In the visible case, our compression problem reduces to the
visible version of Schumacher compression with entanglement assistance. In
this case, according to Theorem [{.1] the optimal asymptotic quantum rate is
Q = 1S(A). Moreover, a rate E = LS(A) of entanglement is consumed in the
compression scheme, and E + Q) > S(A) in general. [ ]

We remark that the visible compression assisted by unlimited entangle-
ment is also a special case of remote state preparation considered in [66],
from which we know that the rate @ = %S (A) is achievable and optimal.

The visible analogue of , of compression using qubit and chit resources,
was treated in [67], where the achievable region was determined as the union
of all all pairs (C, Q) such that @ > S(A|Z) and C > I(X : Z), for any random
variable Z forming a Markov chain Z—X—A. Compare to the complicated
boundary of this region the much simpler one of Corollary [£.1], which consists
of two straight lines.
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We close by discussing several open questions for future work: First, the
final discussion of different pairs of resources to compress suggests that an
interesting target would be the characterisation of the full triple resource
tradeoff region for ), C' and E together.

Secondly, we recall that our definition of successful decoding included
preservation of the side information ¢¢ with high fidelity. What is the opti-
mal compression rate () if the side information does not have to be preserved?
For an example where this change has a dramatic effect on the optimal com-
munication rate, consider the ensemble £ consisting of the three two-qubit
states [0)[0)°, [1)*10) and [+)*[+) (where |+) = Z(|0) +[1))), with prob-
abilities % —t, % —t and 2t, respectively. Note that £ is irreducible, hence for
t ~ 0, we get an optimal quantum rate of @ »~ 1, because S(A) » S(A|C) ~ 1.
However, by applying a CNOT unitary (with A as control and C as tar-
get), the ensemble is transformed into & consisting of the states |0)* |0)C,,
)% |1)C’ and |+)* |+)Cl. The state of A is not changed, only the side infor-
mation, which is why we denote it C’. Hence we can apply Theorem to
get a quantum rate @ ~ 3, because S(A) ~ 1, S(A|C) ~ 0.

Thirdly, note that the lower bound @ + E > S(A) in Theorem holds
with a strong converse (see the proof and [30]). But does @ > (S(4) +
S(A|CY)) hold as a strong converse rate with unlimited entanglement?
Likewise, in the setting of [65] with unlimited classical communication, is
Q> S(A)-S(Y) a strong converse bound for the quantum rate?
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Chapter 5

Distributed compression of
correlated classical-quantum
sources

In this chapter, we resume the investigation of the problem of independent
local compression of correlated quantum sources, the classical case of which
is covered by the celebrated Slepian-Wolf theorem. We focus specifically on
classical-quantum (cq) sources, for which one edge of the rate region, corre-
sponding to the compression of the classical part, using the quantum part
as side information at the decoder, was previously determined by Devetak
and Winter [Phys. Rev. A 68, 042301 (2003)]. Whereas the Devetak-Winter
protocol attains a rate-sum equal to the von Neumann entropy of the joint
source, here we show that the full rate region is much more complex, due to
the partially quantum nature of the source. In particular, in the opposite
case of compressing the quantum part of the source, using the classical part
as side information at the decoder, typically the rate sum is strictly larger
than the von Neumann entropy of the total source.

We determine the full rate region in the generic case, showing that, apart
from the Devetak-Winter point, all other points in the achievable region
have a rate sum strictly larger than the joint entropy. We can interpret
the difference as the price paid for the quantum encoder being ignorant of
the classical side information. In the general case, we give an achievable
rate region, via protocols that are built on the decoupling principle, and
the protocols of quantum state merging and quantum state redistribution.
Our achievable region is matched almost by a single-letter converse, which
however still involves asymptotic errors and an unbounded auxiliary system.
This chapter is based on the papers in [49,50].
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5.1 The source and the compression model

The Slepian-Wolf problem of two sources correlated in a known way, but
subject to separate, local compression [43| has proved to provide a unifying
principle for much of Shannon theory, giving rise to natural information the-
oretic interpretations of entropy and conditional entropy, and exhibiting deep
connections with error correction, channel capacities and mutual information
(cf. |79]). The quantum case has been investigated for two decades, starting
with the second author’s PhD thesis [30] and subsequently in [29], up to the
systematic study [32], and while we still do not have a complete understand-
ing of the rate region, it has become clear that the problem is of much higher
complexity than the classical case. The quantum Slepian-Wolf problem, and
specifically quantum data compression with side information at the decoder,
has resulted in many fundamental advances in quantum information theory,
including the protocols of quantum state merging |23,/68] and quantum state
redistribution [25], which have given operational meaning to the conditional
von Neumann entropy, the mutual information and the conditional quantum
mutual information, respectively.

A variety of resource models and different tasks have been considered over
the years: The source and its recovery was either modelled as an ensemble
of pure states (following Schumacher [8]), or as a pure state between the
encoders and a reference system; the communication resource required was
either counted in qubits communicated, in addition either allowing or disal-
lowing entanglement, or it was counted in ebits shared between the agents,
but with free classical communication. While this latter model has led to
the most complete picture of the general rate region, in the present chapter
we will go back to the original idea [8,30] of quantifying the communication,
counted in qubits, between the encoders and the decoder.

Source model. The source model we shall consider is a hybrid classical-
quantum one, with two agents, Alice and Bob, whose task is is to com-
press the classical and quantum parts of the source, respectively. They then
send their shares to a decoder, Debbie, who has to reconstruct the classical
information with high probability and the quantum information with high
(average) fidelity.

In detail, the source is characterised by a classical source, i.e. a probability
distribution p(x) on a discrete (in fact: finite) alphabet X which is observed
by Alice, and a family of quantum states p, on a quantum system B, given by
a Hilbert space of finite dimension |B|. To define the problem of independent
local compression (and decompression) of such a correlated classical-quantum
source, we shall consider purifications ¢ B% of the p,, i.e. pB = Tr gtpBB. Thus
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the source can be described compactly by the cq-state

WX =S ) el @ [ il

reX

We will be interested in the information theoretic limit of many copies of w,
ie.

n RN PN ;N
W X"BMR" _ (wXBR)

> () [ Wa [N @ [ghn Nban|

zneX™

where we use the notation

|z") = |z1) [x2) - |20)
p(2") = p(z1)p(x2)-p(2,), and
[an) = [Vay ) [ay) -+ [Yz,) -

Alice and Bob, receiving their respective parts of the source, separately
encode these using the most general allowed quantum operations; the com-
pressed quantum information, living on a certain number of qubits, is passed
to the decoder who has to output, again acting with a quantum operation, an
element of X" and a state on B", in such a way as to attain a low error prob-
ability for x” and a high-fidelity approximation of the conditional quantum
source state, Y5, ®". We consider two models: unassisted and entanglement-
assisted, which we describe formally in the following (see Figs. 5.1} and [5.2)).

Unassisted model. With probability p(z"), the source provides Alice
and Bob respectively with states [z7)* and [¢0;«)" . Alice and Bob then
perform their respective encoding operations £x : X* — Cx and £ : B" —
Cp, respectively, which are quantum operations, i.e. completely positive and
trace preserving (CPTP) maps. Of course, as functions they act on the
operators (density matrices) over the respective input and output Hilbert
spaces. But as there is no risk of confusion, we will simply write the Hilbert
spaces when denoting a CPTP map. Note that since X is a classical random
variable, £x is entirely described by a cq-channel. We call Rx = %log|CX|
and Rp = %10g|C’B| the quantum rates of the compression protocol. Since
Alice and Bob are required to act independently, the joint encoding operation
is Ex ® Eg. The systems C'x and Cg are then sent to Debbie who performs
a decoding operation D : CxCy — X"B". X" and B" are output systems
with Hilbert spaces X7 and B" which are isomorphic to Hilbert spaces X"
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and B", respectively. We define the extended source state

nyy/m pn pn
WXXBR

( wXX’BR)‘X’"

=3 p(a™) e Nz [ ® [Nz ® [ Kby

reX ™

BN (5.1)

and say the encoding-decoding scheme has average fidelity 1 — € if
F:zF(wX"XmBanijnX'"B"R")21_6’ (5'2>

where A )
5)(n)(l’lean: (D ° (EX ® EB) ® ldX,an ) anxlanR:L

and idymgn is the identity (ideal) channel acting on X" R". By the above
fidelity definition and the linearity of CPTP maps, the average fidelity defined
in (5.2) can be expressed equivalently as

F=Y pla) P (e WX @[ Moo €52

xheXm
where
X" B R®
x" =

(Do (Ex ® Ep) ®idpn) |2 N2 X' ® [thyn Ntun| T

We say that (Ry, Rg) is an (asymptotically) achievable rate pair if there
exist codes (Ex,&p,D) as above for every n, with fidelity F' converging to
1, and classical and quantum rates converging to Ry and Rpg, respectively.
The rate region is the set of all achievable rate pairs, as a subset of RZ,.

It is shown by Devetak and Winter in [29, Theorem 1] and [30, Corollary
IV.13] that the rate pair

(Rx, Rp) = (S(X|B),5(B)) (5.3)

is achievable and optimal. The optimality is two-fold; first, the rate sum
achieved, Rx + R = S(XB) is minimal, and secondly, even with unlim-
ited Rp, Rx > S(X|B). This shows that the Devetak-Winter point is an
extreme point of the rate region. Interestingly, Alice can achieve the rate
S(X|B) using only classical communication. However, we will prove the
converse theorems considering a quantum channel for Alice, which are obvi-
ously stronger statements. In Theorem [5.8] we show that our system model
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Debbie

Figure 5.1: Circuit diagram of the unassisted model. Dotted lines are used to
demarcate domains controlled by the different participants. The solid lines
represent quantum information registers.

is equivalent to the model considered in [29,30], which implies the achiev-
ability and optimality of this rate pair in our system model. We remark that
in [29], the rate Rp = S(B) was not explicitly discussed, but it is clear that
it can always be achieved by Schumacher’s quantum data compression [§],
introducing an arbitrarily small additional error.

Entanglement-assisted model. This model generalizes the unassisted
model, and it is basically the same, except that we let Bob and Debbie share
entanglement and use it in encoding and decoding, respectively. In addition,
we take care of any possible entanglement that is produced in the process.
Consequently, while Alice’s encoding £x : X® — C'x remains the same, the
Bob’s encoding and the decoding map now act as £g : B"By — CpB|, and
D:CxCgDy — X ”é”Dé, respectively, where By and Dy are K-dimensional
quantum registers of Bob and Debbie, respectively, designated to hold the
initially shared entangled state, and Bj and D are L-dimensional registers
for the entanglement produced by the protocol. Ideally, both initial and
final entanglement are given by maximally entangled states ®x and &,
respectively. Correspondingly, we say that the encoding-decoding scheme
has average fidelity 1 — € if

L
>1-e¢, (5.4)

F o= (X750 g giPh X7 B B0 )
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WX X"B"R X(I)LO 0

We call E = L(logK -logL) the entanglement rate of the scheme. The
CPTP map &g takes the input systems B" B to the compressed system Cp
plus Bob’s share of the output entanglement, Bj. Debbie applies the decod-
ing operation D on the received systems CxCp and her part of the initial
entanglement Dy, to produce an output state on systems XnBn plus her
share of the output entanglement, Dj. Similar to the unassisted model, Xn
and B" are output systems with Hilbert spaces X7 and B® which are isomor-
phic to Hilbert spaces X™ and B", respectively. We say (Rx, Rp, E) is an
(asymptotically) achievable rate triple if for all n there exist entanglement-
assisted codes as before, such that the fidelity F converges to 1, and the
classical, quantum and entanglement rates converge to Rx, Rp and E, re-
spectively. The rate region is the set of all achievable rate pairs, as a subset
of RZ; x R. In the following we will be mostly interested in the projection
of this region onto the first two coordinates, Rx and Rp, corresponding to
unlimited entanglement assistance.

It is a simple consequence of the time sharing principle that the rate
regions, both for the unassisted and the entanglement-assisted model, are
closed convex regions. Furthermore, since one can always waste rate, the
rate regions are open to the “upper right”. This means that the task of
characterizing the rate regions boils down to describing the lower boundary,
which can be achieved by convex inequalities. In the Slepian-Wolf problem,
they are in fact linear inequalities, and we will find analogues of these in the
present investigation.

Stinespring’s dilation theorem [55] states that any CPTP map can be
built from the basic operations of isometry and reduction to a subsystem by
tracing out the environment system [55]. Thus, the encoders and the decoder
are without loss of generality isometries

UX X" — Cxwx,
UB : BnBo —_—> CBB(I)WB,
V: CXC’BDO —> XnénD(l)WD,
where the new systems Wy, Wg and Wp are the environment systems of

Alice, Bob and Debbie, respectively. They simply remain locally in possession
of the respective party.
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X/an

Reference

Figure 5.2: Circuit diagram of the entanglement-assisted model. Dotted lines
are used to demarcate domains controlled by the different participants. The
solid lines represent quantum information registers.

The following lemma states that for a code of block length n and error
€, the environment parts of the encoding and decoding isometries, i.e. W,
Wpg and Wp, as well as the entanglement output registers B} and Dy, are
decoupled from the reference R", conditioned on X™. This lemma plays a
crucial role in the proofs of converse theorems.

Lemma 5.1. (Decoupling condition) For a code of block length n and error
€ in the entanglement-assisted model, let Wx, Wy and Wp be the environ-
ments of Alice’s and Bob’s encoding and of Debbie’s decoding isometries,
respectively. Then,

I(WXWBWDB(’)D(’) : XanRn|Xm)§ < né(n, 6),

where §(n,€) = 4v/6elog(|X||B|) + 2h(v/6¢), with the binary entropy h(e) =
—eloge—(1-¢€)log(l—¢€); the conditional mutual information is with respect
to the state
fx'")?"B"BéDgWX WgWpR"
= (V o (UX U ® 1[)0) ® 1X’"R")
(wxnxlanRn ® @gODO)

(Vo(Ux®Up®1p,)®lympa).
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Proof. We show that the fidelity criterion implies that given 2", the
environments Wy, Wg and Wp of Alice’s, Bob’s and Debbie’s isometries are
decoupled from the the rest of the output systems.

The parties share n copies of the state wXXBE where Alice and Bob
have access to systems X" and B", respectively, and X' and R" are the
reference systems. Alice and Bob apply the following isometries to encode
their systems, respectively:

U X - X" — Cxwx,

UB : BnBO — CBB()WB,
where Alice and Bob send respectively their compressed information Cx
and Cp to Debbie and keep the environment parts Wy and Wpg of their
respective isometries for themselves. Debbie applies the decoding isometry
V : CxCpDy — X"B"D{Wp to the systems CxCp and her part of the
entanglement Dy, to generate the output systems X"B"D(, with Wp the
environment of her isometry. This leads to the following final state after
decoding:

fX’anBnBéDE)WX WgsWpR"
S () N g K, [N PR WD I
xn
where
1€, ) X" BB DG WX W WD R
X
= VCXCBDOA’XanDéwD

X"HCXWX n X" BnBOACBB()WB
(Ux z")" @ Up

(Jthan )™ |1 ) ).
The fidelity defined in Eq. (5.4]) is now bounded as follows:
T-F (WX’”X”B"R" ® CI)f"’D‘I) 6X’”X"B"BéD6R”)

mynRn pn mn pn pn
SF(WXXBfo XBR)

= 3 o) (W T O [t Nt |7 €5 P )

e Xmn
n n B"R™ - XnBnRpn| . B"R"™
S (W] (e | €50 BB 20 45, )
< S plamn/eSrBEn (5.5)
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where in the first line £X"X"B"BaDoR" = (Do (idxnp, ® E5) ® idxmpn ) wX"X"B"R'g

@gOD °, The inequality in the second line is due to the monotonicity of fi-

delity under partial trace, and |¢X"B"E"| denotes the operator norm, which

in this case of a positive semidefinite operator is the maximum eigenvalue of

¢n B pn . . o X"B"ByDyWxWpWpR"
XB"R" Now, consider the Schmidt decomposition of the state |, ) 0 0 XTBID

with respect to the partition XnBrRn BiD{WxWgWp, i.e.

€ n>X"B"B6D6WXWBWDR"
T

=3 A 0 o () e (0 PP

High average fidelity F > 1 — e implies that on average the above states are
approximately product states. In other words, the two subsystems are nearly
decoupled on average:

S (P (o Nan] €57 M €2
_Zp(xn)\/ (€4n] € XnBrR" g By DOWXWBWDEM)
= Z;p(x Z)\xn(l %
> Zp(:c")!|£X”B"R" |2

3
: (oI )

>(1-€)*>1- 3¢, (5.6)

where in the first line |€, €| is a state on systems X"BrBDIWVxWWpR™.
The inequality in the fifth line follows from the convexity of x3 for x > 0,
and in the sixth line we have used Eq. . Based on the relation between
fidelity and trace distance (Lemma , we thus obtain for the product
ensemble

CX’"X"B"B(’)D{)WX WpWpR"®

= Yop(a) e o @ €1 B g g e

™ )
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1€ - ¢l
= Z;p(w”)

o e sy

x'fl

< 2v/6e.
By the Alicki-Fannes inequality (Lemma [A.11)), this implies

I[(X"B"R": ByDyWxWeWp|X™),
= S(X"B"R"X"™),
- S(X"B"R"| X" By DyWxWWp)e
< 2v/6elog (| X|"|B|"|R|") + 2h(\/6e)
< 2V/6elog (| X" BI**) + 2h(\/6e)
=:nd(n,€), (5.7)

where we note in the second line that S(X"B"Rr|X"BiD,WxWsWp)¢ =
S(Xn"BrR"), = S(X"Bn"R")e, and in the forth line that we can without
loss of generality assume |R| < |X||B|, since that is the maximum possible
dimension of the support of wf. ]

5.2 Quantum data compression with classical
side information

In this section, we assume that Alice sends her information to Debbie at
rate Rx = log|X| such that Debbie can decode it perfectly, and we ask how
much Bob can compress his system given that the decoder has access to
classical side information X". This problem is a special case of the classical-
quantum Slepian- Wolf problem (CQSW problem), and we call it quantum
data compression with classical side information at the decoder, in analogy
to the problem of classical data compression with quantum side information
at the decoder which is addressed in [29,30]. Note we do not speak about
the compression and decompression of the classical part at all, and the de-
coder may depend directly on z™. Of course, by Shannon’s data compression
theorem [1], X can always be compressed to a rate Rx = H(X), introducing
an arbitrarily small error probability.
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We know from previous section that Bob’s encoder, in the entanglement-
assisted model, is without loss of generality an isometry U = Ug : B"By —
CW B|, taking B™ and Bob’s part of the entanglement Bj to systems C' ®
W & Bj, where C' = Cp is the compressed information of rate Rp = = log|C|;
W = Wp is the environment of Bob’s encoding CPTP map, and B is the
register carrying Bob’s share of the output entanglement (in this section, we
drop subscript B from Cp and Wg). Having access to side information X7,
Debbie applies the decoding isometry V' : X*C' Dy — X "E"WDDé to generate
the output systems XnB" and entanglement share D{, and where W} is the
environment of the isometry. We call this encoding-decoding scheme a side
information code of block length n and error € for the entanglement-assisted
model if the average fidelity is at least 1 —e. Similarly, we define a side
information code for the unassisted model by removing the corresponding
systems of entanglement in the encoding and decoding isometries, that is
systems By, Bj, Dy and D).

To state our lower bound on the necessary compression rate, we introduce

the following quantity, which emerges naturally from the converse proof.

Definition 5.1. For the state wXBE = ¥ p(z) | Xz ® [0, Ntbu| "™ and 6 > 0,
define

Is(w):=sup [(X : W),
T
s.t. T:B—W CPTP with [(R:W|X), <0,

where the mutual informations are understood with respect to the state cXW 1 =
(ldxr ® T)w and W ranges over arbitrary finite dimensional quantum sys-
tems. Furthermore, let Iy = limg\o Is = infs.q 5.

Note that the system W is not restricted in any way, which is the reason
why in this definition we have a supremum and an infimum, rather than
a maximum and a minimum. (It is a simple consequence of compactness
of the domain of optimisation, together with the continuity of the mutual
information, that if we were to impose a bound on the dimension of W in the

above definition, the supremum in I5 would be attained, and for the infimum
in I, it would hold that I, = I.)

Lemma 5.2. The function I5(w) introduced in Definition [5.1), has the fol-
lowing properties:

1. It is a non-decreasing function of 9.

2. It is a concave function of 9.
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3. It is continuous for § > 0.

. For any two states w:X*PY% and wX2B212 and for §,6,,0, >0
Y 1 2

L;(wl ®w2) = max (151 (wl) + [52(w2)) .
51+52:5

5. Lns(w®) =nls(w).
6. Iy and Z) are additive:

In(w1 ® wy) = In(wy) + Ip(we) and
To(wy ® wa) = To(wr) + To(ws).

Proof. 1) The non-decrease with ¢ is evident from the definition.

2) For this consider 01,9, > 0, 0 < p <1, and let § = pdy + (1 - p)da. Let
furthermore channels 7; : B - W; be given (i = 1,2) such that for the states
o Vil = (idxp © Tp)w, I(R:Wi|X),, <.

Now define W := Wi @ W, so that W7 and W5 can be considered mutually
orthogonal subspaces of W, and define the new channel 7 :=pT; + (1 -p) 7z :
B — W. By the chain rule for the mutual information, one can check that
w.r.t. 0XWE = (idyp® T)w,

I(R:WI|X), =pIl(R:W1|X)y, + (1 =p)I(R: W5|X),,
<pdy +(1-p)dy
=57

and likewise
I(X W)y =pI(X : W)y, + (1 =p)I(X : W3),,.

Hence, I5 > pI(X : Wh)y, + (1 = p)I(X : Wh),,; by maximizing over the
channels, the concavity follows.

3) Properties 1 and 2 imply that it is continuous for § > 0.

4) First, we prove that Is(w; ® we) < maxg,s,-5 (Is, (w1) + Is,(w2)); the
other direction of the inequality is trivial from the definition. Let 7 : B1 By —
W be a CPTP map such that

) > ](W : R1R2|X1X2)
I(W . RlleXQ) + I(W : RQleRlXQ) (58)
[(WXQ : R1|X1) + I(WXlRl : R2|AX72)7
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where the first line is to chain rule, and the second line is due to the inde-
pendence of w; and wy. We now define the new systems W; := WX, and

Wy =W X R;. Then we have,

(W : X, X,) = I(W : Xy) + I(W = X41|X5) (5.9)
=](WIX2)+I(WX21X1)
< [(WXlRl : XQ) + [( WX2 : X1)7
(S —— —_——

W2 Wl

where the second equality is due to the independence of X; and X5. The
inequality follows from data processing. From Eq. we know that I (W :
Ry|X7) < 61 and (W @ Re|Xs) < 0y for some 07 + 9 = . Thereby, from
Eq. (5.9) we obtain

L;(wl ® CUQ) < 151 (wl) + ]52 (CUQ)
< 5?—3?2}:(6 ]51 (wl) + ]52 (CUQ).
5) Now, the multi-copy additivity follows easily from property 4: Accord-
ing to the first statement of the lemma, we have

Lis(w®) = max I (w)+...+ 5 (w).
01+...+0p=n0

Here, the right hand side is clearly > nls(w) since we can choose all §; = §. By

the concavity of I5(w) in ¢, on the other hand, we have for any d;+. . .+d,, = nd
that

%(151(@ +oo+ 15, (w)) < Is(w),

so the maximum is attained at §; =0 forall i=1,...,n.
6) The property 4 of the lemma also implies that Iy and [y are additive. m

Remark 5.1. There is a curious resemblance of our function Is with the so-
called information bottleneck function introduced by Tishby et al. [80], whose
generalization to quantum information theory is recently being discussed [81,
82]. Indeed, the concavity and additivity properties of the two functions are
proved by the same principles, although it is not evident to us, what —if any—,
the information theoretic link between Is and the information bottleneck is.

5.2.1 Converse bound

In this subsection, we use the properties of the function I5(w) (Lemma
to prove a lower bound on Bob’s quantum communication rate.
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Theorem 5.1. In the entanglement-assisted model, consider any side infor-
mation code of block length n and error €. Then, Bob’s quantum communi-
cation rate is lower bounded as

Ri > 5 (S(B) + S(BIX) ~ I~ 6(n.)).

where §(n,€) = 4/6elog(|X||B|) + 2h(\/6€). Any asymptotically achievable
rate Rp is consequently lower bounded

Ry > % (5(B) + S(BIX) - T).

Proof. As already discussed in the introduction to this section, the encoder
of Bob is without loss of generality an isometry U : B"By — CW B|. The
existence of a high-fidelity decoder using X" as side information implies that
systems W B( are decoupled from system R" conditional on X™; indeed, by
Lemma [5.1) I(R" : WB{|X"™) < nd(n,e). The first part of the converse
reasoning is as follows:

nRp =log|C| > S(C)

> S(CWByj) - S(WB()

=S(B") +S(By) - S(WBY),
where the second inequality is a version of subadditivity, and the equality
in the last line holds because the encoding isometry U does not change the
entropy; furthermore, B™ and B, are initially independent. Moreover, the
decoder can be dilated to an isometry V : X"CDy — X"B"D{Wp, where
Wp and Dj| are the environment of Debbie’s decoding operation and the out-

put of Debbie’s entanglement, respectively. Using the decoupling condition
of Lemma [5.1] once more, we have

nRp +S(Dy) =1log|C|+ S(Dy)
> S(C)+S(Dy)
> S(CDy)
> S(X"CDo|X'™)
= S(X"B"DiWp|X™)
= S(WB{R"|X')
> S(R"X"™)+ S(WB{X"™)-nd(n,e)
= S(B"X™)+ S(WBX"™)-nd(n,e),
where the third and fourth line are by subadditivity of the entropy; the fifth
line follows because the decoding isometry V' does not change the entropy.
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The sixth line holds because for any given x” the overall state of the systems
X"B”B(’)D{JWWDR” is pure. The penultimate line is due to the decoupling
condition (Lemma [5.1]), and the last line follows because for a given 2™ the
overall state of the systems B"R" is pure. Adding these two relations and
dividing by 2n, we obtain

Rgz%(S(B)+S(B|X))—%[(X’":WB())—%d(n,e),

where the terms S(By) and S(Dg) cancel out each other because By and Dy
are K-dimensional quantum registers with maximally entangled states ® .

In the above inequality, the mutual information on the right hand side is
bounded as

](X/n . WB(’)) < Iné(n,e) (w@n) = nlé(n,e) (OJ)7

To see this, define the CPTP map 7 : B" — W := WB) as T(p) :=
Tr cp, (U ® 1)(p ® ®EP0)(U ®© 1)1, Then we have I(R" : W|X'™) < nd(n,¢),
and hence the above inequality follows directly from Definition [5.1]

The second statement of the theorem follows because d(n, €) tends to zero
as n — oo and € = 0. ]

Remark 5.2. Notice that the term LI(X'™: W BY) is not necessarily small.
For example, suppose that the source is of the form i), )" = |¢I)B,R® |1/}m>B”
for all x; clearly it is possible to perform the coding task by coding only B' and
trashing B" (i.e. putting it into W ), because by having access to x the decoder
can reproduce V5" locally. In this setting, characteristically %I(X’" : WBY)
does not go to zero because B"" ends up in W.

5.2.2 Achievable rates

In this subsection, we provide achievable rates both for the unassisted and
entanglement-assisted model.

Theorem 5.2. In the unassisted model, there exists a sequence of side in-
formation codes that compress Bob’s system B™ at the asymptotic qubit rate

Ry - % (S(B) + S(B|X)).

Proof. We recall that in a side information code, Bob aims to send his system
B™ to Debbie while she has access to side information system X" as explained
at the beginning of this section. We can use the fully quantum Slepian-
Wolf protocol (FQSW), also called coherent state merging protocol ( [68]
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section 7), as a subprotocol since it considers the entanglement fidelity as
the decodability criterion, which is more stringent than the average fidelity

defined in (5.2)). Namely, let

QY= N o) o) o) )

reX

be the source in the FQSW problem, where B is the system to be compressed,
X is the side information at the decoder, R and X' are the reference systems.
Bob applies the corresponding encoding map of the FQSW protocol &g :
B™ — (' and sends system C' to Debbie who then applies the decoding map
of the FQSW protocol D : X"C' — X" B" to her side information system X"
and the compressed information C' to reconstruct system Bn. These encoding
and decoding operations preserve the entanglement fidelity F, which is the
decodability criterion of the FQSW problem:

FeZF(QXnXmBnR:L(DO (ian® 53) ®ideRn) ng"X’nB"R")
B R (Do (id xn® ) @id )oY T
_F.

where the inequality is due to the monotonicity of fidelity under CPTP maps,
namely the projective measurement on system X' in the computational basis
{lzXz|}). Therefore, if an encoding-decoding scheme attains an entanglement
fidelity for the FQSW problem going to 1, then it will have the average fidelity
for the CQSW problem going to 1 as well. Hence, the FQSW rate

Rp = %[(B : X'R)q = %(S(B)w +S(B|X).,),

is achievable. ]

Remark 5.3. Notice that for the source considered at the end of the previous

. . BR B/R B’/
subsection in Remark where [th,)" " = |.)” T @) for all x, we can
achieve a rate strictly smaller than the rate stated in the above theorem.
The reason is that R is only entangled with B’, so clearly it is possible to
perform the coding task by coding only B’ and trashing B" because by having
access to x the decoder can reproduce the state ¥E" locally. Thereby, the
rate 5(S(B') +S(B'|X)) is achievable by applying coherent state merging as
above.

The previous observation shows that in general, the rate 3 (S(B)+S(B|X))
from Theorem is not optimal. By looking for a systematic way of obtain-
ing better rates, we have the following result in the entanglement-assisted
model.
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Theorem 5.3. In the entanglement-assisted model, there exists a sequence
of side information codes with the following asymptotic entanglement and
qubit rates:

Ezé(](C’:W)J—I(C:X)U) and

5= 3 (S(BL+ S(BIX), ~ I(X:W),).

where C' and W are, respectively, the system and environment of an isometry
V:B—> CW on wXBE producing the state cXWHE = (1xr @ V)wXBE(1lyp ®
V)T, such that I(W : R|X), = 0.

Proof. Notice that there is always an isometry V : B - CW with I(W :
R|X), = 0, and the trivial example is the isometry V : B - BW where
system W is a trivial system with state [0)(0["

First, Bob applies the isometry V' to each copy of the n systems By, ..., B,:

!
O'XX CWR

:(VBaCW® 1XX,R)WXX’BR(VBACW® 1XX,R)T

=) p(x) )z ® |x)(x|X' ® | X |V E.

Now consider the following source state from which the state oXX'CWE ig
obtained by applying projective measurement on system X’ in the computa-
tional basis {|z)Xz|},

XX CWR _ _ Z \/p(_ka |¢x CWR

reX

For this source, consider Bob and Debbie respectively hold the CW and X
systems, and Bob wishes to send system C to Debbie while keeping W for
himself. For many copies of the above state, the parties can apply the quan-
tum state redistribution (QSR) protocol [26}44] for transmitting C', having
access to system W as side information at the encoder and to X as side in-
formation at the decoder. According to this protocol, Bob needs exactly the
rate of Rp = 51(C: X'R|X)yx = 5(S(B)., + S(B|X), - I(X : W),) qubits of
communication. The protocol requires the rate of 11(C': W)y = 31(C: W),
ebits of entanglement shared between the encoder and decoder, and at the
end of the protocol the rate of $1(C : X)x = 21(C : X), ebits of entanglement
is distilled between the encoder and the decoder (see equations (1) and (2)
in [26]). This protocol attains high fidelity for the state XX"X"C"W"E" “and
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anlncn

consequently for the state o W"R" due to the monotonicity of fidelity

under CPTP maps:

N /N AngirnpnR! N/
1—egF(EX"X’"C”W"R’®@36D6 e B"DO)

L
m BlD! X/ OMinpnR D!
SF(O’XnX annR?X)(I)LO O,O'X X""C"W"R BODO)’ (510)
where
~ XX O RRMBADY
by
. . ny /ey npn
I(Do(lanDO®£CWBO)®1dX’"Rn)EX XTCTWIR ®(I)?(ODO,
and

CATX”X’"C'”VV"R”B(’)D{)
=(D o (idX"Do ®gC'WBo) ® ideRn)O'XnXanWan® @?{OD?

and Eowp, and D are respectively the encoding and decoding operations of
the QSR protocol. The condition I(W : R|X), = 0 implies that for every x
the systems W and R are decoupled:

& =) ® ¢y

By Uhlmann’s theorem [56,83|, there exist isometries V,, : C' > V' B for all
x € X, such that

(1 ® ch_’VB) |¢x>CWR _ |I/I)VW ® W:c)BR-

After applying the decoding operation D of QSR, Debbie applies the isometry
V. : C' - V B for each z, which does not change the fidelity . By tracing
out the unwanted systems VW™ due to the monotonicity of the fidelity
under partial trace, the fidelity defined in (5.4]) will go to 1 in this encoding-
decoding scheme. ]

Remark 5.4. In Theorem[5.5, the smallest achievable rate, when unlimited
entanglement is available, is equal to 3(S(B) + S(B|X) - Iy). This rate
resembles the converse bound Rp > %(S(B)+S(B|X)—To), except that Iy > I.
In the definition of Iy, it seems unlikely that we can take the limit of & going
to 0 directly because there is no dimension bound on the systems C' and W,
so compactness cannot be used directly to prove that Ty and Iy are equal.
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Remark 5.5. Looking again at the entanglement rate in Theorem [5.5, E =
T(I(C: W), -I(C: X),), we reflect that there may easily be situations where
E <0, meaning that no entanglement is consumed, and in fact no initial
entanglement is necessary. In this case, the theorem improves the rate of
Theorem by the amount %I(X :W). This motivates the definition of the
following variant of Iy,

Ip_(w):=sup (X : W) s.t. I((R:W]X) =0,
I(C:W)-I(C:X) <0,

where the supremum is over all isometries V : B - C'W.

As a corollary to these considerations, in the unassisted model the rate
5(S(B) +S(B|X) - Ip-) is achicvable.

5.2.3 Optimal compression rate for generic sources

In this subsection, we find the optimal compression rate for generic sources,
by which we mean any source except for a submanifold of lower dimension
within the set of all sources. Concretely, we will consider sources where there
is at least one x for which the reduced state 1% = Tr g [0, N1bo|”" has full
support on B. In this setting, coherent state merging as a subprotocol gives
the optimal compression rate, so not only does the protocol not use any initial
entanglement, but some entanglement is distilled at the end of the protocol.

Theorem 5.4. In both unassisted and entanglement-assisted models, for any
side information code of a generic source, the asymptotic compression rate
Rp of Bob is lower bounded

Ra> 5 (S(B)+ S(BIX)).

so the protocol of Theorem [5.3 has optimal rate for a generic source. More-
over, in that protocol no prior entanglement is needed and a rate %I(X : B)
ebits of entanglement is distilled between the encoder and decoder.

Proof. The converse bound of Theorem states that the asymptotic quan-
tum communication rate of Bob is lower bounded as

1 ~
Rp> 5 (S(B)+S(B|IX)-1),
where Ty comes from Definition . We will show that for generic sources,
Iy = Iy = 0. Moreover, Theorem states that using coherent state merging,
the asymptotic qubit rate of 3(S(B) + S(B|X)) is achievable, that no prior
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entanglement is required and a rate of 2I(X : B) ebits of entanglement is
distilled between the encoder and the decoder.

We show that for any CPTP map 7 : B — W, which acts on a generic
wXBR and produces state cXWE = (idx g®T )wX B2 such that I(R: W|X), <9
for § > 0, the quantum mutual information I(X : W), < §'log|X| + 2h(14")
where ¢’ is defined in Eq. below. Thus, we obtain

Iy = %15‘%]5 =0.

To show this claim, we proceed as follows. From I(R:W|X), < we have

)
I(R-WIX=2x),<—— VeeX,
( | ) p()

so by Pinsker’s inequality [19] we obtain

261In2

VreX.
p(x)

|6l E - oW @ ol <

By Uhlmann’s theorem (Lemma and Lemma [A.9)), there exists an isom-
etry V, : C' > BV such that

H(V}; ® Lwr)oS" (Ve @ lwr) -0V ® @UERH1
0In2 0In2
SJ () (2‘ V %) (5-1)

where 'V is a purification of ¢¥¥. Since the source is generic by definition
there is an z, say x = 0, for which ¥¥ has full support on L(Hp), i.e. Ag :=

Amin(¥F) > 0. By Lemma in Appendix , for any |¢x)BR there is an
operator T, acting on the reference system such that

10.) 7 = (g ® To) |vho)° ™.

Using this fact, we show that the decoding isometry V4 in Eq. (5.11]) works
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for all states:

| (Vo ® Lwr)eSVE(V) @ Lwr) - 601V ® e B
= [Vo®@Llwr) Aew ) 6™ (Lew 8 T2) (V] ® Lwg)
-0V e(lp® Tw)i/J(])gR(lB@Tm)THl
=|@svw 8 T) (Vo® Lwr) 6™ (Vs @ Livr) Lovw & T})
- Apvwe )0y ® v (Lvw o))
<|lgvw ® Tx”i
[(Vo® 1w r)sS™ (Ve @ Livr) - 6 @0,

< 1 0ln2 5 0Iln2

" o 2p(0) V 2p(0)
where the last two inequalities follow from Lemma and Lemma [A.T2]
respectively. By tracing out the systems V BR in the above chain of inequal-

ities, we get
1 0ln2 0In2
Yoy, < — 2 - =4 5.12
o2 - 0", AOJ 2p<o>( 2p<o>) 12

Thus, by triangle inequality we obtain

Y. p(@)e)al* @ o} - Y p(x)[e)al™ @ op

X W X W

<y op(x)| el - et |,

1 0ln2 0ln2

- el PRl (5.13)
Ao 2p(0) 2p(0)

By applying the Alicki-Fannes inequality in the form of Lemma [ATI] to
Eq. (5.13)), we have

I(X:W)e=5(X) o= S(X|W)e+S(X|W)6e=S(X|W),
= S(X|W)Uo - S(X|W)0

IA

1
<¢'log|X|+2h (55’) :
and the right hand side of the above inequality vanishes for § — 0. [ |
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3(8(B) + 5(BIX))

-———lm e ———————

~

> Rx
S(B)+ S(XB)

Figure 5.3: The region of all pairs (Rx, Rp) satisfying the three conditions
of Eq. ; it is the upper-right convex closure of the Devetak-Winter
(DW) and the merging (M) point. All of these points are achievable in the
unassisted model.

5.3 Towards the full rate region

In this section, we consider the full rate region of the distributed compression
of a classical-quantum source.

Theorem 5.5. In the unassisted model, for distributed compression of a
classical-quantum source, the rate pairs satisfying the following inequalities
are achievable:

Rx > S(X|B),
Rp zé(S(B) +S(B|X)), (5.14)
Rx +2Rp > S(B)+S(XB).

Proof. From the Devetak-Winter code, Eq. (5.3)), and the code based on state
merging, Theorem two rate points in the unassisted (and hence also in
the unlimited entanglement-assisted) rate region are:

(Rx. s) = (S(X|B). S(B)),
(R, Re) = (S(X), 5(5(B) + S(BIX))).

Their upper-right convex closure is hence an inner bound to the rate region,
depicted schematically in Fig. [5.3 [ ]




For generic sources we find that this is in fact the rate region. However,
in general, we only present some outer bounds and inner bounds (achievable
rates), which show the rate region to be much more complicated than the
rate region of the classical Slepian-Wolf problem.

5.3.1 General converse bounds

For distributed compression of a classical-quantum source in general, we start
with a general converse bound.

Theorem 5.6. In the entanglement-assisted model, the asymptotic rate pairs
for distributed compression of a classical-quantum source are lower bounded
as

Rx > S(X|B),
Rp > % (S(B) +S(B|X) - 1), (5.15)
Rx +2Rp > S(B) + S(BX) - 1.

In the unassisted model, in addition to the above lower bounds, the asymptotic
rate pairs are bounded as

Rx + Rp > S(XB).

Proof. The individual lower bounds have been established already: Rx >
S(X|B) is from [29,30], in a slightly different source model. However, it
also holds in our system model if Bob sends his information using unlimited
communication such that Debbie can decode it perfectly. Namely, notice
that the fidelity is more stringent than the decoding criterion of [29,30],
so any converse bound considering the decoding criterion of [29}30] is also a
converse bound in our system model. The bound Rp > 3(S(B)+S(B|X)-1)
is from Theorem [5.4] These two bounds hold in the unassisted, as well as
the entanglement-assisted model.

In the unassisted model, the rate sum lower bound Ry + Rp > S(XB)
has been argued in [29,30], too. As a matter of fact, for any distributed
compression scheme for the source, £x ® £ jointly describes a Schumacher
compression scheme with asymptotically high fidelity. Thus, its rate must
be asymptotically lower bounded by the joint entropy of the source, S(X B)
[8,130460%|6 1.

This leaves the bound Rx + 2Rp > S(B) + S(BX) - Iy to be proved
in the entanglement-assisted model, which we tackle now. The encoders of
Alice and Bob are isometries Ux : X™ - CxWx and Up : BBy - CpWpgB|,
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respectively. They send their respective compressed systems C'y and Cy to
Debbie and keep the environment parts Wx and Wpg for themselves. Then,
Debbie applies the decoding isometry V : CxCgDy — X ”E”WDD(’), where
X ”E”D(’) are the output systems, and Wp and D| are the environment of
Debbie’s decoding isometry and her output entanglement, respectively. We
first bound the following sum rate:

nRx +nRp+ S(Dy)
>S(Cx)+S(Cg)+S(Dy)
> S(CxCgpDy)
= S(X"B"W,Dj})
= S(X"B") + S(W,D)|X"B")
> S(X"B") + S(WpDh|X"B"X"™)
>S(X"B")y+S(WpDy| X BrX ™)
~nv/2elog (X B)-h(v2¢)
> S(X"B™) + S(WpD{|X™) - 2nd(n,€)
> S(X"B™)+S (W Wy B X'™)
~S(R"B"X"™X"™)-2nd(n, ¢)
>S(X"B")+S(WxWgBj| X™)-2nd(n,e)-nd’ (n,e)
=S(X"B"+S(Wx| X™+SWpBjX™)
-2nd(n, €-no’(n, €
>S(X"B™)+ S(WgBj|X"™) - 2nd(n,e) - nd'(n,e), (5.16)

where the third line is by subadditivity, the equality in the third line follows
because the decoding isometry V' does not change the entropy. Then, in
the fifth and sixth line we use the chain rule and strong subadditivity of
entropy. The inequality in the seventh line follows from the decodability of
the systems X" B": the fidelity criterion implies that the output state
on systems XnB" is 2¢/2e-close to the original state X™B" in trace norm,;
then apply the Fannes inequality (Lemma . The eighth line follows
from the decoupling condition (Lemma [5.1)), which implies that I(WpDy} :
X7Br|X™) < nd(n,€) = 4nv/Gelog(|X||B|) + 2h(+/6¢). In the ninth line, we
use that for any given z", the overall state of WXWBWDB(’)D(’)R”E"X n s
pure, and invoking subadditivity. In line tenth, we use the decoding fidelity
1} once more, saying that the output state on systems XnBrRrX™ is
2v/2e-close to the original state X?B"R"X'" in trace norm; then apply the
Alicki-Fannes inequality (Lemmal[A.11]) in the following equation; notice that
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given z" the state on systems X" B"R" is pure, therefore S(X"B"R"X") =
0, and we obtain:

|S(X"B"R"|X"™) - S(X"B"R"|X"™)|
= S(X"B"R"X"™)

e
<2nvV 2elog | X||Bl|R| + (1 +V2€)h
V205 |XIBILRL + (1 Va1

< 4nv/2elog|X||B| + (1 + \/2—E)h(1 ﬁ%)

=9"(n,€), (5.17)
where in the penultimate line, we can without loss of generality assume |R| <
|X||B|. The equality in the twelfth line of Eq. (5.16|) follows because for a
given " the encoded states of Alice and Bob are independent.

Moreover, we bound Rpg as follows:
TLRB > S(CB)
> S(Cp|WgBY)
=S(CsWgBg) - S(WgBy)
=S(B"Bo) - S(WpBy)
=S(B™)+S(By) - S(WgBy). (5.18)

Adding Egs. (5.16) and (5.18)), and after cancellation of S(By) = S(Dy), we
get

)

Rx-i- 2RB
> S(BY+S(X B)-2 (X" Wy BL)-26(n, -5'(n, &
n

> S(B)+S(XB)- %Jné(n,g) (W®)=20(n, 5" (. O
=S(B)+S(XB)—Is(ne)(w)=25(n,€) = 6'(n,e€), (5.19)

where given that I(R" : B{Wg|X'™) < §(n,€), which we have from the de-
coupling condition (Lemma , the second equality follows directly from
Definition [5.1], just as in the proof of Theorem [5.1} The equality in the last
line follows from Lemma [5.2l In the limit of n - oo and € — 0, we have
6(n,e) = 0 and §'(n,e) - 0, and so 5, ) converges to T. [

5.3.2 General achievability bounds

For general, non-generic sources, the achievability bounds of Theorem [5.5)and
the outer bounds of Theorem [5.6|do not match. Here we present several more
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general achievability results that go somewhat towards filling in the unknown
area in between, without, however, resolving the question completely.

Theorem 5.7. In the entanglement-assisted model, for distributed compres-
ston of a classical-quantum source, any rate pairs satisfying the following

inequalities are achievable: with o = %,

Ry 2 5(X|B),
RBZ%(S(B)+S(B|X)—IO), (5.20)
Rx +aRp > S(X|B)+aS(B).

More generally, for any auziliary random variable Y such that Y -X-B is
a Markov chain, all the following rate pairs (and hence also their upper-right
convex closure) are achievable:

Ry =I(X:Y)+S(X|BY)=S(X|B)+I(Y:B),
Ry - %(S(B) L S(BY) - I(Y : W)
_S(B) - % (I(Y: B)+ I(Y : W),

where C' and W are the system and environment of an isometry V : B - CW

with I(W : R[Y)) = 0.

Proof. The region described by Eq. is precisely the upper-right con-
vex closure of the two corner points (S(X|B),S(B)) and (S(X),1(S(B) +
S(B|X) - Iy)). Their achievability follows from Theorems [5.8 and

We use the following two achievable points to show the second statement:

(S(X|B),S(B)) and (S(X), %(S(B) + S(BIX) - 10)) .

Namely, Alice and Debbie (the receiver) use the Reverse Shannon Theorem
to simulate the channel taking X to Y in i.i.d. fashion, which costs I(X :Y")
bits of classical communication [20]. Now we are in a situation that we
know, Bob has to encode B™ with side information Y at the decoder, which
can be done at the rate 2(S(B) + S(B|Y) - I(Y : W)), by the quantum
state redistribution protocol of Theorem [5.3] Then Alice has to send some
more information to allow the receiver to decode X™ which is an instance of
classical compression of X with quantum side information BY that is already
at the decoder, hence costing another S(X|BY') bits in communication, by
the Devetak-Winter protocol [29,30]. For Y = X, we recover the rate point
(S(X),3(S(B) +S(B|X) - Iy)), and for Y = @ we recover (S(X|B),S(B)).

]
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3(8(B) + S(B|X))

$(S(B) + 5(B|X) — 1)

1(S(B) + S(B|X) - To)

—> Ry
S(B)+ S(XB)—1I

S(X|B) S(X)
Figure 5.4: General outer (converse) bound, in red, and inner (achievable)
bounds, in black, on the entanglement-assisted rate region, assuming unlim-
ited entanglement. In general, our achievable points, the one from Devetak-
Winter (DW), and the ones using merging (M) and quantum state redis-
tribution (QSR) are no longer on the boundary of the outer bound. The
achievable region is potentially slightly larger than the upper-right convex
closure of the points DW and QSR, connected by a solid black straight line;
indeed, the second part of Theorem [5.7] allows us to interpolate between DW
and QSR along the black dashed curve.

In Fig. 5.4 we show the situation for a general source, depicting the most
important inner and outer bounds on the rate region in the entanglement-
assisted model.

5.3.3 Rate region for generic sources

In this subsection, we find the complete rate region for generic sources, gener-
alizing the insight of Theorem [5.4!for the subproblem of quantum compression
with classical side information at the decoder.

Theorem 5.8. In both unassisted and entanglement-assisted models, for a
generic classical-quantum source, in particular one where there is an x such
that 1B has full support, the optimal asymptotic rate region for distributed
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compression is the set of rate pairs satisfying

Rx > S(X|B),
Ra> 5 (S(B) + S(BIY)),
Ry +2Rg > S(B) + S(XB).

Moreover, there are protocols achieving these bounds requiring no prior en-
tanglement.

Proof. We have argued the achievability already at the start of this section
(Theorem [5.5). As for the converse, we have shown in Theorem that for
a generic source, Ty = 0, hence the claim follows from the outer bounds of
Theorem [5.6] ]

This means that for generic sources, which we recall are the complement
of a set of measure zero, the rate region has the shape of Fig. [5.3]

5.4 Discussion and open problems

After seeing no progress for over 15 years in the problem of distributed com-
pression of quantum sources, we have decided to take a fresh look at the
classical-quantum sources considered in [29,30]. There, the problem of com-
pressing the classical source using the quantum part as side information at
the decoder was solved; here we analyzed the full rate region, in particular
we were interested in the other extreme of compressing the quantum source
using the classical part as side information at the decoder. Like in the classi-
cal Slepian-Wolf coding, the former problem exhibits no rate loss, in that the
quantum part of the source is compressed to the Schumacher rate, the local
entropy, and the sum rate equals the joint entropy of the source. Interest-
ingly, this is not the case for the latter problem: clearly, if the classical side
information were available both at the encoder and the decoder, the optimal
compression rate would be the conditional entropy S(B|X), which would
again imply no sum rate loss. However, since the classical side information
is supposed to be present only at the decoder, we have shown that in general
the rate sum is strictly larger, in fact generically by %I (X : B), and with
this additional rate there is always a coding scheme achieving asymptotically
high fidelity. This additional rate could be called “the price of ignorance”,
as it corresponds to the absence of the side information at the encoder.

To deal with general classical-quantum sources, we introduced informa-
tion quantities I, and T, (Definition , to upper and lower bound the
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optimal quantum compression rate as

%(S(B)+5(B|X)—TO)gR;g%(S(BHS(BIX)—Io),

when unlimited entanglement is available. For generic sources, Iy = Iy = 0,
but in general we do not understand these quantities very well, and the first
set of open problems that we would like to mention is about them: is I = T,
in general, or are there examples of gaps? How can one calculate either one
of these quantities, given that a priori the auxiliary register W is unbounded?
In fact, can one without loss of generality put a finite bound on the dimension
of W, for either optimization problem?

Further open problems concern the need for prior shared entanglement
to achieve the optimal quantum compression rate Rj. As a matter of fact, it
would already be interesting to know whether the rate 5 (S(B) + S(B|X) - Ip)
requires in general pre-shared entanglement.

The full rate region inherits these features: while it is simple, and in fact
generated by the optimal codes for the two compression-with-side-information
problems (quantum compression with classical side information, and classical
compression with quantum side information), in the generic case, in general
the picture is very complicated, and we have only been able to give several
outer and inner bounds on the rate region, whose determination remains an
open problem.

We also would like to comment on the source model that we consider
in this chapter, and its relation to the classical Slepian-Wolf coding. Our
classical-quantum source is characterised by a classical source, the random
variable X, and a quantum source B, which is described by a density matrix
pZ. but realized as quantum correlation with a purifying reference system R:
pB = trp [ Nbe| P, A source code in our sense reproduces the states |1, )"
with high fidelity on average, which implies that, for any ensemble decom-
position pB = ¥, p(y|r) [tey Xthy|”, it reproduces the states [1,,)” with high
fidelity on average (with respect to the ensemble probabilities p(z)p(y|x)).
If we only demand the latter, there is no need for the purifying system R,
and the source can be described compactly by the cccq-state

!
o X' XYB _

;g}(xm(mx»xxx%|x><er®|y><y|’”®\wxy><wxyﬁ (5.21)

where X’ and Y are reference systems with which the correlation is preserved
in a compression protocol. This now includes the well-known classical cor-
related source considered by Slepian and Wolf [43], namely if the system B
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is classical with orthonormal states [¢,,) = |y). In the Schumacher’s single
compression problem [8], both source models, that is, the ensemble source
and the purified source, lead to the same compression rate. However, when
there is side information or more generally in the distributed setting, differ-
ent source models, albeit sharing the reduced states on X B, do not lead to
the same compression rate [30]. Our results provide a clear manifestation of
this: recall that the minimum compression rate of Bob in the Slepian-Wolf
setting is S(B|X), with the ensemble fidelity criterion. On the other hand,
if the distributions p(y|x) have pairwise overlapping support, or theorem re-
garding generic sources applies, resulting in the strictly larger minimum rate
$(S(B) + S(B|X)) when the average entanglement fidelity criterion is used.
The difference can be attributed to the harder task of maintaining the entan-
glement with the reference system, rather than “only” classical correlation.

More broadly, a quantum source can be defined as a quantum system
together with correlations with a reference system, in our case any state
pABE_ The compression task is to reproduce this state with high fidelity by
coding and decoding of A and B. While this problem is far from understood
in the general case, what we saw here is that the compression rate may
depend on the concrete correlation with the reference system. In the present
chapter, we have considered both a globally purifying quantum system and
an ensemble of purifications, and in this final discussion, implicitly looked
at a classical system keeping track of an ensemble of states subject to a
probability distribution.

Finally, we mention that both models of quantum data compression with
classical side information with partially purified source of Eq. and the
ensemble model defined in Eq. are special cases of the model that we
consider in the next chapter. There we define an ensemble extension of the
QSR source, namely the ensemble {p(%),le/)x)<¢$|ACBR} with corresponding
cqqaqestate ¥, p(@) [ Xz]* ® [ Xebo| P where Alice who has access to
side information system C' wants to compress system A and send it, via a
noiseless quantum channel, to Bob who has access to side information system
B. We let the encoder and decoder share free entanglement and consider two
decodability critera: per-copy fidelity and block fidelity where in the former
the fidelity is preserved for each copy of the source while in the latter the
fidelity is preserved for the whole block of n systems similar to the fidelity
defined in Eq. (5.2)). For the former criterion we find the optimal quantum
communication rate and for the latter criterion we find a converse bound and
an achievable rate which match up to an asymptotic error and an unbounded
auxiliary system. Our new results imply that in the compression of system
B with classical side information at the decoder X in the source model of
Eq. (5.1)), the converse bound of Theorem [5.1] i.e. the following rate is
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optimal in the entanglement-assisted model with per-copy fidelity:

1
2

Ry =5 (S(B)+S(BIX)-T).
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Chapter 6

Quantum state redistribution
for ensemble sources

In this chapter, we consider a generalization of the quantum state redistri-
bution task, where pure multipartite states from an ensemble source are dis-
tributed among an encoder, a decoder and a reference system. The encoder,
Alice, has access to two quantum systems: system A which she compresses
and sends to the decoder, Bob, and the side information system C' which she
wants to keep at her site. Bob has access to quantum side information in
a system B, wants to decode the compressed information in such a way to
preserve the correlations with the reference system on average.

As figures of merit, we consider both block error (which is the usual one
in source coding) and per-copy error (which is more akin to rate-distortion
theory), and find the optimal compression rate for the second criterion, and
achievable and converse bounds for the first. The latter almost match in
general, up to an asymptotic error and an unbounded auxiliary system; for
so-called irreducible sources they are provably the same. This chapter is
based on the publications in [51,52].

6.1 The source model

Quantum state redistribution (QSR) is a source compression task where both
encoder and decoder have access to side information systems [25] 26, 44].
Namely, Alice, Bob and a reference system share asymptotically many copies
ACBR . :
of a pure state [¢) , where Alice aims to compress the quantum system
A and send it to Bob via a noiseless quantum channel, while she has access to
a side information quantum system C', and Bob has access to the side infor-
mation quantum system B. Bob upon receiving the compressed information
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reconstructs system A, and the figure of merit of this task is to preserve the
entanglement fidelity between the reconstructed systems and the purifying
reference system R.

Quantum state redistribution generalizes Schumacher’s compression, which
is recovered as the extreme case that neither encoder nor decoder have any

side information [8]: the source is simply described by a pure state )"
shared between the encoder and a reference system. However, besides this
model, and originally, Schumacher considered a source generating an ensem-
ble of pure states, i.e. €= {p(z), s }¢,|*}, and showed both source models
lead to the same optimal compression rate (cf. Barnum et al. [61], as well
as [30]), namely the von Neumann entropy of the reduced or average state
of A, respectively.

In the presence of side information systems though, an ensemble model
and a purified source model can lead to different compression rates. An
example of this is the classical-quantum Slepian-Wolf problem considered
in [49,50], where the compression rate can be strictly smaller than that of
the corresponding purified source.

The general correlated ensemble source € = {p(z), [t \1|*P} was con-
sidered first in [30] and then developed in [29] and by Ahn et al. [32], with
A the system to be compressed and B the side information system at the
decoder. It is an ensemble version of the coherent state merging task intro-
duced in [68,[84]. In [29], the source is [0,)*” = |f(2))" |¢2)”. The optimal
compression rate for an irreducible source of product states and a source
generating Bell states is found in [32], however, in general case the problem
had been left open.

In the present chapter, we consider an even more general ensemble source
where both encoder and decoder have access to side information systems, and
which thus constitutes an ensemble generalization of the pure QSR source.
More precisely, we consider a source which is given by an ensemble & =
{p(2), [e K| ACPR} of pure states ¥, = [o Y] e S(A® C® B® R), ihy) €
A® (C ® B® R, with a Hilbert space A® C'® B® R, which in this chapter
we assume to be of finite dimension |A|-|C|-|B|-|R| < o0; S(A®C® B® R)
denotes the set of states (density operators). Furthermore, z € X ranges
over a discrete alphabet, so we can describe the source equivalently by the
classical-quantum (cq) state wACBEX = S 5(2) |1, X1 [ACBE @ |x)z|X. In
this model, A and C are Alice’s information to be sent and side information
system, respectively. System B is the side information of Bob, and R and X
are inaccessible reference systems used only to define the task.

The ensemble model of the previous chapter as well as those models that
have been considered in [30432,/48-50] are all special cases of the model that
we consider here. We find the optimal compression rate under the per-copy
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fidelity criterion, and achievable and converse rates under the block-fidelity
criterion which almost match, up to an asymptotic error and an unbounded
auxiliary system. In the generic case of so-called irreducible ensembles, they
are provably the same.

6.2 The compression task

We consider the information theoretic setting of many copies of the source
WACBRX j o (A"C"B"R"X" - ((yACBRX )&n,

WA S p(@ ) g Kb [V @] " K

e Xn

using the notation

2" =TTy ... Ty, p(a™) = p(x1)p(x2)--p(x,),
") =[x} [w2) - wn) s [an) = [u) [es) -+ [Y0a,) -

We assume that the encoder, Alice, and the decoder, Bob, have initially a
maximally entangled state @fé’B ° on registers Ap and By (both of dimension
K). Alice, who has access to A" and the side information system C™, per-
forms the encoding compression operation € : A"C" A4y, — MC™ on APC™
and her part Ay of the entanglement, which is a quantum channel, i.e. a com-
pletely positive and trace preserving (CPTP) map. Notice that as functions,
CPTP maps act on the operators (density matrices) over the respective in-
put and output Hilbert spaces, but as there is no risk of confusion, we will
simply write the Hilbert spaces when denoting a CPTP map. Alice’s en-
coding operation produces the state oMC"B"BoR"X" with M, C" and By as
the compressed system of Alice, the reconstructed side information system
of Alice and Bob’s part of the entanglement, respectively. The dimension
of the compressed system is without loss of generality not larger than the
dimension of the original source, i.e. [M|<|A|". The system M is then sent
via a noiseless quantum channel to Bob, who performs a decoding operation
D: MB"By — A"B" on the compressed system M, his side information B"
and his part of the entanglement By, to reconstruct the original systems, now
denoted A" and B". We call Llog|M]| the quantum rate of the compression
protocol. We say an encoding-decoding scheme (or code, for short) has block
fidelity 1 — ¢, or block error €, if

Fi= F(wA"C"B"R"X" : érA"C'"B"R”X” )

_ Zp(xn)F< ArCrE R A”CWB"R"> Sl (6.1)

y Sxm
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£A”C"B"R”X" Zp(xn) AH"C‘”B"R" ® |xn)<xn|X”

reXn

= (Do &) ®idggnyn ) wA"C B RX"

We say a code has per-copy fidelity 1 — e, or per-copy error €, if

nl 1 S C.B;,R; X™ A-CLBR: X
F = — Z F(wALCszRLX ’gA’LCzB’LR'LX )

=1
=3p)y, ZF(W‘CBR HOPR) > 1 e (6.2)

By the monotonicity of the fidelity under the partial trace (over Xp,j.;), this
implies the easier to verify condition

_ l i F (WACBRX’ fAlézB’LR’LX’L) >1-— €, (63)

where ACiBiRX; = = Tre fAnCnB"R"Xn, and ‘Trp,).;” denotes the partial
trace over all systems Wlth indices in [n] \i.

Conversely, Eq. can be shown to imply the criterion [6.2{ with (1-¢)? >
1 —2€ on the right hand side. Indeed, note that

ACBRX ¢A;C;B;R;X;
F (w € )

_Zp(xZ)F(wACBR Zp(x \Z)SACBR)

Tn]ni

Thus, by the convexity of the square function and Jensen’s inequality,

2
1 A. AA A. . .
6)2 o F( AC’BRX’ SAzCszR@Xz))

—_—

1 S n ACBR A CiBiR;
<= ; ;p@ )F (v ),
and the last line is the left hand side of Eq. [6.2]

Correspondingly, we say ), and (). are an asymptotically achievable
block-error rate and an asymptotically achievable per-copy-error rate, respec-
tively, if for all n there exist codes such that the block fidelity and per-copy
fidelity converge to 1, and the quantum rate converges to @y and )., respec-
tively. Because of the above demonstrated relations F2 < F < F it doesn’t
matter which of the two version of per-copy fidelity we take.

According to Stinespring’s theorem [55], the encoding and decoding CPTP
maps £ and D can be dilated respectively to the isometries Ug : A"C" Ay —
Mé”Wn and Up : MB"By < A"B"Vn, with W,, and V,, as the environment
systems of the encoder and decoder, respectively.
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6.3 Main Results

In Theorem we obtain the main results of this chapter concerning optimal
(minimum) block-error rate @); and optimal per-copy-error rate Q}. These
rates are expressed in terms of the following single-letter function.

Definition 6.1. For a state wACBEX = 3 n(x)|1h, X1L|ACBE @ |xXx|X and
€ >0 define:

1
Q(e) ::inf§I(Z : RXX'|B), over CPTP maps

E:AC > ZC and D.: ZB — AB s.t.
F(wACBRX gAOBRX) >1—¢

where

gZCBRX ._ (56 ® idBRX>wACBRX _ Zp(x)U§CBR® ’xxx’){
xr

gAC‘BRX =(D. ® idéRX)O_ZC’BRX _ Zp(a:)&fééR@ |z )X

Moreover, define Q(0) := limo, Q(€).

The function Q(¢) is defined for the specific source wA“BEX; this depen-
dency is dropped to simplify the notation.

Theorem 6.1. The minimum asymptotically achievable rate with per-copy
error s

Q: =Q(0).

Instead, the minimum asymptotically achievable rate with block error is bounded
from above and below as follows:

Q(0) < Q5 < Q(0).

Proof. We prove the achievability here and leave the converse proof to the
next section.

Let Uy : AC — ZCW and Uy : ZB — ABV be respectively the isometric
extension of the CPTP maps & and Dy in Definition with fidelity 1 (i.e.
e =0). To achieve the block-error rate @), = Q(0), Alice applies the isometry
Uy, after which the purified state shared between the parties is

|00>ZC‘WBRXX’ _ ZM|00($)>ZOWBR ® |x>X ® |$>X"
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Then the parties apply the QSR protocol to many copies of the above source
where Alice sends system M to Bob and systems C' and W are her side
information. The rate achieved by the QSR protocol is

1
Qv = 51(Z: RXX'|B)s,.

After executing the QSR protocol, Bob has Z", and the state shared
between the parties is Z"C"W"B"R"X"X"™ " which satisfies the following en-
tanglement fidelity:

F ((O_OZC'WBRXX’)@n’60Z"C“"W"B"R"X“X’") S, (6.4)

asn — oo. Then, Bob applies to each system the CPTP map Dy : ZB — AB.
Due to the monotonicity of the fidelity under CPTP maps, we obtain from

Eq.

((D®n®ld)(o.0ZCBRX)®n (D®n®ld)UZ"C”B"R"X") -1 (65)

as n — oo, where the identity channel id acts on systems CnRrX™. Notice
that by the definition of Dy,

(WACBRX)@m _ (D®n ® ldcanXn)(U CBRX)@n

Thus, the block fidelity criterion of Eq. . ) holds.

Now, let U, : AC < ZOW and U. : ZB - ABV be respectively the
isometric extension of the CPTP maps & and D, in Definition with
fidelity 1 —e€. To achieve the per-copy-error rate Q}, to each copy of the
source Alice applies the isometry U.. Then the purified state shared between
the parties is

|O_E ZCWBRXX' Z\/_|U€(Qf) ZCWBR | >X ®|$>X’

The parties apply the QSR protocol to many copies of the above source where
Alice sends system Z to Bob and systems C' and W are her side information.
The rate achieved by the QSR protocol is

Q.= %[(M : RXX'|B),,

After executing the QSR protocol, Bob has Z", and the state shared between
the parties is §Z"C"W"B"R"X"X"™" "which satisfies the following entanglement
fidelity:

’ A 7nAm npnpnyny’/m
F(( ZCWBRXX)@n ZnemWnRBrRY XX >_>1
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as n — co. Due to monotonicity of the fidelity under partial trace, we obtain
the per-copy fidelity,

F(0_€ZC‘BRX’ &GZié'iBiRiXi) -1, (66)

for all 7 € [n] and n - oo. Then, to each system i, Bob applies the CPTP
map D.. We obtain

F((Dc®idg )0 7P (D, ® id ) 57 FRY) 1 (6.7)

for all ¢ € [n] and n — oo, which follows from Eq. due to monotonicity
of the fidelity under CPTP maps. On the other hand, the state EACBRX =
(De®idpp X)aféBRX has high fidelity with the original source state, directly
from the definition of D,:

F( §AC'BRX WACBRXY) 1
Therefore, from the above fidelity and Eq. (6.7) we obtain
F (WACBRX’ (D€ ® idC’RX)a.é\éfiéiBiRiXi) -1

for all i € [n] and n - oo, which satisfies the per-copy fidelity criterion in
Eq. (6.3)). [ ]

Now, we define a new single-letter function which then we use to obtain

simplified rates in Lemma[6.1]and Corollary|[6.1]which both are proved in [51].

Definition 6.2. For a state wABEX = 3 n(x)|1h, \1o|ACBE @ |xXx|X and
€ >0 define:

K (w):=supI(W: X|C), over isometries

U:AC - ZCW and U : ZB - ABV s.t.
F(wACBRX gAC‘BRX) >1—¢

where
FZCWBRX ._ (U ® 1ppx )wiCBEX (U ® 1ppx)"
= 2. (@)oo | * R @ o)l
GAPWVVIY = (T ® 1C‘WRX)OZCWBRX((7 ® Logypx)’
= 2. p(@)ENE PV @ |a )X,
SAC’BRX = Tryw £AC'BWVRX'
Moreover, define Ky = lim_,o, K (w).
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Remark 6.1. Definition directly implies that Ko(w) < Ko(w) because
K (w) is a non-decreasing function of €. Furthermore, Ko(w) can be strictly
positive, for example, for a source with trivial system C where Y24 =0
holds for x + x', we obtain Ky(w) = S(X). This follows because Alice can
measure her system and obtain the value of X and then copy this classical
information to the register W.

Lemma 6.1. The rate Q(0) is lower bounded as:

G(0)2 5 (S(AIB) + 5(AIC))-

1 1~
=51(A: RXX'|B),~5 Ko,

where the above conditional mutual information is precisely the communica-
tion rate of QSR for the purified source

R z\/p@: )Y o) @ ) (6.8)

Moreover, if system C' is trivial, then @(O) is equal to this lower bound.

Definition 6.3 (Barnum et al. [65]). An ensemble & = {p(x), [t X1)2|ACBE} e
of pure states is called reducible if its states fall into two or more orthogonal
subspaces. Otherwise the ensemble £ is called irreducible. We apply the same
terminology to the source state wACBRX

Corollary 6.1. For an irreducible source wACBEX | K, = K, =0. Hence, the

optimal asymptotically achievable per-copy-error rate and block-error rate are
equal and

c

Qi =@ =5 (S(AIC) + S(AIB)) .

6.4 Converse

In this section, we first show some properties of the function Q(e), which
then we use to prove the converse for Theorem [6.1]

Lemma 6.2. For 0 <e<1, Q(€) is a monotonically non-increasing, convex
function of €. Consequently, for 0 <e <1 it is also continuous.
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Proof. The monotonicity directly follows from the definition. For the con-
vexity, we verify Jensen’s inequality, that is we start with maps &, D; eligible

for error €; with the output state EACBRX
the output state &¢PEX and 0 < p < 1. By embedding into larger Hilbert
spaces if necessary, we can w.l.o.g. assume that the maps act on the same

systems for ¢ = 1,2. We define the following two maps:

, and &, D, eligible for error ¢, with

E(p) =pEi(p) ® [LX1|Z + (1 -p)&s(p) ® 227,
D(p) =Di((1]” p|1)”) + Da((2” p]2)7).

They evidently realise the output state EACBRX = pSfiéBRX +(1- p)fféBRX
with the following fidelity:

F( WACBRX gAC‘E}RX)
_ F(wACBRX’p&éXCBRX + (1 —p) fCBRX)
> pF ( wACBRX) flACBRX) + (1_ p) F ( wACBRX) £§XCBRX)

>1 - (per+ (1 -p)ea),

where the third line is due to simultaneous concavity of the fidelity in both
arguments. The last line follows by the definitions of the states & and &.
Therefore, the maps £ and D yield a fidelity of at least 1—(pe; + (1 —p)es) =
1-¢€. Thus,

Q(e) < I(ZZ': RXX'|B).
= pI(Z: RXX'|B)g + (1-p)I(Z: RIB)e,.

and taking the infimum over maps &;, D; shows convexity.

The continuity statement follows from a mathematical folklore fact, stat-
ing that any real-valued function that is convex on an interval, is continuous
on the interior of the interval. [ ]

Proof of Theorem (converse). We prove the converse for the per-copy
fidelity criterion, therefore, the same converse bound holds for the block
fidelity criterion as well. Consider a block length n code per-copy fidelity
1 —e. The number of qubits, log|M]|, can be lower bounded as follows, with
respect to the encoded state (€ ® idp,gnpnxnxm )wA C B R XX @f(OBO of
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the purified source:

2log |M|[>2S (M)
> I(M : R"X"X"™|B"By)
=I(MBy : R"X"X"|B")-I(By: R"X"X""|B")

—
Z

= I(Z:R"X"X"™|B")

i=1

+ Z [(R<iX<iX2iB[n]\i : RIXZX”B%)
=1

I
M=

S
I
—_

2

M-

S
1]
-

—_—
Z;

where in the first two inequalities we use standard entropy inequalities; the
equation in the third line is due to the chain rule, and the second conditional
information is 0 because By is independent of B"R"; the fourth line intro-
duces a new register Z, noting that the encoding together with the entangled
state defines a CPTP map & : A" - ZC™, via &(p) = (E®idp,)(p® Dby,
in the fifth we use the chain rule iteratively, and in the second term we intro-
duce, each summand is 0 because for all 4, R.;B[,.; is independent of R;B;;
in the sixth line we use again the chain rule for all 7, and the last line is due
to data processing.

Now, for the i-th copy of the source wAiCiBiliXi we define maps & :
A;C; — Z:C; and D; : B;Z; — AZBZ, as follows:

&;: Alice tensors her system A; with a dummy state w®*M and with &40
(note that all systems are in her possession). Then she applies & :
APC™ Ay - MC’”, and sends Z; := M ByBiy).; to Bob, while keeping
Aléz All other systems, i.e. A[n]\ié[n]\iR[n]\iX[n]\ia are trashed.

D;: ]%ob applies D to Z;B; = M ByB™ and keeps fliéi, trashing the rest

By definition, the output state

(HOBIN= (D @id 4 ¢, 5, x,) 0 (€ @ id p ot IS
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equals £4:CiBiRX: which has fidelity 1 - ¢; with the source wACBRX  and the
fidelity for all copies satisfy % Yi(1-¢;) > 1—€. Thus, we obtain, with respect
to the states (& ® idBiRiXiXZ()wAiCiBiRiXiX{

110g|M z%i%f(z RX:X!|B,)
=1
1 1
ZE;Q( Q(E;Ei)ZQ(GX

continuing from before, then by definition of Q(¢;) since the pair (&;,D;)
results in fidelity 1 —¢;, in the next inequality by convexity and finally by
monotonicity of Q(e) (Lemma [6.2). By the taking the limit of ¢ - 0 and
n — oo, the claim follows. [

6.5 Discussion

We considered a variant of the quantum state redistribution task, where pure
multipartite states from an ensemble are distributed between an encoder, a
decoder and a reference system. We distinguish two figures of merit for the
information processing, per-copy fidelity and block fidelity, and define the
corresponding quantum communication rates depending on the fidelity cri-
terion, when unlimited entanglement is available. For the per-copy fidelity
criterion, we find that the optimal qubit rate of compression is equal to Q(0)
from Definition [6.1], which is bounded from below by the rate of the conven-
tional QSR task minus the limit of the single-letter non-negative function K,
from Definition 6.2t

Q)25 (S(AIB)+S(AIC))——K0 —I(A RXX'|B).- Ko,

where the conditional mutual information is the rate of QSR for the purified
source in Eq. . This lower bound is tight if system C' is trivial (state
merging scenario).

For the block fidelity criterion, we have found converse and achievability
bounds:

Q(0) < Q< Q(0).

The two bounds would match if we knew that the function Q(e) were con-
tinuous at € = 0. However, we don not know this; for one thing, one cannot

use compactness to show continuity because the output system W in Defini-
tion [6.2] is as priori unbounded.
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For irreducible sources though, we show here K = Ky =0, which implies
that the purified source model and the ensemble model lead to the same
compression rate. For reducible sources the information that the encoder
can obtain about the classical variable of the ensemble, i.e. system X, is
effectively used as side information to achieve a smaller compression rate.
Thus we reproduce the result of [32, Thm. II1.3], which was proven only for
irreducible product state ensembles.

There are other sources for which we know Ky = }?0 = 0 to hold. First,
the “generic” sources in [49, Thm. 11], where it is shown that the function
TE) = 0; this function is a special case of the function I?O. Indeed, the source
there is described by an ensemble {p(z), [oz)**|2)?}, which is always com-
pletely reducible, but generically the reduced states 14 have pairwise over-
lapping support, which is the condition under which vanishing K, is shown.
Secondly, the ensemble of four Bell states considered in [32, Thm. IV.1],
{p(ij), |(pij)AB}ijj=07]_, where the side information system C' and the reference
system R are trivial; for this source, the mutual information between Alice’s
system and the classical system X is zero, i.e. I(A: X) = 0. Thus, due
to data processing inequality, we have I(W : X) < I(A: X) =0. Our main
result reproduces the achievable rate %H (p), and also the optimality, by very
different, and somewhat more natural methods.

There are other special cases of the source model of this chapter that
have been previously studied in the literature for which Ky > 0 or at least
Ky > 0. For instance in the source of [29], where Alice’s system is classical
with A = X and system C'is trivial, one can observe that Ky = S(X) holds.
The rate we get is Q* = £5(X|B) under either error criterion, half of the
quantity reported in [29] because of the free entanglement in our model, which
allows for dense coding. Furthermore, the visible variant of Schumacher
compression in [304(61], where Alice’s side information system is classical
with C' = X, the function has the value Ky = S(X), and the optimal rate is
Q* = $5(A), again half of the optimal rate without entanglement, because
we can use remote state preparation and dense coding. A third example is
the ensemble {3, ;) [o3)? 3 | from [32, Sec. V.A], which is reducible, but
where the reduced ensembles on systems A and B are both irreducible; it
is shown there that the optimal compression rate is strictly smaller than

(S(A) +S(A|B))/2.

Finally, recall that in our definition of the compression task we have
assumed that the encoder and decoder share free entanglement. This was
motivated so as to make a smoother connection to QSR. However, it is not
known whether the pre-shared entanglement is always necessary to achieve
the corresponding quantum rates. There are certainly cases where QSR does
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not require prior entanglement, such as when Alice’s side information C' is
trivial, which would carry over to our setting whenever Ky = K, = 0, for
instance for an irreducible ensemble. More generally, in future work we plan
to consider the trade-off between the quantum and entanglement rates.
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Part 11

Quantum Thermodynamics
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Chapter 7

Resource theory of charges and
entropy

In this chapter, we consider asymptotically many non-interacting systems
with multiple conserved quantities or charges. We generalize the seminal
results of Sparaciari, Oppenheim and Fritz [Phys. Rev. A 96:052112, 2017]
to the case of multiple, in general non-commuting charges. To this aim we
formulate a resource theory of thermodynamics of asymptotically many non-
interacting systems with multiple conserved quantities or charges. To any
quantum state, we associate a vector with entries of the expected charge val-
ues and entropy of that state. We call the set of all these vectors the phase
diagram of the system, and show that it characterizes the equivalence classes
of states under asymptotic unitary transformations that approximately con-
serve the charges. This chapter is based on the results from [53].

7.1 Resource theory of charges and entropy

Resource theory is a rigorous mathematical framework initially developed
to characterize the role of entanglement in quantum information processing
tasks. Later the framework was extended to characterize coherence, non-
locality, asymmetry and many more, including quantum Shannon theory
itself, see [35,85-97]. The resource theory approach applies also to classical
theories. In general, the resource theories have the following common fea-
tures: (1) a well-defined set of resource-free states, and any states that do not
belong to this set has a non-vanishing amount of resource; (2) a well-defined
set of resource-free operations, also known as allowed operations, that can-
not create or increases resource in a state. These allow one to quantify the
resources present in the states or operations and characterize their roles in
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the transformations between the states or the operations. In particular, it
enables one to define and rigorously bound or even determine various re-
source measures; determine which states can be transformed to the others
using allowed operation; how the property of states may be changed, and
how these changes are bounded under the allowed operations, etc.

A system in our resource theory is a quantum system () with a finite-
dimensional Hilbert space (denoted @, too, without danger of confusion), to-
gether with a Hamiltonian H = A; and other quantities (“charges”) As, ..., A,
all of which are Hermitian operators that do not necessarily commute with
each other. We consider composition of n non-interacting systems, where
the Hilbert space of the composite system Q" is the tensor product Q®" =
@1 ® - ® @, of the Hilbert spaces of the individual systems, and the j-th
charge of the composite system is the sum of charges of individual systems
as follows,

AW =100 @ 4, 01°000 G212 ¢ (7.1)

i=1

For ease of notation, we will write throughout AEQi] =180 ® A; ® 18",

We wish to build a resource theory where the objects are states on a
quantum system, which are transformed under thermodynamically mean-
ingful operations. To any quantum state p is assigned the point (a,s) =
(at,...,a8) = (TrpAl, . ,Tr,oAC,S(p)) € R+ which is an element in the
phase diagram that has been originally introduced, for ¢ = 1, as energy-
entropy diagram in [98]; there it is shown, for a system where energy is the
only conserved quantity, that the diagram is a convex set. In the case of
commuting multiple conserved quantities, the charge-entropy diagram has
been generalised and further investigated in [54]. Note that the set of all
these vectors, denoted P(), is not in general convex (unless the quantities
commute pairwise). An example is a qubit system with charges o,, o, and o,
where charge values uniquely determine the state as a linear function of the
tr po;, hence the entropy, while the von Neumann entropy itself is well-known
to be strictly concave.

Moreover, the set of these points for a composite system with charges
AE"), . ,A£”>, which we denote P(") contains, but is not necessarily equal
to nP(M (which however is true for commuting charges). Namely, consider
the point g = (3Tr (p1 + p2)Air,..., 3Tr (p1 + p2)Ac, 25(p1) + 3S(p2) ), Wwhich
does not necessarily belong to P but belongs to its convex hull; however,
2g € P due to the state p; ® pp. Therefore, we consider the convex hull of
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al’

Figure 7.1: Schematic of the phase diagrams P, P2 and P. As seen, P(1)
is not convex, and there is a hole inside the diagram.

the set P and call it the phase diagram of the system, denoted

P=PV = {(ZPz‘TTPiAh RN ZPiTFPiAc, ZPiS(Pi)) 0<pi <1, sz‘ = 1}

(7.2)
The interpretation is that the objects of our resource theory are ensembles
of states {p;, p;}, rather than single states.
We define the zero-entropy diagram and max-entropy diagram, respec-
tively, as the sets
= .
Py ={(a,0): TrpA; = a; for a state p},
fﬁ;x = {(g, S(T(Q))) : Tr pA; = a; for a state p},
where 7(a) is the unique state maximising the entropy among all states with
charge values Tr pA; = a; for all j, which is called generalized thermal state, or
generalized Gibbs state, or also generalized grand canonical state [99]. Note
that, as a linear image of the compact convex set of states, the zero-entropy

diagram is compact and convex. We similarly define the set P(") the phase
diagram 5(@, zero-entropy diagram 5((;1) and max-entropy diagram f(n)

for
max
the composition of n systems with charges A§”), LA,

Lemma 7.1. For an individual and composite systems with charges A; and
A;"), respectively, we have:

1. f(n), forn>1, is a compact and convexr subset of R,
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(

n), for n > 1, is the convex hull of the union f(()n) uﬁfﬂx, of the
zero-entropy diagram and the maz-entropy diagram.

2. P

(

3. P " nﬁ(l) foralln>1.

5

4. PM s convex for all n > 2, and indeed P =P (1).

P
5. Every point of P is realised by a suitable tensor product state p; ®
- ® pp, for alln >d.

6. All points (a,S(7(a))) € Pumax are extreme points of P.

Proof. 1. The phase diagram is convex by definition. Further, Tr pAg.") and
S(p) are continuous functions defined on the set of quantum states which is
a compact set; hence, the set P(") is also a compact set. The cxonvex hull
of a finite-dimensional compact set is compact, so the phase diagram is a
compact set.

2. Any point in the phase diagram according to the definition is a convex
combination of the form

(ar,...,0c,8) = (Zpin (pidi), ..., ZpiTl" (piAe), ZpiS(Pi))-

—(1
The point (aq,...,a.0) belongs to 73((] ) because the state p = Y, p;p; has
charge values aq,...,a.. Moreover, the state with charge values a4, ...,a. of
maximum entropy is the generalized thermal state 7(a), so we have

S(r(@)) 2 5(p) > X5 (p0),

where the second inequality is due to concavity of the entropy. Therefore,
any point (a, s) can be written as the convex combination of the points (a,0)
and (a, S(7(a)).

3. Due to item 2, it is enough to show that 5871) = n7_3(()1), and 7_352)( =
nﬁ(i;x The former follows from the definition. The latter is due to the fact
that the thermal state for a composite system is the tensor power of the
thermal state of the individual system.

4. Let 7(a) = ¥; pi [iXi| be the diagonalization of the generalized thermal
state. For n > 2, define |[v) = ¥, \/p;]i)*". Obviously, the charge values of
the states 7(a)®" and |v)v| are the same, since they have the same reduced
states on the individual systems; thus, there is a pure state for any point in
the zero-entropy diagram of the composite system. Now, consider the state
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AMoXv|+(1=X)7(a)®", which has the same charge values as 7(a)®" and |v){v|.
The entropy S(A|v)v]+ (1-A)7(a)®") is a continuous function of A; hence,
for any value s between 0 and S(7(a)®"), there is a state with the given
values and entropy s.

5. For n > d, it is elementary to see that any state p can be decomposed
into a uniform convex combination of n pure states, i.e. p =< 3%, [1h;Xei].
Observe that the state ¥ = [t {1 |®-+- ® |1, V| has the same charge values
as the state p®", but as it is pure it has entropy 0. Further, consider the
thermal state 7 with the same charge values as p, but the maximum entropy
consistent with them. Now let p; := A | + (1 = A\)7, and observe that
pY = p1 ® --p, has the same charge values as 9", p" and 7®". Since the
entropy S(p%) is a continuous function of A, thus interpolating smoothly
between 0 and nS(7), there is a tensor product state with the same given
charge values and prescribed entropy s in the said interval.

6. This follows from the strict concavity of the von Neumann entropy
S(p) as a function of the state, which imparts the strict concavity on a —

S(7(a)) L

The penultimate point of Lemma motivates us to define a resource
theory where the objects are sequences of states on composite systems of
n — oo parts. Inspired by [98], the allowed operations in this resource theory
are those that respect basic principles of physics, namely entropy and charge
conservation. We point out right here, that “physics” in the present context
does not necessarily refer to the fundamental physical laws of nature, but
to any rule that the system under consideration obeys. It is well-known
that quantum operations that preserve entropy for all states are unitaries.
The class of unitaries that conserve charges of a system are precisely those
that commute with all charges of that system. However, it turns out that
these constraints are too strong if imposed literally, when many charges are
to be conserved, as it could easily happen that only trivial unitaries are
allowed. Our way out is to consider the thermodynamic limit and at the
same time relax the allowed operations to approximately entropy and charge
conserving ones. As for the former, we couple the composite system to an
ancillary system with corresponding Hilbert space K of dimension 2°(") where
restricting the dimension of the ancilla ensures that the average entropy of
an individual system, that is, entropy of the composite system per n does
not change in the limit of large n. Moreover, as for charge conservation, we
consider unitaries that preserve the average charges of an individual system,
and we allow unitaries that are almost commuting with the total charges of
the composite system and the ancilla. The precise definition goers as follows:
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Definition 7.1. A unitary operation U acting on a composite system coupled
to an ancillary system with Hilbert spaces H®" and K of dimension 2°("),
respectively, is called an almost-commuting unitary with the total charges
of a composite system and an ancillary system if the operator norm of the
normalised commutator for all total charges vanishes asymptotically for large
n:

lim 1”[(], A A1)

‘ [ee)

n—>o0 7}
AL@O%HU(AW +A) = (AP AU =0 G=1 e

where A;n) and A; are respectively the charges of the composite system and
the ancilla, such that HA;HOO <o(n).

We stress that the definition of almost-commuting unitaries automatically
implies that the ancillary system has a relatively small dimension and charges
with small operator norm compared to a composite system. The first step in
the development of our resource theory is a precise characterisation of which
transformations between sequences of product state are pssinble using almost
commuting unitaries. To do so, we define asymptotically equivalent states as
follows:

Definition 7.2. Two sequences of product states p* = p1 ® - ® p, and o™ =
01®--Q0, of a composite system with charges Aj") forg=1,..., ¢, are called
asymptotically equivalent if

lim —[S(") - $(o™)| =0,

1
lim —

n—oo n

‘Trp”A§”) - Tra”AEn)| =0 forj=1,...,c

In other words, two sequences of product states are considered equivalent if
their associated points in the normalised phase diagrams %P(”) differ by a
sequence converging to 0.

The asymptotic equivalence theorem of [98] characterizes feasible state
transformations via ezactly commuting unitaries where energy is the only
conserved quantity of a system, showing that it is precisely given by asymp-
totic equivalence. We prove an extension of this theorem for systems with
multiple conserved quantities, by allowing almost-commuting unitaries.

Theorem 7.1 (Asymptotic (approximate) Equivalence Theorem). Let pm =
PL®®p, and o =0, ®--Q g, be two sequences of product states of a com-
posite system with charges A;”) for g =1,...,c. These two states are asymp-
totically equivalent if and only if there exist ancillary quantum systems with
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corresponding Hilbert space K of dimension 2°(™ and an almost-commuting
unitary U acting on H®" @ K such that

lim HUp” WU - " ®wH1 =0,
n—>o00

where w and w' are states of the ancillary system, and charges of the ancillary
system are trivial, A’ = 0.

The proof of this theorem is given in Section [7.3] as it relies on a num-
ber of technical lemmas, among them a novel construction of approximately
microcanonical subspaces (Section [7.2)).

By grouping the Q-systems into blocks of k£, we do not of course change
the physics of our system, except that now in the asymptotic limit we only
consider n = kv copies of @), but the state p" is asymptotically equivalent
to p*O() via almost-commuting unitaries according to Definition and
Theorem . But now we consider Q¥ with its charge observables A’ ) as
elementary systems, which have many more states than the k-fold product
states we began with. Yet, Lemma shows that the phase diagram for the
k-copy system is simply the rescaled single-copy phase diagram, 73(k) = kﬁ(l),
and indeed for k > d, P(¥) = kP This means that we can extend the equiv-
alence relation of asymptotic equivalence and the concomitant Asymptotic
Equivalence Theorem (AET) to any sequences of states that factor into
product states of blocks QF, for any integer k, which freedom we shall exploit
in our treatment of thermodynamics.

7.2 Approximate microcanonical (a.m.c.) sub-
space

In this section, we recall the definition of approximate microcanonical (a.m.c.)
and give a new proof that it exists for certain explicitly given parameters. For
charges A; and average values v;, a.m.c. is basically a common subspace for
the spectral projectors of A;n) with corresponding values close to nv;; that
is, a subspace onto which a state projects with high probability if and only if
it projects onto the spectral projectors of the charges with high probability.
We show in Theorem that for a large enough n such a subspace exits. An
interesting property of an a.m.c. subspace is that any unitary acting on this
subspace is an almost-commuting unitary with charges Ag").
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Definition 7.3. An approximate microcanonical (a.m.c.) subspace, or more
precisely a (e,m,1n',d,0")-approximate microcanonical subspace, M of H®",
with projector P, for charges A; and values vj = (A;) is one that consists, in
a certain precise sense, of exactly the states with “very sharp” values of all
the Ag”). Mathematically, the following has to hold:

1. Fvery state w with support contained in M satisfies tr wl‘[}7 >1-0 for
all 7.

2. Conversely, every state w on H®" such that ter?’ >1-4¢" for all j,
satisfies trwP > 1 —e.

Here, IT7 := {nv; - nnS(4;) < A§") <nv; +nnX(A;)} is the spectral projector
of Ag.n) of values close to nv;, and X(A) = Anax(A) = Amin(A) s the spectral
diameter of the Hermitian A, i.e. the diameter of the smallest disc covering
the spectrum of A.

Remark 7.1. It is shown in Theorem 3 of [100] that for every e > ¢d' > 0,
0>0 and n>n'">0, and for all sufficiently large n, there exists a nontrivial
(e,m,m',8,0")-a.m.c. subspace. However, there are two (related) reasons why
one might be not completely satisfied with the argument in [100]: First, the
proof uses a difficult result of Ogata [101)] to reduce the non-commuting case
to the seemingly easier of commuting observables; while this is conceptually
nice, it makes it harder to perceive the nature of the constructed subspace.
Secondly, despite the fact that the defining properties of an a.m.c. subspace
are manifestly permutation symmetric (w.r.t. permutations of the n subsys-
tems), the resulting construction does not have this property.

Here we address both these concerns. Indeed, we shall show by essentially
elementary means how to obtain an a.m.c. subspace that is by its definition
permutation symmetric.

Theorem 7.2. Under the previous assumptions, for every € > 2(n+1)3¢*§" >
0, n>n">0 and § >0, for all sufficiently large n there exists an approzimate
microcanonical subspace projector. In addition, the subspace can be chosen
to be stable under permutations of the n systems: U™ M = M, or equivalently
U™P(U™) = P, for any permutation 7 € S,, and its unitary action U™,

More precisely, given n>n">0 and € >0, there exists a o > 0 such that
there is a non-trivial (e,n,7n',9,0")-a.m.c. subspace with

5= (c+3)(5n)* e and
€

- _ 2d? —an
5 = —2(n+ G (c+3)(5n)** e,
Furthermore, we may choose o = —8527(;73;.
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Proof. For s> 0, partition the state space S(H) on H into

Cs(v) = {a :Vj JtroA; - v, < SZ(A]-)},
Fi(v) = {a 135 |tro Ay - v, > sE(Aj)} =S(H) ~Cs(v),
which are the sets of states with A;-expectation values “close” to and “far”
from v. Note that if p € C;(v) and o € F;(v), 0<s<t, then |[p—c|, >t -s.
Choosing the precise values of s > n' and t < n later, we pick a universal

distinguisher (P, P*) between Cs(v)®" and F;(v)®", according to Lemma
below:

VpeCy(v) trp® Pt < (c+2)(5n)*F e, (7.3)
Vo e F(v) tro® P < (c+2)(5n)* e, (7.4)

with ¢ = %. Our a.m.c. subspace will be M :=supp P; by Lemma |7.2}
P and likewise M are permutation symmetric.

It remains to check the properties of the definition. First, let w be sup-
ported on M. Since we are interested in tr wH;?, we may without loss of gen-
erality assume that w is permutation symmetric. Thus, by the “constrained
de Finetti reduction” (aka “Postselection Lemma”) [102, Lemma 18],

w< (n+1)% f do o®"F(w,o®")?, (7.5)
with a certain universal probability measure do on S(H), and the fidelity
F(p,o) = |/p\/o|l1 between states. We need the monotonicity of the fidelity
under cptp maps, which we apply to the test (P, Pt):

F(w,o®")? < F((tr o®"P 1-tro®"P),(1, 0))2 <tro®"P,
which holds because trwP = 1. Thus,

trw(I7)* < (n+1)% f do (tro® (1)) (tr o®" P). (7.6)

Now we split the integral on the right hand side of Eq. (7.6 into two
parts, o € Ci(v) and o ¢ Fy(v): If o € F;(v), then by Eq. (7.4) we have

tro® P < (c+2)(5n)2% e,
On the other hand, if o € C;(v), then because of t <7 we have
tro®" (I1))* < 2e2(n-1)*n
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which follows from Hoeffding’s inequality [103]: Indeed, let Z; be the i.i.d. ran-
dom variables obtained by the measurement of A; on the state o. They take

values in the interval [Amin(A4;), Amax(A4;)], their expectation values satisfy
EZJ = trUAj € [’Uj + tZ(A])L while

tra@m(l_lg)l = Pr{% Ze:Ze ¢ [v;+ UE(AJ)}

1
< Pr{— Y Zi¢[troA; = (n- t)Z(Aj)} :
ny
so Hoeffding’s inequality applies. All taken together, we have
tr w(H?)l <(n+ 1)3d2 ((c + 2)(5n)2d26‘<” + 26_2(”‘t)2")
< (c+3)(5n)>F e 20,

because we can choose ¢ such that
t—s t—s

—t= > .
7 2ev2d2 +1  4ed

Secondly, let w be such that trcul‘[}7 > 1-0"; as we are interested in
trwP, we may again assume without loss of generality that w is permutation
symmetric, and invoke the constrained de Finetti reduction |102, Lemma 18],
Eq. . From that we get, much as before,

(7.7)

trwPt < (n+1)3 f do (tro®" P F(w,o®")?,

and we split the integral on the right hand side into two parts, depending
on o € Fy(v) or o € C,(v): In the latter case, tro® P+ < (c+2)(5n)2d e,
by Eq. (7.3). In the former case, there exists a j such that troA; = w, ¢
[vj + s2X(A;)], and so

Fw,0®")? < F((1-4,8"), (tro®117 1 - tro®N1I7))

2
< (\/(?+ \/tra®”H;7/)

<28+ 2tr a@’"H;?'
< 28 + 4 2s=1)n

the last line again by Hoeffding’s inequality; indeed, with the previous nota-
tion,

tra®”H;” = Pr{l Y Zyelvj+ n’E(Aj)}
o
< Pr{%;Zg ¢ [w; + (s—n')z(Aj)}.
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All taken together, we get

trwPt < (n+1)3 ((c+ 2)(5n)2% = 4 4e~2s=n)n 26")
< (n+ 1) (c+3)(5n)*F e 21 L 9 (n 4+ 1)3
because we can choose s such that

t—s t—s
>

s-n'= > : 7.8
2cV/2d% +1  4ed (78)

From eqs. ([7.7) and (7.8]) we get by summation

, t-s ( 1 )
—=t—st ———— < (t-s5)[1+ =],
e eV2d? + 1 (=) cd
from which we obtain
n-n
_m = > — 1

TS ed v 1)

concluding the proof. [

Lemma 7.2. For all 0 < s <t there exists ¢ > 0, such that for all n there
exists a permutation symmetric projector P on H®" with the properties
Vp e Cy(v) trp®" Pt < (c+2)(5n)*Fen, (7.9)
Vo € Fi(v) tro® P < (c+2)(5n)*F e, (7.10)

(t-5)?
2¢2(2d2+1) *

Proof. We start by showing that there is a POVM (M,1 - M) with

The constant ( may be chosen as ¢ =

(t=5)*
VpeCs(v) trp®(1-M)<ce 22", (7.11)
(t-5)2
Vo e Fi(v) tro®" M <e e " (7.12)
Namely, for each £ =0,...,n choose j, € {1,...,c} uniformly at random and

measure A;, on the (-th system. Denote the outcome by the random variable
Zgz and let Zg =0 for j # j,. Thus, for all j, the random variables Zg are
i.i.d. with mean EZg = Ltr pA;, if the measured state is p®".

Outcome M corresponds to the event

1 o1 s+t
¥ 5%32565[“#—2 2(Aj)];
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outcome 1 — M corresponds to the complementary event

1 i1 s+t
E'] EZZ:ZZ ¢ E[U]:I:TZ(A])]

We can use Hoeffding’s inequality to bound the traces in question.
For p € C,(v), we have |[EZ] - v;| < 2X(A;) for all j, and so:

trp®* (1 - M) = Pr{g%;ngéi[v] s, )]}
ggpr{%;zﬁé[%is—”zm )]}
g;Pr{%;ZZ;é%[UJ sy )]}
gzl {%;ZZ EZ) >—E(A )}

_(t=9)?

2c2 TL‘

A
Q
Cb

For o € F;(v), there exists a j such that |EZ£ - v;| > £3(4;). Thus,

1 1
tro®" M < Pr{— Y Z]e- [’uj + S—HZ(A]-)]}
n 4 & 2

1
SPr{—

_(=s)2
< 6 2c2 n

S 7 -EZ|> t—csz(Aj)}

This POVM is, by construction, permutation symmetric, but M is not
a projector. To fix this, choose A-nets N2 in Cs(v) and N in Fi(v), with
A = e with ¢ = %ﬁgil). This means that every state p € Cs(v) is no
farther than X in trace distance from a p’ € N2, and likewise for Fi(v).
By [104, Lemma III.6] (or rather, a minor variation of its proof), we can find

2
such nets with |N2], NR] < (57”)2d elements. Form the two states



and let

P:={I'-®>0}

be the Helstrom projector which optimally distinguishes I' from ®. But we
know already a POVM that distinguishes the two states, hence (P, P+ = 1-P)
cannot be worse:

2
(-

trI P +tr®P <tr (1 - M) +tr ®M < (c+1)e 22 ",

thus for all p e N2 and o € N},

5n. 2d? 7(t—s)2
_ e 22 n
A )

So, by the A-net property, we find for all p € Cs(v) and o € F;(v),

tr p®" P+, tro®"P < (c+1) (

2d? o2
) < s ) ) e,

by our choice of A. [

Corollary 7.1. For charges A;, values v; = (A;) and n > 0, Theorem
implies that there is an a.m.c. subspace M of H®" for any n' > 0 with the
following parameters:

tr p®" P, tro®"P <A+ (c+1) (

n =21,
5 = c+3
D)

2

5= (c+3)(5n)2 e 522,

d2 _¢
(5n)2 e 8c2(d+1)27

€= 2(c+3)(n+ 1) (3n) e e,

Moreover, let p" = p1®---®py, be a state with %‘Tr (p"A§n)) - vj‘ <inS(A;).
Then, p™ projects onto a.m.c. subspace with probability e:

Tr(p"P)>1-e.

Proof. For simplicity of notation we drop the subscript j from A;, v; and H?,,

so let Y, E;|I)1] be the spectral decomposition of A. Define independent
random variables X; for i = 1,...,n taking values in the set { F1,...,Ey}
with probabilities p;(E;) = Tr (p; |I)1]). Furthermore, define random variable
X = % which has the following expectation value

- 1
E(X) = ETI" (pm A,
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Therefore, we obtain

1-Tr (p"II7)
= Z (Ll pr i) ALn] oo |ln)

|Ell+...+Elll;.:;f:|:2nn’2(A)
=Pr(|X -v|27'E(A))
=Pr(X -E(X) >n'2(A) +v-E(X) J X -E(X) < -'S(A) +v-E(X))
2n(n'S(A) +v - E(Y))Q) +exp (_Qn(n’Z(A) -v+ E(Y))Q)
(Z(A))2 (2(A))?

<exp (—

12
< 2exp(—m] )

2
<9y,

where the second line follows because random the variables X;,...,X,, are
independent and as a result Pr{X = W} = (L] p1|l) - {ln| pr |1n). The
fourth line is due to Hoeffding’s inequality (Lemma [A.5). The fifth line is
due to assumption |E(y) - v‘ <inE(A4).

Thus, by the definition of a.m.c. subspace Tr (p"P) > 1 —. n

7.3 Proof of the AET Theorem [7.1]

Here, we first prove the following lemma where we will use points 3 and 4 to
prove the main theorem. Corollary implies that assuming %Tr p”A§") ~

%Tr U"Agn) ~ v; the states p” and o™ project onto the a.m.c. subspace with
high probability. Hence, in Lemmal7.3| we show that one can find states pand
o with support inside the a.m.c. subspace which are very close to the original
states in trace norm, that is, p» p® and & ~ ¢”, and there are unitaries V}
and V5 that factorizes these states to the tensor product of maximally mixed
states 7 and 7’ and some other state of very small dimension:

VigVl=rew and VagV) =7 @w'.

Further, assuming that the states p™ and ¢” have very close entropy rates,
ie. =S(p") » S(o™), one can find states 7 and 7/ with the same dimension
that is 7 = 7/. Thus, we observe that two states p®w’ and & ® w have exactly
the same spectrum, so there is unitary acting on the a.m.c. subspace and the
ancillary system taking one state to another. Based on the properties of the
a.m.c. subspace, we show that this unitary is an almost-commuting unitary
with the charges AJ(.").
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Lemma 7.3. Let subspace M of H®" with projector P be a high probability
subspace for state p® = p1®-+-® pyp, i.e. Tr (p"P) > 1—e€. Then, for sufficiently
large n there is a subspace M € M with projector P and state p with support
inside M such that the following holds:

n nTn D 1
2. 27Tk S()2VaP < PIIR L pPTI7 P < 27 S(e)vav/n P,

3. There is a unitary U such that UpU’" = 7 ® w where T is a mazimally
mized state of dimension 2T 5(pi)=0(vn) and w is a state of dimen-
sion 20(ev/n),

b 179l S 26+ by + 202V oy

Proof. 1. Let E >0 and F' > 0 be two positive operators such that E +F =
PII}, ,» P where all eigenvalues of F' are smaller than 2~V and define P to

be the projection onto the support of E. In other words, P is the projection
onto the support of PII}, . P with corresponding eigenvalues greater 2-av/n,
Then, we obtain

Tr (TI7 . p" 112 P)
> Tr (112 p"1I2  E)
= Tr (112 p"1I2  PIIZ  P) = Tr (12 p"112 0 F)
> Tr (p" P} o P) = |12 p" I = p" ||, = Tr (112 p" I F)
> Tr (pn]:[g,p") - HPPHP - PnHl - HHg,pnanZ,p" - an1 -Tr (HZ,p"anZ,p"F)
> Tr (005 ) = | PP = p"y = [T p" TG = " = 277

z1—%—2ﬁ—2£—2—aﬁ,
! !
where the first line follows from the fact that P > E. The third, forth and

fifth lines are due to Holder inequality. The last line follows from Lemma
and gentle operator lemma [A.13]

2. By the fact that in the typical subspace the eigenvalues of p" are
bounded (Lemma [A.14)), we obtain

Il 1l P < 2-5ia S0P, P
<92 P S(Pi)*“\/ﬁﬁ'
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For the lower bound notice that

DTN nyn D =¥, 8(pi)-a/n PR P

P . p"TI2 P> 27 T Sled-evnpryrn P
=2 X Ske)-evnpprIn | PP
> 9~ Tii S(pi) 207/ 5

where the equality holds because P c M, therefore PP = P. The last in-
equality follows because P is the projection onto support of PII} . P with
eigenvalues greater 2~V

M.

3. Consider the unnormalized state ?Hgmn p"H&pnlg with support inside

From from point 2, we know that all the eigenvalues of this state be-

longs to the interval [2- it S(pi)-2a/n 9-%iL, S(pi)+av/n] which we denote it by
[Dunins Pmax ] We divide this interval to b = 25¢v7] many intervals (bins) with
equal length of Ap = PmacPmin = Now, we trim the eigenvalues of this unnor-
malized state in three steps as follows.

(a)

Each eigenvalue belongs to a bin which is an interval [py, pg+1) for some
0<k<b-1 with px = pmin + Ap x k. For example, eigenvalue J; is equal
to pi +q; for some k such that 0 < ¢; < Ap. We throw away ¢; part of each
eigenvalue \;. The sum of these parts over all eigenvalues is very small

M| _

> < Ap|M| < 272V,

1=1

where the dimension of the subspace M is bounded as |M)] < 25t S(pi)+2av/n
which follows from point 2 of the lemma.

We throw away the bins which contain less than 2Zit1 S(pi)-10ev/n many

eigenvalues. The sum of all the eigenvalues that are thrown away is
bounded by

9¥iLy S(pi)-10ay/n o 9bay/n o 9=XiL; S(pi)+av/n < 2—406\/5’
in the left member, the first number is the number of eigenvalues in the

bin; the second is the number of bins, and the third is the maximum
eigenvalue.

If a bin, e.g. kth bin, is not thrown away in the previous step, it contains
M, many eigenvalues with the same value with

22?:1 S(pi)-10av/n < Mk < 22?:1 S(p¢)+2a\/ﬁ_ (713)
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[ = 2151 S(pi)-100ay/n) (7.14)

and for the kth bin, let my be an integer number such that
mpL < My < (my, +1)L. (7.15)
Then, my, is bounded as follows
my, < 212V, (7.16)

From the kth bin, we keep m;L number of eigenvalues and throw away
the rest where there are My — myL < L many of them; the sum of the
eigenvalues that are thrown away in this step is bounded by

b-1 b-1
Zpk(Mk -myL) <L Zpk < 9 davn,
k=0 k=0

Therefore, for sufficiently large n the sum of the eigenvalues thrown away
in the last three steps is bounded by

9720/l | grdavn y grdavn ¢ gravn (7.17)
The kept eigenvalues of all bins form an L-fold degenerate unnormalized
state of dimension Zﬁ;}) my L because each eigenvalue has at least degeneracy
of the order of L. Thus, up to unitary UT, it can be factorized into the
tensor product of a maximally mixed state 7 and unnormalized state w’ of

dimensions L and ZZ;[I) my, respectively. From 1} the dimension of w’ is
bounded by

b-1
Z my < 21204\/5 % 2504\/5 _ 21704\/5.
k=0

Then, let w = and define

Tr ( )
p=Ureuwl!.
4. From points 3 and 1, we obtain

Tr (W) =Tr(tew) (7.18)
> Tr (PIIZ . p 117, P) —272V" (7.19)

>1- 2f—2\/_—£—2 on/ntl (7.20)
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Thereby, we get the following

|7=p", < |P-Urew'Ul|, + |Ur @ w'UT - PIIZ . p 2 . P,
+ Hﬁﬂgpnpnﬂgpnﬁ—p”"l
<1-Tr(w)+ |Urew'Ut - P2 . p"112 . P| |
[ PI prp" T n P = 7
<1-Tr(w)+27" + | P up 1L 0 P - p"

g1—Tr(w’)+2‘a\/ﬁ+2\/2\/g+2£+£+2—aﬁ
a

a2

:2\/E+2\/—B+£2+2a\/ﬁ”+2\/2\/2+2£+£+2a\/’7,
« « «

o

where the first line is due to triangle inequality. The second, third and fourth

lines are due to Eqgs. (7.18)) and (7.17)), and Lemma |[A.13] respectively. m

Proof of Theorem [7.1. We first prove the if part. If there is an almost-
commuting unitary U and an ancillary system with the desired properties
stated in the theorem, then we obtain

IS - 80" < 2 1S(" ) = S0 ©w)| + —IS() - S(w)

2
<—S(ptew)-S(c"ew)|+ ElogZO(”)

—3|—3

= E‘S(U(pn ®wHUN - S(o" ®w)| +o(1)
< %0(1)log(dn <20 4 %h (o(1)) + o(1)
=o(1),

where the first line follows from additivity of the von Neumann entropy and
triangle inequality. The second line is due to the fact that von Neumann
entropy of a state is upper bounded by the logarithm of the dimension. The
penultimate line follows from continuity of von Neumann entropy [72,(73]
where h(x) = —xlogx — (1 — x)log(1 —x) is the binary entropy function.
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Moreover, we obtain

Lt () - (o)
:%h}@ﬁ@wKAth%»—TT@”@w@ﬁm+AQN
< [T (pr@w/ (A 4 4) - Tr (Up" 8T (AL + A7)
+ %|Tr (U,O" ®w' U (AP + A;)) ~Tr (o” ®w(A + AQ))|
Ao (4P -0 1) ra

+ 2 [T (U 0w U1 -0 @) (AT + )|

lﬂA@+A@Ut44@+AQ

1
<-Tr(p" @) (7.22)
n

.
o ewt - eul, A+ ]

= o(1), (7.23)

the second line follows because A’ =0 for all j. The third and fifth lines are
due to triangle inequality and Hoélder’s inequality, respectively.

Now, we prove the only if part. Assume for the sates p" and ¢” the
following holds:

~IS() - (") <%

1
—|Tr (A;”)p”)—Tr (AER)O'TL) <v,  J=1Ll....¢c
n

for vanishing 7, and 7;. According to Theorem [7.2] for charges A;, values
vj = tTr (p"Ag.")), n’ >0 and any n > 0, there is an a.m.c. subspace M of

H®" with projector P and the following parameters:

n=2n,
nn'2
5, = ﬁ(5n)2d26_862(2+1)2
2 )

T /2
6 = (c+3)(5n)*'e ST
n 2
€= 2(c+3)(n+ 1) (5n)2 e 52 @2
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Choose n' as the following such that ¢, " and e vanish for large n:

\1/§c(d+1) if < Ll

n =1 PIZ(A)min " ona
VBe(d+1)yy, - ’ 1
E(A)min lf ’)/n > n%

where 3(A) i is the minimum spectral diameter among all spectral diam-
eters of charges X(A;). Since 1Tr (p”Ag.")) = v; and ‘%Tr (J"A§")) —Uj‘ <
'S(A;), Corollary implies that states p™ and o™ project onto this a.m.c.
subspace with probability e:

Tr(p"P) > 1 ¢,
Tr(6"P)>1-e.

Moreover, consider the typical projectors IIj, . and IIj ;. of states p™ and

o™, respectively, with a = n5. Then point 3 and 4 of Lemma implies that
there are states p and & with support inside the a.m.c. subspace M and
unitaries V; and V5 such that

[7= "1 < o(D),

|7 =", <o(1),

VipVi =T @ w,

VgV, =7 ®u, (7.24)
where 7 and 7/ are maximally mixed states; since [S(p") - S(¢™)| < nYn,
one may choose the dimension of them in Eq. (7.14)) to be exactly the same
as [ = 21X 9()-102] with 2 = max{a\/n,nY,}, hence, we obtain 7 = 7.
Then, w and w’ are states with support inside Hilbert space K of dimension
20(2) = 20(n)  Then, it is immediate to see that the states p®w’ and ¥ ®w on

Hilbert space M; = M ® K have exactly the same spectrum; thus, there is a
unitary U on subspace M, such that

Upeull=5ew. (7.25)
We extend the unitary U to U =U @1 Mm: acting on H®" ® K and obtain

HUp”@w'UT—anébcqu
<|Uptew'Ut-Upew'Ut|, +|o"0w-Fow|, +|UFew U -Few|,
= |Up @ w'UT —Uﬁ@w’UT“l +o"@w-Tow|,
<o(1),
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where the second and last lines are due to Egs. (7.25]) and ((7.24)), respectively.

As mentioned before, M; = M®K is a subspace of H®"® K with projector
P, = P® 1 where P is the corresponding projector of a.m.c. subspace. We
define total charges A; = A§") + A’ and let A} = 0 for all j and show that
every unitary of the form U = Upn, ® 1aq: asymptotically commutes with all
total charges:

|UANUT - AY|| = | (P + PA)(UALUT - AD)(P+ P
<|P(UALUT - A P| _ + | PHUAUT - AP
+|PAUAT - )P+ | PO AT - AP

- [P ATT - 4D+ 2 PAUAU - AR
<3|wAt - 4R
= 3|(UALUT - nujl +nu;l - AP
<3| (UALUT - nv; 1) P _ + 3| (AL - noy 1) P
= 6] (A5 - ney )P
= 6 max (A7 - nv;1) o),
= 6|£n>€% | (A5 =no1)(IT @ 1 + 1-T17 @ 1) v},
<6 max | (A =no, DI @ 1|v)],

+ 6|£r)1€z}&<t H(A; -nv;1)(1-117 ® 1) |v)”2

2’

<6nX(A;)n+6 ﬂlg}i{ H(A; -nu;1)(1-1] ® 1) v)

where the first line is due to the fact that P, + P} = 15en ® 1. The forth line
follows because U A; Ut - AE. is a Hermitian operator with zero eigenvalues in
the subspace P}. The fifth line is due to Lemma[A.4] The twelfth line is due
to the definition of the a.m.c. subspace. Now, bound the second term in the
above:

6|g1:/13(<t H(A; -nu;[)(1-117 ® 1) |v)”2

<6 max | AL =nv;1| _[(1-117 ®1) [v)],

= 6HA§- - m)leDO hﬁ?\i \/Tr ((1-1I7 ® 1) [u)vl])

= 614, - ;1] max /T (1~ 11])v)

< 6n|A; - v;1] V0,
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the first line is due to Lemma[A.4] The last line is by definition of the a.m.c.
subspace. Thus, for vanishing ¢ and 1 we obtain:

oAt - 5] <o(1),

concluding the proof. ]

7.4 Discussion

We have considered an asymptotic resource theory with states of tensor prod-
uct structure as the objects and allowed operations which are thermodynam-
ically meaningful, namely operations which preserve the entropy and and
charges of a system asymptotically. The allowed operations classify the ob-
jects into asymptotically equivalent objects that are interconvertible under
allowed operations. The basic result on which our theory is built is that the
objects are interconvertible via allowed operations if and only if they have
the same average entropy and average charge values in the asymptotic limit.

The existence of the allowed operations between the objects of the same
class is based on two pillars: First, for objects with the same average entropy
there are states with sublinear dimension which can be coupled to the objects
to make their spectrum asymptotically identical. Second, objects with the
same average charge values project onto a common subspace of the charges of
the system which has the property that any unitary acting on this subspace is
an almost-commuting unitary with the corresponding charges. Therefore, the
spectrum of the objects of the same class can be modified using small ancillary
systems and then they are interconvertible via unitaries that asymptotically
preserve the charges of the system. The notion of a common subspace for
different charges, which are Hermitian operators, is introduced in |100] as
approximate microcanonical (a.m.c.) subspace. In this chapter, for given
charges and parameters, we show the existence of an a.m.c. which is by
construction a permutation-symmetry subspace, which is not guaranteed by
the construction in |100].
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Chapter 8

Asymptotic thermodynamics of
multiple conserved quantities

As a thermodynamic theory, or even as a resource theory in general, transfor-
mations by almost-commuting unitaries, which we developed in the previous
chapter, do not appear to be the most fruitful: they are reversible and induce
an equivalence relation among the sequences of product states. In particu-

lar, every point (a, s) of the phase diagram 5(1) defines an equivalence class,
namely of all state sequences with charges and entropy converging to a and
s, respectively.

To make the theory more interesting, and more resembling of ordinary
thermodyanmics, including irreversibility as expressed in its first and second
laws, we now specialise to a setting considered in many previous papers in
the resource theory of thermodynamics, both with with single or multiple
conserved quantities. Specifically, we consider an asymptotic analogue of
the setting proposed in [105] concerning the interaction of thermal baths
with a quantum system and batteries, where it was shown that the second
law constrains the combination of extractable charge quantities. In [105],
explicit protocols for state transformations to saturate the second law are
presented, that store each of several commuting charges in its corresponding
battery. However, for the case of non-commuting charges, one battery, or a
so-called reference frame, stores all different types of charges [100,[106]. Only
recently it was shown that reference frames for non-commuting charges can be
constructed, at least under certain conditions, which store the different charge
types in physically separated subsystems [107]. Moreover, the size of the bath
required to perform the transformations is not addressed in these works, as
only the limit of asymptotically large bath was considered. We will address
these questions in a similar setting but in the asymptotic regime, where
Theorem provides the necessary and sufficient condition for physically
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possible state transformations. In this new setting, the asymptotic second
law constrains the combination of extractable charges; we provide explicit
protocols for realising transformations satisfying the second law, where each
battery can store its corresponding type of work in the general case of non-
commuting charges. Furthermore, we determine the minimum number of
thermal baths of a given type that is required to perform a transformation.

8.1 System model, batteries and the first law

We consider a system being in contact with a bath and suitable batteries,
with a total Hilbert space Q@ = S® B® W) ®---® W,, consisting of many non-
interacting subsystems; namely, the work system, the thermal bath and ¢
battery systems with Hilbert spaces S, B and W; for j =1, ..., ¢, respectively.
We call the j-th battery system the j-type battery as it is designed to absorb
J-type work. The work system and the thermal bath have respectively the
charges As, and Ap, for all j, but j-type battery has only one nontrivial
charge Ay, and all its other charges are zero because it is meant to store
only the j-th charge. The total charge is the sum of the charges of the sub-
systems A; = Ag,+Ap, +Aw, for all j. Furthermore, for a charge A, let ¥(A) =
Amax(A) = Amin (A) denote the spectral diameter, where Ajyax(A) and Apin(A)
are the largest and smallest eigenvalues of the charge A, respectively. We
assume that the total spectral diameter of the work system and the thermal
bath is bounded by the spectral diameter of the battery, that is ¥(Ag,) +
Y(Ag,) < X(Aw,) for all j; this assumption ensures that the batteries can
absorb or release charges for transformations.

As we discussed in the previous section, the generalized thermal state
7(a) is the state that maximizes the entropy subject to the constraint that
the charges A; have the values a;. This state is equal to %e_ Zi-1%i45 for real
numbers (3, called inverse temperatures and chemical potentials; each of them
is a smooth function of charge values ay, ..., a., and Z = Tre”Zi-1%4i ig the
generalized partition function. Therefore, the generalized thermal state can
be equivalently denoted 7(/3) as a function of the inverse temperatures, asso-
ciated uniquely with the charge values a. We assume that the thermal bath
is initially in a generalized thermal state 7,(3), for globally fixed 8. This is
because in |100] it was argued that these are precisely the completely passive
states, from which no energy can be extracted into a suitable battery stor-
ing energy but no other conserved quantity, by means of almost-commuting
unitaries, even when unlimited copies of the state are available. We assume
that the work system with state ps and the thermal bath are initially un-
correlated, and furthermore that the battery systems can acquire only pure
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states.
Therefore, the initial state of an individual global system () is assumed
to be of the following form,

psewy..w. = ps ® T(B) 5 ® [wi{wilw, ® - & [wefwe|w., (8.1)

and the final states we consider are of the form

Ospw,..w. = 0sB ® [wy \wilw, ® - ® [w,{w.|w,, (8.2)

where pg and ogp are states of the system and system-plus-bath, respectively,
and w; and wj label pure states of the j-type battery before and after the
transformation. The notation is meant to convey the expectation value of
the j-type work, i.e. w](') is a real number and Tr|wj(.') )(wj(')|AWj = w](').

The established resource theory of thermodynamics treats the batteries
and the bath as ‘enablers’ of transformations of the system S, and we will
show first and second laws that express the essential constraints that any
such transformation has to obey. We start with the batteries. With the
notations W = Wy...W,, |w) = |wy)-|w.), and |[w') = |w])--|w.), let us
look at a sequence p" = pgn = pg, ® -+ ® pg, of initial system states, and
a sequence [wlw|" = |w,  w,|w, ® - ® |w, Xw,|w, of initial battery states,
recalling that the baths are initially all in the same thermal state, 75» =
7(3)®"; furthermore a sequence of target states o™ = ognpn = 0g,5,®-®05, B,
of the system and bath, and a sequence |w’{w'|* = [w} Kw}|w, & &|w!, \w!|w
of target states of the batteries.

Definition 8.1. A sequence of states p™ on any system Q™ is called regular
if its charge and entropy rates converge, i.e. if

1
aj = lim —Trp”A§”), j=1,...,¢c, and

n—oo n

s = lim lS(p")

n—oo n

ezist. To indicate the dependence on the state sequence, we write a;({p"})

and s({p"}).

According to the AET and the other results of the previous section, every

point (a, s) in the phase diagram f(l) labels an equivalence class of regular
sequences of product states under transformations by almost-commuting uni-
taries.

In the rest of the chapter we will essentially focus on regular sequences,
so that we can simply identify them, up to asymptotic equivalence, with a
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point in the phase diagram. However, it should be noted that at the expense
of clumsier expressions, most of our expositions can be extended to arbitrary
sequences of product states or block-product states.

Now, for regular sequences pg» of initial states of the system and final
states of the system plus bath, ognpn, as well as regular sequences of ini-
tial and final battery states, |[w)w[" and |w'}w'|", respectively, define the
asymptotic rate of j-th charge change of the j-type battery as

AAw, = a;({[wjXwj["})-a; ({{w; Xw;["}) = lim %Tr (oo Xy = Yoo ) AR
(8.3)
Where there is no danger of confusion, we denote this number also as W;,
the j-type work extracted (if W; < 0, this means that the work —WV; is done
on system S and bath B).
Similarly, we define the asymptotic rate of j-th charge change of the work
system and the bath as

Ads, =a;({osn}) - a;({ps}) = lim %Tr (750 = ps) AYY,
AABj = (Ij({UB”}) - aj({T(é)Bn}) = 711_210 %Tr (UBn _ T(é)%n)Ag;),

Theorem 8.1 (First Law). Under the above notations, if the regular se-
quences psnpnwr = psn ® T(B)F" ® [wlw|* and ognpawn = Ognpn ® [w KW'
are equivalent under almost-commuting unitaries, then

s({osnpn}) = s({psn}) + S(7(B)) and
W;=-AAs, - AAp, forallj=1,... c

Conversely, given reqular sequences pgn and ggnpn of product states such
that

s({osnpn}) = s({psn}) + S(7(B)),
and assuming that the spectral radius of the battery observables Wa, is large
enough (see the discussion at the start of this section), then there exist reqular

sequences of product states of the j-type battery, |w;Xw;|* and [wiKw}|", for
all j=1,...,¢c, such that

psnpnwr = pse @ T(B)F" ® [w)w|" and (8.4)
Ognpnwn = Ognpn @ W' w'|"

can be transformed into each other by almost-commuting unitaries.
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Proof. The first part is by definition, since the almost-commuting unitaries
asymptotically preserve the entropy rate and the work rate of all charges.
In the other direction, all we have to do is find states [w; w;| and [w}Xwj]
of the j-type battery Wj, such that W; = AAy, = -AAg, - AAp,, for all
J =1,...,c. This is clearly possible if the spectral radius of Wy, is large
enough. With this, the states in Eqgs. and have the same asymp-
totic entropy and charge rates. Hence, the claim follows from the AET,

Theorem [7.11 n

Remark 8.1. The second part of Theorem says that for regular prod-
uct state sequences, as long as the initial and final states of the work system
and the thermal bath have asymptotically the same entropy, they can be trans-
formed one into the another because there are always batteries that can absorb
or release the necessary charge difference. Furthermore, we can even fix the
initial (or final) state of the batteries and design the matching final (initial)
battery state, assuming that the charge expectation value of the initial (final)
state is far enough from the edge of the spectrum of Aw,.

For any such states, we say that there is a work transformation taking one
to the other, denoted pgn ® T(5)%" = ognpn. This transformation is always
feasible, implicitly assuming the presence of suitable batteries for all j-type
works to balance to books.

Remark 8.2. As a consequence of the previous remark, we now change our
point of view what a transformation is. Of our complicated S-B-W com-
pound, we only focus on SB and its state, and treat the batteries as implicit.
Since we insist that batteries need to remain in a pure state, which thus fac-
tors off and does not contribute to the entropy, and due to the above first
law Theorem we can indeed understand everything that is going on by
looking at how pgnpn transforms into ognpn.

Note that in this context, it is in a certain sense enough that the initial
state pgn is a reqular sequence of product states and that the target states
ognpn are a reqular sequence. This is because the first part of the First Law
Theorem only requires reqularity, and since the target state defines a
unique point (a’,s") in the phase diagram, we can find a sequence of product
states Tgnpn in its equivalence class, and use the second part of Theorem[8.]]
to realise the work transformation psn ® T(B)5" = Gonpn.

8.2 The second law

If the first law in our framework arises from focusing on the system-plus-bath
compound SB, while making the batteries implicit, the second law comes
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about from trying to understand the action on the work system S alone.
Following [100,/105], the second law constrains the different combinations of
commuting conserved quantities that can be extracted from the work system.
We show here that in the asymptotic regime, the second law similarly bounds
the extractable work rate via the rate of free entropy of the system.

The free entropy for a system with state p, charges A; and inverse tem-
peratures (; is defined in [105] as

F(p) = 2; BiTr pA; = S(p). (8.6)
iz
It is shown in [105] that the generalized thermal state 7(3) is the state that
minimizes the free entropy for fixed ;. B
For any work transformation pgn ® 7(8)%" - ognpn between regular se-
quences of states, we define the asymptotic rate of free entropy change for
the work system and the thermal bath respectively as follows:

N =~
AFs:= lim = (F (o) = F(psn)).
B 711 ~ N (8.7)
AFy = 1im = (F(opn) -nF(rs)),
n—oo n

where the free entropy is with respect to the charges of the work system and
the thermal bath with fixed inverse temperatures ;.

Theorem 8.2 (Second Law). For any work transformation psn ® 7(8)%" -
osnpn between regqular sequences of states, the j-type works W; that are ex-
tracted (and they are necessarily W; = ~-AAg, — AAp, according to the first
law) are constrained by the rate of free entropy change of the system:

> B;W; < -AFs.
j=1

Conversely, for arbitrary reqular sequences of product states, psn and ogn,
and any real numbers W with ¥5_; B;W; < —Aﬁg, there exists a bath system
B and a regular sequence of product states ognpgn with Tr gnogngn = ogn, such
that there is a work transformation psn @ T(8)%" = ognpn with accompanying
extraction of j-type work at rate W;. B

Proof. We start with the first statement of the theorem. Consider the global
system transformation pgn ® 7(5)%" - ognpn by almost-commuting unitaries.
We use the definition of work and free entropy , as well as the first
law, Theorem [B.1], to get

2. BiWi == Bi(AAs; + AAp,))
J J

= —AFS—AFB—ASS—ASB.

(8.8)
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4 %o Bja; — s =F(r(8)p)

Figure 8.1: State change of the bath for a given work transformation under
works W, extracted, viewed in the phase diagram of the bath Ps. The blue
line represents the tangent hyper-plane at the corresponding point of the
generalized thermal state 7(5)p.

The second line is due to the definition in Eq. (8.7). Now observe that

Asg + Asp = 111_210 %(S(an) - S(/)Sn)) + %(S(UB") _nS(T(é)B))

> lim = (S(7s) - S(psn) - S(r(9)5)) =0, (8.9)
where the inequality is due to sub-additivity of von Neumann entropy, and
the final equation due to asymptotic entropy conservation. Further, the
generalized thermal state 7(f)p has the minimum free entropy [105], hence
AF B > 0.

For the second statement of the theorem, the achievability part of the sec-
ond law, we aim to show that there is a work transformation pgn ® 7(3)%" —
ogn ® Epn, with a suitable regular sequences of product states, and works
Wy, ..., W, are extracted. This will be guaranteed, by the first law, Theorem
B.1] and the AET, Theorem [7.1], if

s({&€pn}) = S(7(B)B) - Ass,

8.10
aj({&pn}) = Tr7(B)pAp, —AAs, -W; forall j=1,... ¢ (8.10)
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The left hand side here defines a point (a,s) in the charges-entropy space
of the bath, and our task is to show that it lies in the phase diagram, for
which purpose we have to define the bath characteristics suitably. On the
right hand side, (Tr 7(8)BAg,,- .., Tr1(B)sAB,, S(T(ﬂ)B)) is the point cor-
responding to the initial state of the bath, which due to its thermal nature is
situated on the upper boundary of the region. At that point, the region has
a unique tangent hyperplane, which has the equation }; 3;a;—s = F(T(E)B),

and the phase diagram is contained in the half space }; B;a; —s > F(T(E)B),
corresponding to the fact that their free entropy is larger than that of the
thermal state. In fact, due to the strict concavity of the entropy, and
hence of the upper boundary of the phase diagram, the phase diagram, with
the exception of the thermal point (Tr 7(8)BAs, S(T(B)B)) is contained in
> Bia; —s> F(T(ﬁ)B).

One of many ways to construct a suitable bath B is as many (R > 1)
non-interacting copies of a system b: B = b® and charges Ap; = Al()f), so that
the GGS of B is 7(8)5 = 7(8)". We claim that for large enough R, the left
hand side of Eq. defines a point in the phase diagram of B. Indeed, we
can express the conditions in terms of b, assuming that we aim for a regular
sequence of product states &nr:

(&) = S(r()) - FAss,

1
aj({&nr}) = Tr7(B)pAp, — =

For all sufficiently large R, these points (a, s) are arbitrarily close to where the
bath starts off, at (ag,ss) = (TYT(é)bAbl,...,TI'T(ﬁ)bAbC,S(T(é)b)), while

they always remains in the open half plane ¥; 3;a; — s > F (7(8)s)- Indeed,
they all lie on a straight line pointing from (ag, s3) into the interior of that

(8.11)
(AAgs, +W;) forall j=1,... c

half plane. Hence, for sufficiently large R, (a,s) € P, the phase diagram of b,
and by point 5 of Lemma there does indeed exist a regular sequence of
product states corresponding to it. [

8.3 Finiteness of the bath: tighter constraints
and negative entropy

In the previous two subsections we have elucidated the traditional statements
of the first and second law of thermodynamics, as emerging in our resource
theory. In particular, the second law is tight, if sufficiently large baths are
allowed to be used.
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Here, we specifically look at the the second statement (achievability) of
the second law in the presence of an explicitly given, finite bath B. It will
turn out that typically, equality in the second law cannot be attained, only
up to a certain loss that is due to the finiteness of the bath. We also discover
a purely quantum effect whereby the system and the bath remain entangled
after effecting a certain state transformation, allowing quantum engines to
perform tasks impossible classically (i.e. with separable correlations). The
question we want to address is the following refinement of the one answered
in the previous subsection:

Given regular sequences pg» and ogn of product states, and num-
bers W;, are there extensions ognpn of ogn forming a regular
sequence of product states, such that the work transformation
psn @ T(B)S - ognpn is feasible, with accompanying extraction
of j-type work at rate Ww;?

To answer it, we need the following extended phase diagram. For a give
state og of the system S, and a bath B, define the the following set:

P|§715) = {(TrfBAgB), . ,TI‘gBAgB), S(B|S)§) : gSB state with TngSB = 0'5} R

(8.12)
furthermore its n-copy version
PO - (8.13)
{(TranAan),. ) .,TranAan), S(B”|S”)§): Egnpn state with Tr gnégnpn = ag”}.
(8.14)
Finally, define the conditional entropy phase diagram as
ﬁ|$ = f‘(sl) = (815)
{(Q, s'):a; = TrfBAg.B), —min{s,S(7(a))} <s" < S(7(a)) for a state 53},
(8.16)

and likewise its n-copy version 73|(:2, for a number s (intended to be an
entropy or entropy rate). The relation between the sets, and the name of the
latter, are explained in the following lemma.

Lemma 8.1. With the previous notation, we have:

1. For all k, 73|f7k)k c fg()ask), and the latter is a closed convex set.
S
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Figure 8.2: Schematic of the extended phase diagram f|50. Depending on
the value of sy, the diagram may acquire either of the above shapes.

2. For all k, 73|(,i) = kfﬁ:).

3. For a reqular sequence {U_Sk} of product states with entropy rate s =
s({ogr}), every point in P is arbitrarily well approzimated by points

— 1
n %ﬂg?k for all sufficiently large k. Le., P|s = gl_)rilo Epg()gsk)'

Proof. 1. We only have to convince ourselves that for a state {gepr with
TI'BkgskBk = 0gk,

-min{S(ogr),kS(7(a))} < S(B*S*)e < kS(7(a)),

where a = (aq,...,a.) with a; = %TrﬁBkAgBk). The upper bound follows
from subadditivity, since S(B¥|S*)¢ < S(B*)¢ < kS(7(a)). The lower bound
consists of two inequalities: first, by purifying £ to a state |¢) € SFB*R
and strong subadditivity, S(B¥|S*)¢ > S(B*|S¥R), = -S(B*)e > -kS(7(a)).
Secondly, S(B¥|S¥)¢ > -S(S*)e = -S(ogr).

2. Follows easily from the definition.

3. It is enough to show that the points of the minimum entropy diagram

Prninls = {(g, ~min{s, S((a))}): TrfBAﬁ.B) = a; for a state {B}
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can be approximated as claimed by an admissible k-copy state {gxpgr. This
(k)

is because the maximum entropy diagram P, . _is realized by states ¥gigr :=
ogt ® 7(a)¥", and by interpolating the states, i.e. Al +(1-A)J for 0< A <1,
we can realize the same charge values a with entropies in the whole interval
[S(BHSM)e: kS(r(a))].

The approximation of Py, (s can be proved invoking results from quantum
Shannon theory. For this, consider a purification |¥) € S¥BXRF of the state
ogt ® T(a)¥", which can be chosen in such a way as to be a product state
itself: |W) = |W1)g 5 r ® ®|Vk)g g - Now let D be an integer with
logD > ‘S(Usk) - ]CS(T(Q))‘ + €k, for any small € > 0, and consider a Haar
random projector P on RF of rank D. Then, for sufficiently large k, with
high probability the state

E(P)grpr =

tr W pn P Ur i |‘I]><\Ij|(1sk3k ® PRk)

satisfies
1
B 1E(P)gr —osr |y <,

% Hg(P)Bk - T(g)%kHl <e.

This follows from the general one-shot decoupling theorem [108, Thm. 3.1],
applied simultaneously to Wgrpe and Wk pe, in conjunction with the asymp-
totic equipartition property of the conditional min-entropy [109].

Fix using Uhlmann’s theorem (on a purification of ogx and a purification
of £(P)grpr) and the well-known relations between fidelity and trace norm,
we can find Egi pr with {gr = ogr and § [E(P)gepr — Egrpr |, < \/€(2 - €), thus

%HgBk —T(Q)%kHl <e+re(2-¢).

From the latter bound it follows that %tr & BkA;-Bk) ~ a;. It remains to bound
the conditional entropy S(BF|S*),:

LS(BHSY) = 7 8(6svr) - 15(Est)
~ %S(f(P)SkBk) - %S(Usk)
< %logD - %S(Usk)
< % ‘S(Usk) - kS(T(g))‘ - %S(Usk) +e

- _% min {S(og), kS(7(a))} +e,
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where in the second line we have used the Fannes inequality on the continuity
of the entropy, in the third line that £(P)grpr has rank at most D, and in
the fourth line the upper bound on D by construction. This concludes the
proof. ]

Coming back to our question, if a work transformation ps» ® 7(8)%" -
ognpn is feasible for regular sequences on the left hand side, by the first law
this implies that

s({osim}) = s({psn}) + S(r(B)) and
W;=-AAs, - AAp,
=a;({ps:}) —a;({os}) + a;({7(B)Bn}) — a;({oBn}).

When og» and the W; are given, this constrains the possible states ognpn as
follows: for each n,

%S(B"|S”)a ~ S(7(8)) - Ass,

1
—TrUBnAg) ~Trr(8)pAp, — AAs, -W;, forallj=1,... c
n J =

Since by Lemma [8.1] the left hand sides converge to the components of a
point in Py{s4n}), meaning that a necessary condition for the feasibility of
the work transformation in question is that

(a,t) € 7_3|5({gsn}), with a; := TrT(é)BABj - AASJ. - Wi,
t=95(7(B)) - Ass.

Again by Lemma [8.1], this is equivalent to all a; to be contained in the set of
joint quantum expectations of the observables Ap., and

~min {s({os:}),S(7(a))} <t < S(r(a)).

The following theorem shows that this is also sufficient, when we allow block-
ings of the asymptotically many systems.

(8.17)

Theorem 8.3 (Second Law with fixed bath). For arbitrary reqular sequences
psn and ogn of product states, a given bath B, and any real numbers W, if
there exists a reqular sequence of block product states ogngn with Tr gnognpgn =
ogn, such that there is a work transformation pgn ® T(5)%" = ognpn with
accompanying extraction of j-type work at rate W;, then Eg. defines
a point (a,t) € ﬁs({asn}).
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4 Z;:O Bja; —s = 1?'(7'(5)3)

aj

—min{sg, S(T(@))} teeeeereeeeriienennan

Figure 8.3: State change of the bath for a given work transformation under
works W; extracted, viewed in the extended phase diagram of the bath. The
blue line represents the tangent hyper-plane at the corresponding point of
the generalized thermal state 7(5)p.

n

Conversely, assuming additionally that og» = 0&" is an i.i.d. state, if Eq.

8.17) defines a point (a,t) € 7_7‘%(03) in the interior of the extended phase
diagram, then for every € >0 there is a work transformation pgn ® T(5)%" -
ognpgn with block product states ognpgn such that Tr gnogngn = ogn, and with
accompanying extraction of j-type work at rate W; +e.

Proof. We have already argued the necessity of the condition. It remains

to show its sufficiency. Using Lemma [8.1} this is not hard: Namely, by

its point 3, for sufficiently large k, (a,t) € Ps is e-approximated by %PFQ,C,
s

i.e. there exists a ogrpe with trpe ogipr = 08" with £S(B¥S*), <t - € and
%tr O'BkA§~Bk) ~a; for all 7 =1,...,c. By mixing ¢ with a small fraction of
(r(a)p® O'S)®k, we can in fact assume that ;S(B*|S*), =t while preserving
%trO'BkA§Bk) ~ a;. Now our target block product states will be ognpn =

(O'S'k Bk )®E for n a multiple of k. By construction, this sequence has the same
entropy rate as the initial regular sequence of product states ps» ® 7(8)%",
so by the first law, Theorem [8.1], and the AET, Theorem [7.1] there is indeed
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a corresponding work transformation with j-type work extracted equal to
W;+e. [

Remark 8.3. One might object that tensor power target states are not gen-
eral enough in Theorem as we had observed in Section that such
states do not generate the full phase diagram P of the system S. However,
by considering blocks of £ systems S*, we can gpply the theorem to block ten-
sor power target states ogn = (01 Q- ® Jg)®7, and these latter are in fact
a rich enough class to ezhaust the entire phase diagram P, when ¢ > dimS

(point 5 of Lemma[7.1)).

More generally, we can allow as target uniformly regular sequences of
product states ogn, by which we mean the following strengthening of the con-
dition in Definition . Denoting B]]\\[fjf? = Bny1... Byn, we require that for
all € >0 and all sufficiently large n,

1

a; — ETIO’B%HAEM <€, j=1,...,¢, and
n N+1 !

uniformly in N.

8.4 Tradeoff between thermal bath rate and
work extraction

Here we consider a different take on the question of the work deficit due
to finiteness of the bath. Namely, we still consider a given fixed finite bath
system B, but now as which state transformations and associated generalized
works are possible when for each copy of the subsystem S, R > 0 copies of B
are present. It is clear what that means when R is an integer, but below we
shall give a meaning to this rate as a real number. Our first result is that
“large enough bath” in Theorem can be taken to mean BE for the given
bath B and sufficiently large rate R.

To give meaning to a rational rate R = %, group the systems of S™, n = vk,

into blocks of &, which we denote S = S*, and consider pgn = pg, as a v-party

state, and likewise ogn = 0g,. For each S = Sk we assume ¢ copies of the
thermal bath, 7(8)% = 7(8)5, with B = B’. If {pg»} and {og»} are regular
sequences of product states, then evidently so are {pg } and {og. }.
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Now, for the given sequences {pg=} and {ogn} of initial and final states,
respectively, as well as works Wi, ..., W, satisfying 3, 3;W; = ~AFs-6,6>0,
we can ask what is the infimum over all rates R = % such that there is a work
transformation

psn ® T(E)B"R =P ® T(é)%yz —> OGvgve = OgnpnR,

where as before the final state is intended to satisty Tr z..og 50 = 05

We observe that if S(pgn) = S(0osn) and ¥; ;W = ~-AFyg, then the work
transformation is possible without using any thermal bath, which follows
from Eq. . That is, the thermal bath is not necessary for extracting
work if the entropy of the work system does not change. Conversely, the role
of the thermal bath is precisely to facilitate changes of entropy in the work
system.

To answer the above question after the minimum bath rate R*, we first
show the following lemma.

Lemma 8.2. Consider reqular sequences of product states, psn and ogn, and
real numbers W, and assume that for large enough rate R there is a work
transformation pgn ®T(B)%"™ = Ognpnr, with osn as the reduced final state on
the work system, and works W1, ..., W, are extracted. Then there is another
work transformation psn ® T(B)§ = ogn ® Egnr, in which the final state
of the work system and the thermal bath are uncorrelated, Egnr is a reqular

sequence of product states, and the same works W1,..., W, are extracted.

Proof. Assuming that pgn ® 7(8)§" — 0gnpar is a work transformation, the
second law implies that ¥, 3;W; = ~AF, - § for some § > 0, and we obtain
1 5
s({opar}) = S(7(8)B) - 5Ass + 7,
R R (8.18)
1 .
aj({opnr}) =Tr7(8)pAp, - E(AASj +W;) forallj=1,...,c

for 0 < ¢’ < & where the first equality is due to the fact that AFg + Asg +
Asp =0 as seen in Eq. and positivity of the entropy rate change from
Eq. . The second equality follows from the first law, Theorem , and
the AET, Theorem [7.1} If R is large enough, due to the convexity of the

phase diagram of the thermal bath ﬁ;), the following coordinates belong to
the phase diagram as well

(€5 }) = S((D)n) - s,

1 (8.19)
a;j({&pnr}) = Tr7(B)pAs; - E(AASj +W;) forallj=1,...,c
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Therefore, due to point 3 and 5 of Lemma[7.1] there is a state tensor product

—(1
state gnr with coordinate of Eq. (8.19)) on 7359), so the first law, Theorem
implies that the desired transformation exists, and works Wh,..., W, are
extracted. ]

Theorem 8.4. For regular sequences of product states, psn and ogn, and
real numbers W; satisfying 3; B;W; = ~-AF, -4, let R* be the infimum of
rates such that there is a work transformation pgn ® 7'(6)®"R - 0gn ® Epnr
under which works Wy,... W, are extracted, and Egnr is a regular sequence
of product states.

Then, this minimum R* is achieved for a state {gnr on the boundary of
the phase diagram Pg of the thermal bath.

For 6 «< 1, the minimum rate is

05,
25 = Oa;

(~AAg, - W) (-AAg, - W), (8.20)

where AAg, = a({osn}) —a({psn}).

Proof. The final state of the thermal bath {znr is a tensor product state, so
the first law, Theorem [B.1], and the AET, Theorem [7.1] imply that

S({€ma) = 5(r(0)s) - s 821

1
a;({€pnr}) = Tr7(B)AB, - E(AASJ' +W;) forall j=1,...,c,

where Asg = s({ogn}) — s({psn}). Due to point 3 of Lemma [7.1] the above
coordinates belong to 5}(91). For R = Ry assume that the above coordinates

belong to the point (a,,s0) on the boundary of the phase diagram 7_3531).
Then, for R > Ry the point of Eq. is the convex combination of the
points (a,, so) and the corresponding point of the state 7(3)p, so it belongs
to the phase diagram due to its convexity. Therefore, all points with R > Ry
are inside the diagram.

To approximate the minimum R, define the function S(a) := S(7(a)5))
for a = (ay,...,a.). Consider the Taylor approximation of this function at
the corresponding point of the thermal state S (T(@) B) of the bath:

Sa)  Sa0) + £ A0 ) + 5 5200, - 0001 a0),

)

144



where we use the well-know relatlon = f3;. From Eq. 1 , we obtain

ASS
R )
aj - aj(] = E(—AASj - Wj),

S(a) - 5(ay) =

and by substituting these values in the Taylor approximation, the theorem
follows. [ ]

Remark 8.4. For a single charge, ¢ = 1, which we traditionally interpret as
the internal energy E of a system, Eq. takes on the very simple form

1 85
R~ AE +W)?
25 OF 95 )"
and where we can use the usual thermodynamic definitions to rewrite g—g =
1
g—fj = —%%, with the heat capacity C = an all taken at the corresponding

Gibbs equilibrium states. This gives a clear operational interpretation of the
heat capacity in terms of the rate of the bath to approach the second law
tightly.
For larger numbers of charges, the matrix [aﬁj] = [88259 ] s actually
a. a; 0a; 1]

the Hessian of the entropy S(7(a)) with respect to the charges, and the r.h.s.
side of Fq. is 25 times the corresponding quadratic form evaluated on
the vector (~-AAg, — Wh,...,-AAg, —W.). In the same vein as the single-
parameter discussion before, the Hessian matrixz can be read as being com-
posed of generalized heat capacities, which likewise receive their operational
interpretation in terms of the required rate of the bath.

8.5 Discussion

The traditional framework of thermodynamics assumes a system containing
an asymptotically large number of particles interacts with an even larger
bath. So that all the thermodynamic quantities of interest, e.g., energy, en-
tropy, etc., can be expressed in terms of average or mean values. Also, the
notion of temperature there remains meaningful as any exchange of energy
hardly drives the bath away from equilibrium as it is considerably large. The
quantum thermodynamics attempts to go beyond this assumption. For in-
stance, the system that interacts with a large bath may have a fewer number
of quantum particles. In this case, the average quantities are not sufficient
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to characterize the system as there may be large quantum fluctuations that
cannot be ignored. To address this issue, the resource theory of quantum
thermodynamics is developed and it shows that the classical laws are not
sufficient to characterize the thermodynamic transformations. One rather
needs many second laws associated with many one-shot free energies (based
on Renyi a-relative entropies) [110,/111]. However, this formalism is still not
enough to study the situation where a quantum system interacts with a bath
and they are of comparable size. Clearly, the very notion of temperature is
questionable as the bath may get driven out of equilibrium after an interac-
tion with the system. To address this, a resource theory is developed based
on information conservation [54,/98] and it is only applicable to the regime
where asymptotically large number system-bath composites are considered.
This in turn also allows one to consider the system and bath on the same
footing.

Here we have developed a resource theoretic formalism applicable to a
more general scenario where a system with multiple conserved quantities
(i.e., charges) interacts with a bath, and the system and bath may be of
comparable size. These charges may not commute with each other, as al-
lowed by quantum mechanics. The non-commutative nature implies that
any (unitary) evolution cannot strictly conserve all these changes simultane-
ously. We overcome this problem by considering the notion of approximate
micro-canonical ensembles, initially developed in |100]. This is an essential
requirement and forms the basis of the (approximate) first law for thermo-
dynamics with non-commuting charges. With this, we have developed a
resource theory for work and heat for thermodynamics with non-commuting
charges. We introduce the charge-entropy diagram that conceptually cap-
tures all the essential aspects of thermodynamics and an equivalence theorem
to show the thermodynamic equivalence between quantum states sharing the
same point on the charge-entropy diagram. Then we have derived the second
law with the help of the diagram to characterize the state transformations
and to quantify the thermodynamics resources such as works corresponding
to different charges. We have also considered the situation where the bath is
finite and quantified the rate of state transformations. Interestingly the rate
of transformation has been shown to have a direct link with the generalized
heat-capacity of the bath. All these then extended to the cases where the
systems have (quantum) correlation with the bath. There the charge-entropy
diagram has been expressed in terms of conditional-entropy of the bath which
may get negative in presence of entanglement and, using that, the second law
has been derived.
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Appendix A

Miscellaneous definitions and
facts

In this Appendix, we list a number of useful definitions and facts that we
often refer to in various chapters.

For an operator X, the trace norm, the Hilbert-Schmidt norm and the
operator norm are defined respectively in terms of | X|= v XTX:

[ Xy = Tr|X],

[ X2 = v/ Tr[X]?,

[ X oo = Amasc (| XT),
where Apax(X) is the largest eigenvalue of X.
Lemma A.1 (Cf. [112]). For any operator X,

[ X1 < V| X2 < d] X o, (A.1)
where d equals the rank of X . [ |
Lemma A.2 (Cf. [112]). For any self-adjoint operator X,

| X1, = max Tr(QX). u
Lemma A.3 (Cf. [112]). For any self-adjoint operator X and any operator
T,

2
| X7, < IT1L1X],- m

Lemma A.4 (Cf. Bhatia [112]). For operators A, B and C and for any
norm p € [1,00] the following holds

[ABC], < [Al [ B,1C] -

o0 ’
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Lemma A.5 (Hoeffding’s inequality, Cf. [103]). Let X, X, ..., X, be inde-
pendent random wvariables with a; < X; < b;. Define the empirical mean of

these variables as X = %

, then for any t >0

B o 2n2t?
Pr{X - E(X) 2 th s (- gy o)

Pr{X -E(X) < -t} <exp (—%) :
i=1\0i = a;

The fidelity of two states is defined as

D=

F(p,0)=Tr\/o2poz.
When one of the arguments is pure, then

F(p, [0X0]) = VTr (p[eXe]) = V(] p ).
Lemma A.6. The fidelity is related to the trace norm as follows [57]:

1 VY
1—F(p,0) S§||p_0—”1 < 1—F(p,0)2 = P(p,0)7

where P(p,0) is the so-called purified distance, or Bhattacharya distance,
between quantum states. [ |

Lemma A.7 (Pinsker’s inequality, cf. [19]). The trace norm and relative
entropy are related by

lp=cli<v/2In2S(p|o).

Lemma A.8 (Uhlmann [83]). Let pA and o4 be two quantum states with
fidelity F(pA,04). Let pAB and 04€ be purifications of these two states, then
there exists an isometry V : B - C such that

F((1A®VB%C)pAB(1A®VB%C)7L7 UAC) = F(pAvaA)' u
A consequence of this, due to [97, Lemma 2.2|, is as follows.

Lemma A.9. Let p* and o4 be two quantum states with trace distance
slp? —otl1 <€, and let pAB and o4C be purifications of these two states.
Then there exists an isometry V : B - C such that

(14 @ VE )P (140 VEZC)-02C| <\/e(2-¢). n
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Lemma A.10 (Fannes [72]; Audenaert |73]). Let p and o be two states on
Hilbert space A with trace distance L|p—- ol <€, then

15(p) = 5(a)| < elog|A[ + h(e),
where h(e) = —eloge — (1 -€)log(1—¢€) is the binary entropy.

There is also an extension of the Fannes inequality for the conditional en-
tropy; this lemma is very useful especially when the dimension of the system
conditioned on is unbounded.

Lemma A.11 (Alicki-Fannes [76]; Winter [77]). Let p and o be two states
on a bipartite Hilbert space A® B with trace distance ||p- ol <€, then

|IS(A|B),—-S(A|B),| < 2elog|A|+(1+¢€)h (1%)
€
|

Lemma A.12. Let p be a state with full support on the Hilbert space A,
i.e. it has positive minimum eigenvalue Ay, and let |@Z))AR be a purification
of p on the Hilbert space A® R. Then any purification of another state o on
A is of the form

(La@T) )",

where T' is an operator acting on system R with |T e < ﬁ

Proof. Let p = ¥; Aile;Xei| and o = X, ;| f;X f;| be spectral decompositions
of the states. The purification of p is [1))*" = ¥, /A |e;) |i). Define |¢)*" =
> \/H51fi) 7). Any purification of the state o is of the form (1, ® V) o)
where V' is an isometry acting on system R. Write the eigenbasis {|f;) } as
linear combination of eigenbasis {|e;) }, that is, |f;) = ¥; a;jle;). Then, we
have |¢)*" = Yij\/Ijaijlei)|7). Define the operator P = 3 pjr |j k| where

Pik = Qgj f—; It is immediate to see that

6)* = (1o P) [0)*".
Thus, we have (1, ® V) [¢)*" = (14 ® VP) [)**. Defining T = V P, we then
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Amax(TTT) = Aax (PTP)
<Tr (PTP)
=D il
i,k

_ Z \OéijMj
3k Ak

1

< ;
>\min

where the last inequality follows from the orthonormality of the basis { |f;) }.
u

Lemma A.13 (Gentle Operator Lemma [113-115]). If a quantum state p
with diagonalization p = 3 ; p;m; projects onto operator A with probability 1-e,
which is bounded as 0 < A<, i.e. Tr(pA)>1—-e€ then

ij”ﬂ'j - \/K@\/KHI < 2\/e.
j

Definition A.1. Let py,..., p, be quantum states on a d-dimensional Hilbert
space H with diagonalizations p; = ¥; piymij and one-dimensional projectors
mij. For a>0 and p" = p1 ®---® p,, define the set of entropy typical sequences
as

7'02‘;)71 - {]n:jleJn

Z - logpiji - S(ﬂi)
i=1

< a\/ﬁ} .
Define the entropy typical projector of p™ with constant o as

n —
Ha,p” = E 141 ®"‘®7Tnjn.
jneTn

a,p™

Lemma A.14. (Cf. [79]) There is a constant 0 < § < max { (log 3)?, (logd)? }
such that the entropy typical projector has the following properties for any
a>0, n>0 and arbitrary state p" =p1 ® - @ py:

7 n /8
Tr (p"TlG pn) 2 1= =,
2% S(pi)‘“ﬁﬂgwn < ngnpnﬂgpn <92 Xt S(Pi)+a¢ﬁﬂg’pn7 and
(1 — g )22?_1 S(pi)-av/n < Ty (Hg pn) < 9%y S(pi)+a/n

a2
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