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Abstract

The formulation of quantum physics stands among the most revolutionary the-
ories of the twentieth century. During the first decades of this century, many
phenomena concerning the microscopic world were unexplained or had ad-hoc
descriptions. The theory of quantum physics introduced a framework that al-
lowed predicting these phenomena with unprecedented precision. While quan-
tum mechanics offered counter-intuitive explanations for these experimental
results, it predicted unexpected quantum phenomena which were considered
symptoms of an ill-defined theory.

Decades passed and more and more empirical evidences sustained the exis-
tence of purely quantum effects and therefore the validity of this theory. Hence,
it became a solid branch of science and physicists started to engineer scenarios
where quantum effects could provide improvements if compared with classi-
cal scenarios. This approach gave birth to quantum information science, where
quantum particles are manipulated to perform information tasks. Several inno-
vative protocols, e.g. concerning state teleportation, dense coding, cryptogra-
phy and integer factorization algorithms, proved that quantum physics allowed
performances unattainable in classical settings.

The formulation of quantum protocols able to provide substantial speed-ups
raised wide interest of the academic world and private companies. Nonetheless,
the implementation of more and more complex quantum protocols became an
increasingly harder task. Indeed, manipulating a large number of quantum par-
ticles with a level of noise that is small enough to obtain quantum advantages
is, even nowadays, a demanding goal. The purely-quantum features essential
for these speed-ups are fragile when noise influences experimental apparatus.
Hence, in order to access the full potential of quantum theory, the ability to
handle noisy environments is a fundamental goal.

This thesis is devoted to the study of open quantum systems (OQS), namely
those where the interaction between the target quantum system and its sur-
rounding environment is taken under consideration during the evolution. In-
deed, isolated systems cannot provide realistic descriptions of dynamics. Un-



derstanding how to exploit and manipulate environments in order to obtain dy-
namics that are less aggressive with the information stored in our OQS is there-
fore an essential goal to achieve quantum advantages. There are two possible
dynamical regimes for the information encoded in an OQS. We call an evolu-
tion Markovian when there is a one-way flow of information from the OQS to
the environment. Instead, the non-Markovian regime is distinguished by one
or more time intervals when this flow is reversed. In this case, we say that we
witness information backflows. A characterization based on the different types
of information quantifiers that can be considered in this context is fundamental
to exploit these phenomena in information processing scenarios.

The main goal of this thesis is to examine the potential of correlation mea-
sures to show backflows when the OQS dynamics is non-Markovian. The first
three works that we expose are devoted to this topic. First, we study how entan-
glement and quantum mutual information behave under non-Markovian evolu-
tions. We follow with the formulation of a correlation measure that is able to
witness almost-all non-Markovian evolutions. The last work along this topic
provides the first one-to-one relation between correlation backflows and non-
Markovian evolutions.

The last work in this thesis adopts a different point of view under which we
can characterize OQS evolutions. We quantify non-Markovianity through the
minimal amount of Markovian noise that has to be added in order to make an
evolution Markovian.



Resumen

La formulacién de la fisica cudntica se encuentra entre las teorias mds rev-
olucionadoras del siglo XX. Durante las primeras décadas de siglo, muchos
fenémenos asociados al mundo microscépico yacian sin una descripcion clara,
o bien ésta era ad-hoc. La fisica cudntica introdujo un marco que permitié ex-
plicar estos fendmenos con una precision sin precedentes. Si bien sus explica-
ciones eran contraintuitivas, los inesperados fenémenos cudnticos que predijo
se consideraron sintomas de una teoria mal definida.

Pasaron los afios y cada vez més evidencias empiricas sostuvieron la exis-
tencia de efectos puramente cudnticos, validando esta teoria. La fisica cudn-
tica se convirtié en una sélida rama de la ciencia, y los fisicos comenzaron
a disefiar escenarios en los que sus efectos pudieran proporcionar mejoras en
comparacion con sus alternativas cldsicas. Este enfoque dio origen al campo
de la informacién cudntica, donde las particulas cudnticas se manipulan para
realizar tareas de informacién. Varios innovadores protocolos, como la tele-
transportacién de estados cudnticos, la “codificacién densa”, la criptografia y
los algoritmos de factorizacidn de enteros, demostraron el potencial de la fisica
cudntica frente a estrategias clésicas.

La formulacién de protocolos cudnticos capaces de proporcionar consider-
ables mejoras desperté un gran interés en el mundo académico y en las empre-
sas privadas. No obstante, la implementacién de protocolos cudnticos cada vez
mads complejos se convirtid en una tarea sustancialmente mads dificil. De hecho,
manipular una gran cantidad de particulas cudnticas con un nivel de ruido lo
suficientemente pequefio como para obtener ventajas cudnticas es, incluso a dia
de hoy, un objetivo exigente. Las caracteristicas puramente cudnticas vitales
para obtener estas mejoras son frigiles al ruido que afecta los instrumentos ex-
perimentales. Por lo tanto, para acceder a todo el potencial subyacente a la
teoria cudntica, la capacidad de manejar ambientes ruidosos resulta un objetivo
fundamental.

Esta tesis estd dedicada al estudio de los sistemas cudnticos abiertos (SCA),
es decir, aquellos en los que se tiene en cuenta la interaccién entre el sis-



tema cudntico objeto y su ambiente circundante durante la evolucién. De he-
cho, los sistemas aislados no pueden proporcionar descripciones realistas de
la dindmica. Entender cémo explotar estos ambientes para obtener dindmicas
menos agresivas con la informacién almacenada en nuestro SCA, es un obje-
tivo primordial para conseguir ventajas cudnticas. Hay dos posibles regimenes
dindmicos para la informacién codificada en un SCA. Decimos que una evolu-
cién es Markoviana cuando hay un flujo de informacién unidireccional desde
el SCA al medio ambiente. Por contra, en el régimen no Markoviano se dis-
tinguen unos intervalos temporales en los que este flujo se invierte. En este
caso, decimos que somos testigos de reflujos de informacion. Una caracter-
izacion basada en los diferentes tipos de cuantificadores de informacién que
pueden considerarse en este contexto es fundamental para explotar estos fené-
menos en escenarios de procesamiento de informacion.

El objetivo principal de esta tesis es examinar el potencial de las medi-
das de correlacion para mostrar reflujos cuando la dindmica es no Markoviana.
Los tres primeros trabajos que exponemos estdn dedicados a este tema. En
primer lugar, estudiamos los potenciales del entanglement entrelazamiento y la
informacién mutua cudntica. Seguidamente presentamos la formulacion de una
medida de correlacién capaz de presenciar casi todas las evoluciones no Marko-
vianas. Por tdltimo, proponemos la primera relacion de equivalencia entre los
reflujos de correlacion y la no Markovianidad.

Concluimos proponiendo un punto de vista diferente bajo el cual pode-
mos caracterizar las evoluciones de SCA. Cuantificamos la no Markovianidad
a través de la minima cantidad de ruido Markoviano que debe agregarse para
tornar una evolucién en Markoviana.
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Chapter 1

Introduction

We start by introducing the basic topics that are used in this thesis, namely
quantum information theory and open quantum system dynamics. We conclude
the chapter with the motivations and our main results.

1.1 Quantum information theory

Quantum physics acquired more and more importance during the twentieth cen-
tury and nowadays it constitutes a fundamental building block of our scientific
knowledge. This theory allowed predicting outcomes and describe phenom-
ena of the atomic-sized world that until that time were described by different
inconsistent theories. The accuracy and the generality allowed by this new
framework were so unparalleled that it influenced several branches of science
at that time. Immediately after the first seminal works, several new phenomena
were predicted and perfectly described.

Two main properties of quantum particles had a deep impact that allowed
making this theory so successful. First, superposition of quantum states in-
troduced a new paradigm under which systems could be studied. Quantum
particles can be prepared in a superposition of different states that cannot be re-
produced by mere statistical mixing. Secondly, the concept of non-local corre-
lations were introduced. Rightly, entanglement is the most popular feature that
people inside and outside the scientific world associate with quantum physics.
This particular type of correlation between quantum particles allows experi-
menters to influence correlated systems even at macroscopic distances without
violating the no-signaling principle.

The interplay between these features made possible to engineer quantum
protocols where quantum particles were considered as carriers of information
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and the quantum bits, namely the qubits, replaced ordinary bits of information.
Quantum information theory studied how to wisely apply quantum transforma-
tions, or quantum gates, on qubits. The main difference between a classical
and a quantum bit is that, while the former assumes either the value O or 1, the
latter can be considered in a coherent superposition of the two logical states.
These concepts paved the way to quantum computation, where protocols were
designed in a revolutionary fashion. This new framework allowed speed-ups in
many computational tasks, if compared with their classical counterparts. The
derivation of quantum protocols that provided improvements or even scenar-
ios where only quantum computing could lead to a result in a feasible time
(quantum advantage) became a central research topic.

The potential of quantum information theory was enriched by other phe-
nomena with no classical analogue. Quantum teleportation and super-dense
coding are two fundamental examples to show how the quantum realm pro-
vides many counter-intuitive and unexpected tools. Quantum cryptography is
another field of quantum information theory that generated wide interest. In-
deed, the whole new toolbox of techniques provided by quantum physics al-
lowed theoretically-secure secret key distribution and communication among
users that share entangled particles at large distances.

During the last decades quantum systems have been exploited more and
more to fulfill information processing tasks. Research groups from the aca-
demic world and worldwide known companies such as Google, Amazon and
IBM opened quantum branches in order to implement quantum technologies
that aim to exploit the quantum potential in the near future. Nowadays, quan-
tum devices that operates with larger numbers of qubits are being realized and
the quantum advantage starts to be considered a reachable goal.

1.2 Open quantum systems dynamics

The easiest way to store and process quantum information starts with encoding
information in qubits or higher-dimensional systems, namely qudits. Several
quantum systems degrees of freedom can be exploited for this task, e.g. by con-
sidering photon polarization, particle spins or electron configurations of excited
ions. In terms of quantum information processing tasks, the ideal framework
would be given by quantum units that, once initialized, interact among them-
selves while being isolated from the environment. This scenario would lead to
a unitary evolution of the whole system where the total information is constant
in time. Unfortunately, quantum systems cannot be considered completely iso-
lated from the surrounding environment and therefore they have to be treated
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Figure 1.1: In the Markovian regime (left) the information encoded in the OQS
S is lost in the environment E and never recovered during the dynamics. In this
case we have a one-way flow of information from S to E. In the non-Markovian
regime (right) there are one or more time intervals when this information flux
is reversed from E to S. These phenomena characterize non-Markovian evolu-
tions and are called information backflows.

as open quantum systems (OQS). The characterizing feature of these systems is
that their evolution is not only described by their own Hamiltonian, but also by
the interaction with the environment. In general this interaction leads to non-
unitary transformations that make the information contained in our OQS not
constant in time. As a consequence, we often obtain a very strict limiting fac-
tor in terms of coherence time, namely the time-scale that has to be considered
before the quantum information becomes too poor to be processed faithfully.
Therefore, an important objective is to understand how to choose and manipu-
late the environment that surrounds our OQS in order to make the information
processing task under consideration feasible.

We can distinguish two different phenomenological regimes for the infor-
mation encoded in our evolving OQS (see Fig. [I.1)). In the Markovian regime,
the interaction between the system and the environment establishes a one-way
flow between the two parts: the information is monotonically lost in the envi-
ronment and never recovered later in time. In these cases the environment is
called memoryless. Indeed, no sign of the information lost by the OQS is shown
by the environment during the evolution. On the contrary, we call an evolution
non-Markovian when the information lost by the system is partially or com-
pletely recovered in one or more time intervals during the evolution, namely
when a quantifier of the encoded information is non-monotonic in time. We
say that a non-Markovian evolution shows a backflow of information when-
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ever a temporary increase of the OQS information occurs. While these are
the phenomenological differences between the Markovian and non-Markovian
regimes, the mathematical framework used to make this distinction is based
on a divisibility property of the maps describing OQS evolutions. According
to this structure, an evolution is considered Markovian when this divisibility
property is satisfied and non-Markovian when violated. The connection be-
tween the phenomenology and the mathematical description of Markovian and
non-Markovian evolutions is a central topic in the study of OQS dynamics. As
a general rule, we simply say “non-Markovian evolution” when the dynam-
ics is non-Markovian according to our mathematical description, while we talk
about “information backflows” when we want to emphasize the expected phe-
nomenology.

1.3 Motivation and main contribution

The study of OQS dynamics offers several challenges. First, a complete char-
acterization of this type of evolutions is still missing. Secondly, given a non-
Markovian evolution and an initial state for the system, it is not well-understood
which forms of information quantities provide backflows. Moreover, many ef-
forts are devoted to design protocols where the exploitation of non-Markovian
dynamics is crucial to obtain specific advantages that would not be possible in
the Markovian regime.

The realization of quantum circuits where the corresponding environments
either are as less destructive as possible or can provide backflows with useful
timings is of fundamental importance for complex computations. Indeed, the
study of Markovian and non-Markovian dynamics plays a central role to ob-
tain sufficiently long coherence times needed to realize quantum protocols that
include many qubits and gates.

The main target of this thesis is to study different quantifiers of informa-
tion that can show backflows when finite-dimensional OQS evolve under non-
Markovian evolutions. We explore the possibility to consider different initial
states and ancillary systems in order to obtain the maximum non-Markovian
witnessing potential of the information quantifier. To be more specific, we say
that an information quantifier and an evolving OQS witness a non-Markovian
dynamics when we obtain an information backflow that only non-Markovian
evolutions can produce. Moreover, we characterize this regime of evolution in
fundamentally different manners by introducing functionals, namely measures
of non-Markovianity, that estimate the non-Markovian degree of evolutions.
Point-by-point, we describe our main contributions.
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1.3.1 Quantum correlations as non-Markovianity witnesses

Quantum correlations are provably one of the most important resources needed
to accomplish many quantum protocols, where often highly correlated multi-
partite systems are indispensable. Entanglement measures and quantum mutual
information (QMI) are two widely used correlation measures. For instance, the
use of the former is well-known in scenarios where non-local effects generated
by correlated systems are exploited to perform protocols between distant users,
e.g. quantum teleportation or quantum key distribution. Instead, the latter is
widely used in quantum communication tasks, for example in coding/decoding
scenarios when we want to quantify the capacity of a given channel.

The use of these two correlation measures has already been considered in
literature to quantify non-Markovianity [RHP10, [LES12]]. Indeed, correlation
measures can be used to quantify the amount of information shared between
two systems and no Markovian evolution can increase these quantities if ap-
plied to one side of a bipartition. As a consequence, these quantities are per-
fectly suited to measure non-Markovianity. Indeed, any increase of a correla-
tion measure is uniquely attributable to a non-Markovian dynamics. The goal of
finding the initial states that are able to witness backflows for any time allowed
by a non-Markovian evolution falls under the non-Markovian witnessing prob-
lem. This question is highly non-trivial and is the key to understand if a given
quantifier is a good witness of non-Markovianity. Indeed, there are quantifiers
of non-Markovianity that have an easy interpretation and are easy to calculate
but fail to witness many evolutions. Given this scenario, we ask: are entangle-
ment measures and QMI able to witness all non-Markovian evolutions?

Contribution

Our main results are the following:

e Entanglement measures cannot show backflows for a class of entangle-
ment breaking non-Markovian evolutions and OQS-ancilla configura-
tions;

o QMI cannot show backflows for a class of non-Markovian qubit evolu-
tions and OQS-ancilla configurations;

e We study the interplay between the non-Markovian witnessing potential
of QMI and the initial entanglement of OQS-ancilla states.

We therefore obtained several results regarding the potential of correlation
measures to witness non-Markovianity. In particular, we first consider the class
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of single parameter evolutions for which we derive a non-Markovianity con-
dition and results valid for differentiable correlation measures. Paradigmatic
examples included in this class are depolarization, as well as dephasing and
amplitude damping. Moreover, we consider random unitary evolutions and
in particular we introduce the class of quasi-eternal non-Markovian (QENM)
qubit evolutions, a generalization of the well-known eternal non-Markovian
model [HCLA14, BCF17, MCPS17].

We show in which cases entanglement measures fail to witness a class of
entanglement breaking non-Markovian evolutions. Moreover, we examine a
QENM evolution belonging to this class. We follow by studying the more com-
plex case of QMI. Among the various results that we derive, we explore how the
QMI non-Markovian witnessing potential depends on the entanglement of ini-
tial states. Interestingly, we show cases where maximally entangled states are
not the most useful choices. Moreover, we provide conditions for qubit non-
Markovian evolutions under which QMI fails to show backflows when qubit
ancillas are considered. Finally, we show how to build QENM evolutions sat-
isfying these conditions.

1.3.2 A correlation measure witnessing almost-all non-Markovian
evolutions

The goal of finding the explicit construction of a non-Markovian witness for
any evolution, namely by proposing an information quantifier and an initial
state, is of central interest. As discussed before, the absence and presence
of information backflows provide the phenomenological descriptions for, re-
spectively, Markovian and non-Markovian evolutions. Instead, the mathemati-
cal framework used to distinguish these two regimes is based on a divisibility
property of the evolution maps. Hence, by proving the occurrence of back-
flows whenever this divisibility property is violated we confirm that the adopted
mathematical definition of non-Markovianity corresponds to the expected phe-
nomenology. On the contrary, in case an evolution that is non-Markovian ac-
cording to our mathematical framework does not show any information back-
flow, the mathematical definition of non-Markovianity would be compromised.
Secondly, this topic shades light on the possibility to exploit non-Markovianity
as a resource in quantum information protocols: we must know what kind of
information can be retrieved when specific evolutions are exploited and, corre-
spondingly, which initial states have to be considered.

A constructive method that allows detecting non-Markovianity for almost-
all finite-dimensional evolutions has been proposed in [BJA17]. This approach
considers the distance between states defined over the evolving OQS and an
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ancillary system as witness of non-Markovianity. For almost-all evolutions
they provide a class of pairs of initial states that are able to show an increasing
distance if and only if the evolution is non-Markovian. Similarly, we ask: can
correlation measures witness almost-all non-Markovian evolutions?

Contribution

Our main results in this direction are the following:

e We introduce a correlation measure which is able to witness almost-all
non-Markovian evolutions;

e We provide a constructive method to build initial states useful for this
task.

This new correlation measure quantifies the possibility to distinguish between
different states obtained on one side of a bipartition if the other side is subjected
to a maximally entropic measurement. We introduced these measurements as
those such that the outcomes have the same occurrence probabilities. We con-
struct a set of evolution-dependent initial states that suit for the non-Markovian
witnessing task, namely provide a backflow of the newly introduced correla-
tion, where the help of ancillary systems is exploited. Indeed, in order to in-
crease the witnessing potential of initial states, we discuss how to enlarge one
share of the bipartite system by introducing ancillary systems in different man-
ners. Since this witness of non-Markovianity is highly asymmetric between
the two shares, we propose a symmetrized version with the same witnessing
potential. Finally, we show the details of this technique by studying an explicit
example.

1.3.3 Equivalence between non-Markovianity and correlation
backflows

The possibility to find an information quantifier that, given a wisely-chosen ini-
tial state that in general can be shared between the OQS and ancillary systems,
allows providing a backflow for any non-Markovian evolution is of central in-
terest. First, this result would provide a proof that the mathematical definition
of non-Markovianity is indeed adherent to the phenomenological description
used to describe it, namely through information backflows. Secondly, we would
obtain a biunivocal connection between the particular information quantifier
backflow and the non-Markovian nature of dynamics. In [BD16] the authors
show how this result can be obtained by considering the guessing probability
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of ensembles of states defined among the evolving OQS and an ancillary sys-
tem. This quantity represents the possibility to rightly guess which state has
been randomly picked from an ensemble of states by performing an optimal
measurement. The results in [BD16] can be used to show that also a quantity
called singlet fraction [KRS09] can be exploited similarly. Therefore, we ask:
can correlation measures provide backflows for all non-Markovian evolutions?

Contribution

In this direction, our main result is the following:

e We introduce a class of correlation measures that shows the first one-
to-one relation between non-Markovian dynamics and correlation back-
flows.

This class of correlations is obtained through a generalization of work presented
in Section[I.3.2] We propose a set of initial states shared between the OQS and
ancillas and prove that for any evolution there exists a continuum of states from
this set that show a backflow if and only if the evolution is non-Markovian. Fi-
nally, we build a non-Markovianity measure that collects the maximal backflow
that can be provided by our correlation measure. While its computation can be
in general very demanding, it is proved to be positive for any non-Markovian
evolution.

1.3.4 Measuring non-Markovianity via incoherent mixing with
Markovian dynamics

Non-Markovianity measures are often associated to the possibility to obtain
backflows from dynamics. In this way we define a hierarchy trough the max-
imal amount of information that evolutions can provide for a precise observ-
able. As a consequence, different non-Markovianity measures of this kind pro-
vide different properties of the evolution. In [ABCMI14] it is shown that in
general this order highly depends on the measure chosen. It follows that the
introduction of several measures on the one hand permits to study the multi-
faceted potential of non-Markovian evolutions. For instance, it may happen
that an evolution provides large correlation revivals and small entropy back-
flows while a different evolution is characterized by a reversed behavior. On
the other hand this approach may result confusing if we want to measure non-
Markovianity with an objective scale. This problem suggests the introduction
of a measure of non-Markovianity similar to the well-known robustness mea-
sure for entanglement, namely by considering the minimal distance between the
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given evolution and the Markovian set. The main difficulty implied by this ap-
proach is given by the non-convex geometry of the Markovian set of evolutions
[WECCOS]]. Moreover, this feature is the main obstacle for the formulation of a
resource theory of non-Markovianity. Hence, is it possible to introduce a mea-
sure of non-Markovianity by studying convex combinations of non-Markovian
and Markovian evolutions?

Contribution
Our results are the following:

e We introduce a non-Markovianity measure through the minimal Marko-
vian noise that has to be incoherently mixed with a non-Markovian evo-
lution in order to make the resulting evolution Markovian;

e We show how to apply this technique for depolarizing and dephasing
non-Markovian evolutions;

e We obtain analytical results for all continuous and regular-enough non-
continuous depolarizing evolutions in any finite dimension.

This measure is not connected to any particular information backflow but it
is strongly linked with the set of evolutions and its geometry. Therefore, given
the non-convexity of the Markovian and non-Markovian sets, this approach is
highly non-trivial. We conjecture that, given a non-Markovian evolution be-
longing to a convex set characterized by a precise symmetry, the most effective
evolution needed to make it Markovian via incoherent mixing is characterized
by the same symmetry.

In order to show how to use this technique, we propose an in-depth study
of depolarizing evolutions in any finite dimension: for any non-Markovian de-
polarizing dynamics we find the optimal Markovian evolution that makes the
mixture Markovian and therefore provides the value of our non-Markovianity
measure. First, we derive the analytical values of this measure and the corre-
sponding intuitive interpretations for regular-enough depolarizing evolutions.
Then, we illustrate why non-continuous evolutions are highly non-trivial to
measure. For this purpose, we provide a simple example that shows the in-
trinsic ambiguity for the choice of the optimal Markovian depolarizing evolu-
tion. Nonetheless, we design a numeric approach that singles out this solution
and provides a value for the measure of non-Markovianity. Finally, in order to
prove the applicability of our technique to other structured sets of evolutions,
we generalize our approach to qubit dephasing evolutions.
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Chapter 2

Preliminaries

In this chapter we introduce some fundamental tools of quantum information
theory and open quantum systems dynamics. Moreover, we review various
results concerning the characterization of Markovian and non-Markovian evo-
lutions. In order to do so, we start in Section[2.1|by describing density operators
defined over one or more parties and generalized quantum measurements. In
Section [2.3] we show how closed and open quantum systems evolve, where we
also discuss the definition of Markovianity adopted throughout this thesis. We
follow in Section [2.4]by describing the main recent results concerning the char-
acterization of non-Markovianity. In Section [2.5] we study several techniques
that can be used to witness non-Markovianity, where we put particular empha-
sis on the possibility to observe information backflows for any non-Markovian
evolution. Finally, in Section [2.6] we describe an exemplary class of evolu-
tions, namely random unitary, which include several commonly studied mod-
els. Interestingly, for this class we can consider compact conditions that easily
discriminate Markovian from non-Markovian evolutions.

2.1 Quantum states and measurements

We introduce those mathematical tools needed to define quantum systems, bi-
partitions and measurement processes. A particularly useful scenario that we
describe in this section is obtained when we measure one share of a bipartite
system in order to generate an ensemble of output states on the other side of the
system.
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2.1.1 Density operators

Consider a finite-dimensional quantum system S with d degrees of freedom.
When there is a complete (statistical) certainty of the status of S, we say that our
quantum system is in a pure state. These states are represented by vectors |@)s,
often called kets, in a d-dimensional Hilbert space Hs, which is isomorphic to
€. Given an orthonormal basis {|i)s }f.lz | for Hs, any pure state |¢)s € Hs can
be written as |¢)s = Zf.l:l ajli)s, where we require the coordinates a; € C to be
normalized Z? | laj> = 1. We can also define the dual space of Hs, namely
(H§ , where the corresponding elements are called bra vectors {(¢|s : Hs — C,
namely linear forms from H to C. Hence, the action of {(¢|s on |y)g is written
(Pl)s € C. We say that (¢|s is the Hermitian conjugate of |y)s if (¥ly)s = 1
and we define the inner product between two kets |¢)s, [¥)s € Hs as (P|y)s.

We define B(Hs) to be the set of linear operators X : Hy — Hs. Moreover,
the state space S (Hy) is the subset of B(Hs) of Hermitian, non-negative and
trace-one operators ps, namely such that:

ps =ps. ps >0, Trlps]=1 2.1)

The elements ps € S(Hs) are called density operators. In the state space
S (Hy), pure state are represented by operators |¢pX¢|s. If S is in a pure state,
we know that our system is in a given state ps = |¢pX¢|s with probability p = 1.
Instead, in case we do not have this certainty, we can only provide probabilities
{pi}; that our system is in one of the pure states {|¢;X¢;ls}; (not necessarily
orthogonal), where {p;}; is a probability distribution. Hence, if S is not in a
pure state we say that it is in a mixed state, where the corresponding density
operator ps € S(Hs) can always be written as:

ps = ZPi|¢iX¢i|S- (2.2)

Hence, mixed states are statistical mixtures between different pure states of the
system. Naturally, a density operator describing an intrinsically mixed state has
to be characterized by an ensemble {p;, |¢;X@:|s }; with at least two probabilities
different from zero. A functional that quantifies the mixing degree of quantum
states is the purity, defined as Tr[p%] € [1/d, 1], which is equal to 1 if and only
if pg is pure and equal to 1/d only for the maximally mixed state ps = 1s/d,
where 1g = Zle liXils € B(Hs) is the identity operator on Hy and {|i)s }le is
an orthonormal basis of H.
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Bloch representation

A geometrical approach to describe the state space is given by the Bloch repre-
sentation, where each state pg is associated to a real vector. In case of a qubit
system, namely for d = 2, mixed and pure states in S (/s) can be represented
by three-dimensional Bloch vectors r = (7, ry, r;) € BB(1) as follows

lg¢+r-o
ps = ——— (2.3)

2

where BB(R) ¢ R? consists on the vectors inside the sphere of radius R and
o = (0y,0y,0;) is the vector containing Pauli matrices. In order to evaluate
the Bloch vector r corresponding to a state pg, we simply have to evaluate the
expectation values of the Pauli operators: r; = Tr [pso;]. BBo=BB(1) is called
the Bloch ball and corresponds to the qubit state space, namely there is a one-
to-one relation between qubit states ps € S(Hg) and vectors r € BB;. We
call BS; the Bloch sphere given by the unit vectors in BB, namely the border
of the radius-1 sphere. These vectors represent the set of qubit pure states.
Indeed, there is a one-to-one relation between qubit pure states [y X|s € S (Hs)
and unit vectors r €BS,. The definition that identifies mixed states as those
resulting from convex combinations of pure states (see Eq. (2.2)) is particularly
evident in this representation: any vector in BB, can be represented as a convex
combinations of elements in its border BS;. As we see in the following, this
representation is very useful to visualize the effects of quantum transformations
in terms of the geometry of their actions.

In the case of a qutrit, namely for d = 3, we have 8-dimensional vectors
r representing density operators, where the Pauli operators in Eq. (2.3)) are re-
placed by Gell-Mann matrices. Instead, given a generic d-dimensional system
S, any density operator ps € S (%Hs) can be represented by a d” — 1-dimensional
real vector r as follows

d*-1 d*-1
I
m—;ﬁM@Q—7+;Mh 2.4)

where the operators G; (for i = 1,...,d*> — 1) are the traceless Hermitian gen-
erators of SU(d) such that Tr [GiGj] = dij, Go = 1g/ Vd and r; = Tr s Gi]
are the corresponding expectation values for i = 1,...,d”> — 1. The set BB, of

physical vectors r, namely the subset of R4 ! that represents any qudit state in
S (Hs), is defined by [KimO03]]

BB, = {r e R | (-1)/a;(r) 2 0(j = 1,...d)}, (2.5)
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where a;(r) is the j-th coefficient of the characteristic polynomial det(x1g —
(Ls/d + T 1iG).

2.1.2 Generalized measurements

Quantum measurements are the main instruments used in quantum physics to
obtain information from a quantum system. Given an experimental apparatus
that measures our system, while on the one hand it provides partial information
about the system, on the other hand the system is perturbed. In the following
sections, we never consider a scenario where preserving the state after the mea-
surement is needed and therefore we consider the system discarded after the
output is obtained. Any measurement process on a quantum state ps € S (Hs)
can be represented by a positive-operator valued measure (POVM), namely an
indexed set of Hermitian and positive semi-definite operators {Ps ;};_, of B(Hs)
that sum up to the identity, namely such that

Ps;=P.., Ps;>0, fori=1,...,n, (2.6)
n
D Psi=1s, @.7)
i=1

where 7 is the number of possible measurement outcomes and 15 : B(Hg) —
B(Hs) is the identity operator in B(Hs). The i-th output of the measurement is
represented by the POVM element Pg ; and the Born rule states that

pi =TrlpsPs;], (2.8)

is the corresponding occurrence probability. In case a POVM is composed by
d = dim(Hy) rank-one projectors of the form P; = [/;Xyils, where {|/;)s }le is
an orthonormal basis of H, we say that {|y/; Xils }le is a projective measure-
ment. Notice that, while for any set of projectors {|y; Xiils }?:1 the correspond-
ing elements are mutually orthogonal, namely [v; X¢ils - [ jX¢rjls = 6;jliXtils
this is not the case for generic POVM elements.

2.2 Bipartite quantum systems

We showed how to define states and measurements for a d-dimensional system,
which is considered as a single localized entity. This is the case of e.g. parti-
cles, spins or photons that are controlled by a single user. We call a system
bipartite when it is shared between two parties, let say Alice and Bob. Both
Alice and Bob posses a quantum particle, let say A and B, described by Hilbert
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spaces Hy and Hp, respectively. Bipartite systems A — B are characterized by
states that, in general, cannot be described only by the states p4 € S(H4) and
pB € S(Hp) that Alice and Bob own, respectively, but by more general states.
Moreover, different measurement scenarios are possible for bipartite systems:
we can either measure the complete system or only one of the two shares.

2.2.1 Bipartite mixed states

The Hilbert space describing a bipartite system A — B is given by the tensor
product of the Hilbert spaces of its components: Hap = Hy ® Hp, which
implies dim(Hap) = dadp. Consider the correlated A — B system such that A is
Alice’s system and B is Bob’s system. A particularly useful characterizations
of bipartite quantum states pap € S(Hap) is given by the correlation between
its subsystems. We say that Alice and Bob share a product state if there exist
pa € S(Hy) and pp € S (Hp) such that ps g can be written in the following form

PAB = PA B PB. (2.9)

Product states represent uncorrelated systems: any action performed on A does
not influence B and vice versa. Instead, if A — B is in a probabilistic mixture
of product states, we say that the system is in a separable state. This scenario
implies the existence of the set {p;, pai, pB.};,» Where {p;}'_, is a probability

distribution, p4; € S(Hy) and pp,; € S (Hp), such that

m

pAB= ). Pipai®ps;- (2.10)
i=1

These states are classically correlated and can be prepared by local operations
(LO) on A and B assisted by classical communication (CC) between Alice and
Bob. Bipartite states that cannot be written as in Eq. (2.10) are non-separable,
or entangled. These states are correlated in a non-classical way: they cannot
be prepared through LOCC and provide effects not reproducible with classical
systems. A particularly useful class of non-separable states are those called
maximally entangled. A formulation for these states that we often use in this
thesis when dim(%H}) = dim(Hp) = d is [¢*)ap = d~/? Zle i) ® |i)g, where
{|i>A};1:1 and {|i)3}§i:1 are orthonormal basis of H4 and Hp, respectively. The
corresponding density matrix is:

d d
RSPV I
i =167 X6 s = < D liXila ®liXjls = = ) liXjjas.  (2.1D)
ij=1 i.j=1
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Finally, we note that we use the symbol “—” when we want to underline
which is the bipartition under study. For instance, by writing AB — C we em-
phasize that we are interested in studying the correlations shared between AB
and C, where A and B are considered as a unique system. Indeed, given a state
papc € S(Hs ® Hp ® Hc), the type of bipartite correlations in AB — C may be
completely different form those present in A — BC or AC — B.

2.2.2 Measurements and bipartitions

A straightforward generalization of the measurement processes introduced in
Section [2.1.2] leads us to define measurements for bipartite systems as those
sets {PABJ'};Z:I of operators Pap; € B(Hap) that satisfy conditions and
(2.7). Hence, by measuring the complete system described by psp, we obtain
outputs i = 1,...,n with corresponding probabilities p; = Tr [papPas.i]-

A different approach is given when we choose to measure only one of the
two parties that constitute the bipartite system A — B. Consider the scenario
where Alice and Bob share a mixed state pap € S(Hap) and Alice applies a
POVM {P4;}i_, on her side of psp. While with probability p; Alice obtains
the i-th output, Bob’s share of the state is transformed into a (in general differ-
ent) state pp;. In this case, we say that an output ensemble E(pap, {PAJ};‘:[) =
{pi, PB,i}?:l is generated on Bob’s side. It is possible to see that

pi = Tr[papPa;® 1], ppi=Tra[papPa;® 1g]/p;i. (2.12)

where Try [ -] is the partial trace over the degrees of freedom of A. We call
{pi}’_, and {pp;}! | respectively the output probability distribution and the out-
put states of Alice’s measurement {PA,,-};’:].

The transformation of Bob’s system is due to the correlations in A — B. In-
deed, if Alice and Bob share a product state p4 ® pp, namely an uncorrelated
state, we see that Bob’s state is not influenced by any measurement performed
by Alice. Instead, if they share the maximally entangled state, the output en-
semble can be made of orthogonal states, namely perfectly distinguishable.
For instance, in the two-qubit case, a maximally entangled state is given by
paB = 16" X8" a5, where [§")ap = (100)45 + [11)a5)/ V2 (see Eq. ). We
see that Alice can apply the projective measurement {PA,i}%zl = {|0XO0|4, |1X1]4}
on her share and Bob obtains the orthogonal output states pp; = |0X0|p and
PB2 = |1X1|p with probability Pip = 1/2.
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2.3 Evolution of open quantum systems

In this section we describe the evolution of open quantum systems (OQS),
namely those having an evolution determined by the internal degrees of the
system and the interaction with the surrounding environment. This approach
is more general than the closed-system case, but it requires the introduction
of some necessary mathematical tools. We start by describing the evolution
of closed systems, then we follow by considering an evolving S E system as
a composite closed system. Finally, in the same scenario, we show how to
describe the evolution of the OQS S alone, while it interacts with E.

An isolated system S defined on a d-dimensional Hilbert space Hs has a
dynamics that is completely characterized by the Hamiltonian Hy (). In general
this Hermitian operator in B(Hs) is time-dependent. If the system S is initial-
ized in a particular state ps(0) € S(Hs) at time 0, the evolution to a generic
final time ¢, namely

ps(t) = U} ps(0)(U)T, (2.13)

is obtained trough the unitary transformation

U’ = Texp [—i f HS(T)dT] , (2.14)
0

where we fixed /i = 1 for the reduced Planck constant and 7 is the time-ordering
operator.

Completely isolated systems cannot be considered to faithfully describe re-
alistic scenarios. In general, in order to precisely reproduce the evolution of
a quantum system, we have to include the influence of the surrounding envi-
ronment. Therefore, being S the OQS that interacts with its environment E,
we consider those scenarios where S is initialized in ps(0) € S(Hs) and is
uncorrelated with the environment E. This situation is justified by consider-
ing t = 0 the time when S and E are put in contact. Hence, the initial state
of the complete S E system is ps(0) ® 0g(0) which belongs to the state space
S(Hsg) = S(Hs @HE). The complete system S E can be considered a compos-
ite closed system and we can describe its evolution by generalizing Eq. (2.13))
to this composite scenario. In order to do so, we have to consider the unitary
evolution generated by the S £ Hamiltonian

Hsp(t) =Hs(®)® 1g + 1s ® Hg(?) + Hg",’:-(t), (2.15)

where 1g (1) is the identity operator on Hs (HEg), Hg(t) € B(HEg) describes
the internal degrees of freedom dynamics of the environment E and the term

H_"g"é(t) € B(Hyg) represents the interaction between S and E. The evolution
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of the interacting bipartite system S — E initialized in ps£(0) = ps(0) ® og(0)
is described by the unitary operator U £, where, similarly to Egs. lb and
(2.14), we have

pse(®) = ULE (p5(0) ® ap(0)) (USE)T, (2.16)

where )
USE =Texp [—i f HSE(T)dT] . (2.17)
0

2.3.1 Dynamical maps and evolutions

We implemented the environment in this scenario in order to obtain a precise
description of the OQS dynamics. Indeed, the term Hgg(#) generates a mutual
influence between S and E and in general its effect on the OQS cannot be re-
produced in any closed system. We underline that here we are not interested in
the particular evolution of the degrees of freedom of E but only in its effective
influence on S. At the same time, the calculations needed to describe the en-
vironmental dynamics may require impracticable computations. We can obtain
the evolution of the OQS alone by tracing out the degrees of freedom of the
environment, namely obtaining

ps (1) = A(ps (0)) = Tre | UFE (ps (0) ® o (0) (UFF)'] (2.18)

Notice that US £ obtained through Eq. is continuous and differentiable in
time. Therefore, since the tracing operator is continuous but not invertible, the
operators A; are continuous and differentiable in time but may not be invertible.

The superoperator A, : B(Hs) — B(Hy) is the linear operator that de-
scribes the evolution of S from the initial time to time ¢ and is called dynamical
map. In order to understand the properties of these superoperators, we start by
noticing that, if A, describes a physical evolution, it must map any initial state
into a valid final state, namely

ps(0) € S(Hs) — Ai(ps(0)) = ps(t) € S(Hs),  foranyr>0. (2.19)

This condition requires A, to be positive (P) and trace preserving (TP). These
properties can be expressed as follows:

AisP «— A/(Xs) >0, for any X5 > 0, (2.20)
A;is TP «— Tr[A;(Xg)] = Tr[Xs], (2.21)

for any Xg € B(Hs).
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Nonetheless, we notice that a more general scenario where A, acts can oc-
cur. If § is initially correlated with an ancillary system A, which is not influ-
enced by the evolution generated by the interaction between S and E, a physi-
cal transformation A, must also preserve the physicality of these S — A states.
Hence, for any ancillary system with Hilbert space Hj, we require

psa(0) € S(Hsa) — A ® I4(ps54(0)) = psa(t) € S(Hsa), forany t > 0.
(2.22)
This condition generalizes Eq. (2.19) and requires A, to be completely positive
(CP) and trace preserving, (CPTP). The CP property can be expressed as:

A isCP «— A, @ I4(Xs4) = 0, forany Xgs >0, (2.23)

where X5 4 € B(Hs ) and the ancillary system A has dimension d4 = d, namely
the same dimension as S. Indeed, it can be show that, if condition (2.23) is
satisfied for d4 = d, then the same is true for any d4 > d. We conclude that the
evolution of an OQS between the initial time and the final time ¢ is described
by a CPTP operator A;, namely the dynamical map.
We define A to be the whole family of dynamical maps A, for any ¢ > 0,
namely
A = {Addio. (2.24)

Notice that from Eqgs. (2.17) and (2.18) it follows that the dynamical map at
the initial time corresponds to the identity map Iy : B(Hs) — B(Hs). As a
consequence, all evolutions are characterized by

Ao(+) = Is (). (2.25)

Given the physical interpretation of Eq. (2.I8), it is clear that any map
As : B(Hs) — B(Hy) obtained by tracing out the environment from a S — F
unitary evolution is a valid dynamical map and therefore CPTP. Is the opposite
also true? In other words, given a CPTP map Ag, is it always possible to
engineer an environment E interacting with S such that Ag is generated by Eq.
(2.18)? The answer is given by the Stinespring-Kraus representation theorem
[Sti55) [Kra71]). It states that for any CPTP map Ag : B(Hs) — B(Hy), there
exist: an environment E, a state o € S(Hg) and a unitary transformation
USE such that Ag can be simulated through the application of USE on the
uncorrelated S — E, where E is initialized in o g, namely

As(ps) = Trg [U*F(os ® op)(U*H)']. (2.26)

This result can be generalized to the case of evolutions. Indeed, given a
continuous and differentiable in time family of CPTP maps A = {A;};>p where
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A; @ B(Hs) — B(Hs) and Ag = I, we can always find an environment E, an
initial state og(0) € S(HEg) and continuous and differentiable in time unitary
transformations {U' f E -0 such that the evolution to time ¢ is given by

Adlps (0)) = Tz | U7 £ (ps (0) ® ru(O)(UF )| (2.27)

Although we said that any S — E interaction leads to a continuous and
differential family of CPTP maps A, we relax this condition by allowing at
most a countable set of discontinuity times. This condition is physically well
motivated when considering external interventions, namely not due to the S E
dynamics. Hence, having in mind this observation and the Stinespring-Kraus
representation theorem, we are not interested in defining a particular physical
realization, namely U’ tS E and o £(0), for each almost-always continuous evolu-
tion A. Therefore, we follow by simply considering S as the system on which
A acts, while we are not interested to define the corresponding environment E.

2.3.2 Image and Kernel of evolutions

We call set of accessible states, or image, of A, all the states of S that can be
obtained by applying the map A, to an initial state pg(0), that is:

Im(Ay) = {os € S(Hs) [ Fps(0) € S(Hs) s.t. o5 = Alps (0)} € S (Hs) .
(2.28)

We underline that, while we defined A, as a map over B(Hs ), we defined Im(A;)
to be only the collection of states that can be obtained after an application of
A;. We notice that only open system dynamics can cause a shrinking of the set
of accessible states during the evolution, namely Im(A;) c S(Hs). Indeed, in
case of a unitary evolution , the inverse (UF)™! = (US)T always exists.
Therefore, for any og € S(Hs) there exists pg(0) = (U;g Yo Uf € S(Hy)
which is mapped into os by Eq. . Hence, Im(U,S) = §(Hy) for any
unitary evolution. Instead, for generic dynamical maps A; ! may not be CPTP
or even not exist and therefore the same reasoning cannot be used.

A particular class of evolutions is given by those such that the image at any
time ¢ is contained in the images at any earlier time:

Definition 1. An evolution A is called image non-increasing if, for any s < t,
Im(Ay) 2 Im(Ay) . (2.29)

If A is image non-increasing and pg € Im(A,), then the same state belongs
also to Im(A;) for any earlier time, namely ps € Im(Ay) for all s < ¢. Hence,
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for any s € [0,¢] there exists an initial state ps(0) € S(Hs) such that pg =
As(ps(0)).

We follow by defining invertible evolutions:

Definition 2. An evolution A is called invertible if the inverse transformation
A,‘1 : B(Hs) — B(Hs) such that A; o Az_l = At_1 o A; = I exists forall t > 0.

If an evolution A is non-invertible, there must be a time ¢ and at least two
(different) states p§(0), pg(0) € S(Hs) that are mapped into the same state
ps (1), namely A (o5(0)) = A5 (0)) = ps(¢). This property implies that A,
maps the Hermitian and traceless operator X = o (0) — p¢(0) € B(Hy) into the
null operator 0. This is a particularly useful example of an operator X € B(Hs)
belonging to the Kernel of a map. Indeed, we define the Kernel of a map
A; i B(Hs) — B(Hs) as

Ker(A;) ={Y € B(Hs) | Ai(Y) = 0}, (2.30)

In other words, Ker(A,) is the space of operators that A, maps into the null
operator 0. The linearity of A, implies that 0 € Ker(A,) for any dynamical
map A;. Notice that, due to the trace-one property of states, TP maps, e.g. any
dynamical map, cannot transform a state into the null operator. As a result,
Ker(A;) N S(Hs) = 0 for any A and ¢ > 0, where 0 is the empty set. Nonethe-
less, as we saw before, when A; is not invertible we can define Hermitian and
traceless operators X € Ker(A,) from the states that are mapped into the same
final state. On the other hand, if we find an Hermitian and traceless element
Y € Ker(A,), we can always put it in the form ¥ = a(pg(0) — p§(0)) for some
scalar a # 0 and states p¢(0), p§(0) and therefore certify the non-invertibility
of A;.
An interesting class of evolutions is given by the following definition.

Definition 3. An evolution A is called Kernel non-decreasing if, for any s < t,
Ker(Ay) € Ker(A;) . (2.3

We notice that that the Kernel non-decreasing property does not imply
the evolution to be image non-increasing, but only [CRS18]] dim(Im(Ay)) >
dim(Im(A,)) for any s < .

2.3.3 Markovian and non-Markovian evolutions

Markovian and non-Markovian quantum evolutions have been defined in dif-
ferent ways and in this thesis we adopt a definition that gained large consensus
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[RHP14, WECCO8, HYYO11, CM14, HCLA14]. We underline that it is not
trivial to formulate a unique quantum version of a concept that was originally
introduced in classical physics. Classical mechanics is contained in quantum
mechanics as a special case and therefore there is not a unique path to extend
an idea that was originally introduced for classical systems. Our approach to
define quantum Markovianity starts by considering that classical Markov pro-
cesses are not influenced by past configurations of the system and therefore,
once some encoded information is lost, it cannot be recovered. We focus on
this feature by requiring that quantum Markovian evolutions have to show sim-
ilar memoryless phenomenological properties: no information backflow from
the environment E to the OQS S can occur. Hence, we discuss the framework
used in this thesis to define quantum Markovianity by providing solid mathe-
matical and phenomenological reasonings. Before doing so, we first introduce
some indispensable mathematical properties of evolutions.

We start by formulating the concept of divisibility. An evolution, namely
a family of CPTP maps A = {A};>9, Whereas it describes the evolution of §
for any final time ¢, it does not provide the operators that evolve S between two
times s and ¢ such that 0 < s < t. Therefore, we adopt the common approach
(see e.g. Ref. [CRS18]) that defines as divisible those evolutions for which
such a linear operator can be defined:

Definition 4. An evolution A = {A;}>0 is divisible if and only if for any 0 <
s < t there exists a linear map V, s : B(Hs) — B(Hs) such that

A() = (Vis 0 Ag)() = Vis(As()) - (2.32)
We also call V, s the intermediate map of A between the times s and t.

Notice that any invertible evolution is divisible. Indeed, in this case the
intermediate map always exists and is given by

Vis=A oAl (2.33)

Notice that the inverse is not true: an evolution could be divisible but not invert-
ible. In Ref. [[CC21]] the authors discuss how to construct intermediate maps of
divisible non-invertible evolutions through the use of generalized inverse oper-
ations. Interestingly, the possibility to divide an evolution is characterized by
the Kernel non-decreasing property given in Definition [3}

Proposition 1 ([CRS18])). An evolution A is divisible if and only if it satisfies
the Kernel non-decreasing property (2.31)).
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The CPTP nature of dynamical maps A, implies that V, ; is TP for all the
states in S (Hs ). Nonetheless, V;; may not be TP for every operator in B(Hs).
Similarly, in order for A, = V;; o A to be CP, V;; is not forced to be CP.
Indeed, a legitimate intermediate map could be only P or even characterized
by negative eigenvalues. When the evolution can be divided in time intervals
where the intermediate maps are TP operators that are also P (CP), we say that
A is P-divisible (CP-divisible). Hence, we adopt the following definition:

Definition 5. An evolution A = {A;}>0 is P/CP-divisible if and only if for any
0 < s < t there exists a PTP/CPTP linear map V, s : B(Hs) — B(Hs) such that

A() = (Vig 0o Ag)() = Vis(As()) - (2.34)

We underline that a CP-divisible evolution of course is also P-divisible,
while the opposite in general is not true. Hence, in order to avoid any misunder-
standing, if we say that A is P-divisible, we take for granted that the evolution
is not CP-divisible.

Finally, we introduce the evolutions satisfying the semi-group property.

Definition 6. An evolution A = {A};>0 is a dynamical semi-group if and only
if for any t1, tp > O the following relation is verified

Asny () = Ay (A, (). (2.35)

It is easy to prove that any evolution satisfying the semigroup property is
CP-divisible, while the inverse is not true.

Definition of Markovian evolutions

In this thesis we adopt the approach that identifies Markovian evolutions with
CP-divisible evolutions. We provide two arguments that sustain this definition,
where the first derives from a comparison with classical Markov processes,
while the second apparently independent explanation has a purely phenomeno-
logical derivation.

We start by describing classical Markovian processes and therefore we de-
rive a natural quantum counterpart [CRS18|]. In classical information theory
the topic of Markov chains is introduced as follows. Suppose X is a stochastic
variable that can assume different values x; at each time ¢;. Hence, p(xy, t1]xo, 0)
is the conditional probability that at time #; the random variable X assumes the
value x|, given that xo was its initial value at time 0. The process is called
Markovian if this process satisfies [[vanQ7]

p(xi, tilxiz1, tizt, ., X0, 0) = p(xg, tilxi1, tiz1), (2.36)
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foreach 0 < #; <--- < t;_; < t;. A physical consequence of this condition is
that the process that is generating the evolution of X does not take into account
its past history, but only its last configuration. Hence, the memoryless nature of
this type of processes comes out explicitly. Notice that condition (2.36) implies
that, for any intermediate time s such that 0 < s < ¢, we have

P, 11x0,0) = Y p(x, 1y, $)p(y, slx0, 0), (2.37)
y

where y can be seen as the output of a measurement process performed on X
at an intermediate time s. While in the classical case a measurement of a sys-
tem does not necessarily influence its state and therefore we can always assume
to know the value of X at time s without influencing the dynamics, in general
measurements alter quantum systems. Indeed, there is no straightforward gen-
eralization of this approach to quantum evolutions [VSL."11]]. Nonetheless, an
approach that focuses on the operators generating the evolution is possible.

Consider a finite-dimensional classical system, where at each time ¢ the
stochastic variable X can assume one value from {i}f: - Then, for the start-
ing time we have a probability vector p(0) = (p1(0), p2(0),..., ps(0)), such
that p;(0) is the initial probability that X is in the i-th configuration. The evo-
lution to a later time ¢ is given by a (row) stochastic matrix A(t,0) such that
p() = At,0)p(0), where the ij-th component of A(z,0) is the transition proba-
bility from i to j between the initial time and ¢. Markovian processes, namely
satisfying Eq. (2.36)), are distinguished by P-divisible stochastic matrices which
can be divided into intermediate stochastic matrices A(z, s) [VSL11]]

At,0) = At, $)A(s,0), (2.38)

for any s < r. We say that these processes are stochastically P-divisible since the
matrices A(t, s) are required to preserve the physical meaning of the evolving
probability distributions, whereas no extended scenario with ancillary systems
is considered. We use the term “stochastically” in order to distinguish this
property from P-divisibility of quantum channels. The generalization of (2.38))
to the quantum domain is given by requiring that between any two times s and
t the evolution A can be divided as A; = V; ;0 Ay, where V, 5 is a valid evolving
operator by its own, namely it has the same properties as A;. Hence, as in
the classical case this property required the matrices A(#, s) to be stochastic, in
the quantum case we require V;; to be CPTP. Hence, this analogy suggests to
define quantum Markovian evolutions as those being CP-divisible.

The second reason that we consider for the identification of Markovian evo-
lutions with CP-divisible evolutions A is the following. Consider a CP-divisible
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evolution A and its intermediate evolution between two generic times s and ¢.
Being A, and V; ; CPTP maps, we apply the Stinespring-Kraus representation
theorem and simulate their action as in Eq. (2.26). The consecutive applica-
tion of these two maps that define ps(#) = V; (As(0s(0))) can be simulated as
follows. We consider a first environment E initialized in o g that interacts with
S until time s, where the S — E initial state is pg£(0) = ps(0) ® og. Hence,
between the initial time and time s, S — E evolves with a unitary operator US ©
that simulates the action of Ay on S as in Eq. @[} At time s the environment
E is discarded and a second environment E is initialized in oz and coupled
with S, where pgz(s) = ps(s) ® o and ps(s) = As(ps(0)) = Trg [pse(s)].
Similarly as before, between times s and 7, S — E evolves with a unitary op-
erator Uf f that simulates the action of V;; on S. As shown in Fig. the
information released by S in E before time s cannot be recovered later in time
when S interacts with E: no information lost in the time interval [0, s] can be
recovered in [s,t]. If we extend this approach to an infinitesimal subdivision
of the time axis, we obtain the connection between CP-divisibility and the ex-
pected Markovian phenomenology. Indeed, if CP-divisibility is satisfied, no
information backflows can occur between any two (even infinitesimally close)
times. Notice that the evolutions satisfying the semi-group property have inter-
mediate maps V; ; that solely depend on the length ¢ — s of the time interval [s, ]
and not on the specific s and ¢. Indeed, due to this constancy of the information
rate loss, these evolutions are often considered as the “most” memoryless.

While our definition of Markovianity is based on the idea that a Markovian
evolution can be simulated through the subsequent interaction with different
environments uncorrelated with the OQS, other proposals have been explored.
A second approach defines as Markovian those evolutions that cannot show
backflows of a given quantifier Q for the information encoded in the system.
For instance, the first approach in this direction [BLLP10] defined Markovianity
through the decrease of distinguishability of any pair of § states, namely such
that

d
EHAI(p:S‘ (0) = pg (Ol <0 forany pg(0),p5(0) € S(Hs),  (2.39)

As a consequence, any violation of this condition represents an information
backflow caused by the non-Markovian nature of the evolution. Nevertheless,
there exist evolutions that satisfy condition (2.39) but show backflows for other
quantifiers Q. Hence, this definition strongly depends on the particular Q cho-
sen. Moreover, it is possible to prove condition (2.39) is not equivalent to
CP-divisibility: there exist evolutions that contracts the trace distance between
any two S states but are not CP-divisible. Actually, this condition is weaker
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Figure 2.1: Consider an evolution A with a CPTP intermediate map V; . The
CPTP map A; induces the transformation ps(0) — ps(s) and the CPTP map
V.5 transforms pg(s) — ps(f) (above). The Stinespring-Kraus representation
theorem allows simulating any CPTP map through a unitary interaction be-
tween S and an uncorrelated environment. This result can be applied both for
Ay and V; ;, namely through the subsequent interaction of S with E and E (be-
low). Since E can be discarded after time s, no information lost by S in the
time interval [0, s] can be recovered later in [s,#]. By applying this result to
a CP-divisible evolution, we see that no information can be retrieved between
any two times.

than P-divisibility. We discuss this topic in Sections[2.4.2]and [2.5.3]

Markovianity can also be defined in a third radically different manner (see
e.g. Ref. [Bud18, PRRF* 18, MKPM19]). This approach considers the possi-
ble temporal memory effects arising from scenarios where the evolving OQS is
discarded and replaced with a newly prepared OQS state. Hence, it may happen
that the environment keeps track of the discarded state and therefore at a later
time some information concerning the initial state can be retrieved. While we
do not discuss the meaning and the possibility to perform such an operation, we
want to underline that the main reason why we do not consider this approach is
that we are interested in the study of families of CPTP maps A defined solely
on S, while we do not focus on the particular S — E unitary dynamics that gen-
erates the target evolution. Indeed, this approach, in order to decide whether an
evolution is non-Markovian, examines also the structure of £ and the particular
unitary interaction U, f E that generates the evolution A.

In many occasions we consider non-Markovian evolutions characterized by
time intervals where we expect to observe information backflows, whereas in
other time intervals we know that these phenomena cannot occur. For instance,
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this is the case when we know that the infinitesimal intermediate maps Vii¢,
are not CPTP if and only if r € (t11V M tjzv M) Indeed, for any time not in this
set, the evolution behaves as Markovian. Since in the following this situation is
considered several times, we use the following definition.

Definition 7. An evolution A = {A;};>0 is Markovian in the time interval [t;,1;]
if and only if for any t| < s < t < t, there exists a linear CPTP intermediate
map Vs : B(Hs) — B(Hs) such that

A1) = (Vis 0 Ag)() = Vis(As()) (2.40)

Similarly, we say that A is non-Markovian (P-divisible) in the time interval
[t1, o] if the CP-divisibility (P-divisibility) condition is violated (satisfied) for
any t; < s <t < t,. We underline that, if the evolution is Markovian in a time
interval [t, 1;], it does not necessarily mean that the evolution is Markovian.
Indeed, in order for A to represent a Markovian dynamics, V; s has to be CPTP
for any 0 < s < . On the contrary, if A is non-Markovian in at least one time
interval [#1, 1], then A is non-Markovian and moreover [#1, f>] is a time interval
when information backflows can occur.

2.3.4 The master equation

We discussed how dynamical maps can be used to express the time evolution
of OQSs, where we can obtain the state at time ¢ by applying A, directly on
the initial state. A second approach to express the same evolution is given by
studying the dynamical differential equation for %ps (¢). Whereas the solution
of this differential equation is the same obtained with dynamical maps, there
are some insights concerning the information flows between the OQS and the
environment that can be easily deduced from this differential form. Indeed, for
some classes of evolutions, it is much easier to express Markovianity conditions
in this framework rather than with dynamical maps.

We refer to the master equation of the dynamics every time it is possible
to derive the generator L, that describes the following dynamical differential
equation

d
7Ps(0) = Lilps (1)) (2.41)

Gorini et. al. [|GK76|, Lindblad [Lin76] and Franke [Fra76] formulated the
form of L, for any evolution satisfying the semi-group property, where the gen-
erator L; = L is not time-dependent:

1
Lips () = ilH,ps (O] + ) i (kas (G} = 5{GiGr.ps (r)}) . (242
k
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where H is a Hermitian operator representing the effective Hamiltonian of S,
vx = 0 are non-negative rates and Gy are called Lindblad or jump operators.
This equation had been generalized to CP-divisible, namely Markovian, dif-
ferentiable evolutions. In these cases, the master equation is called Lindblad
equation and the generator L, assumes the following standard form

Li(ps (1)) = ilH(®), ps (1)]
1
+ > ) (Gk@ps 0G0 = 5 {GLOGHD. ps (r)}), (2.43)
k

where operators and rates are in general time-dependent. While H(¢) gener-
ates the unitary component of the dynamics, the term generated by the time-
dependent operators Gy (?) is called dissipator and characterizes the typical fea-
tures of OQS evolutions, namely those given by the interaction with an environ-
ment. Indeed, master equations with no dissipator L,(os(?)) = i[Hs(?), ps ()]
are in the form of the Schrodinger equation for (closed) mixed states which al-
ways lead to unitary evolutions, namely Eqs. (2.13) and (2.14). We say that L,
is in the Lindblad form whenever it can be casted as Eq. (2.43)), where y,(r) > 0
for all k. We say that L, is in the generalized Lindblad form when it can be
casted as Eq. (2.43) and at least one of the rates {y,(f)}; is negative in one or
more time intervals.

An important feature of the rates y;(¢) is that, if they are finite, L, gives
rise to a Markovian evolution if and only if it can be written in a form where
vi(®) = 0 for all k and ¢+ > O (see e.g. Theorem 5.1 of Ref. [RHI1I1] for a
proof). Differentiable Markovian evolutions allow time-ordered exponential
representations for dynamical maps A, and intermediate maps V; ; as follows

t
A, = Texp [ f LTdT] , (2.44)
0

!
Vis = Texp [ f LTdT] . (2.45)

Usually, an evolution A is considered Markovian if and only if the corre-
sponding generator L, is in the Lindblad form. Indeed, from this property it fol-
lows the CP-divisibility of A in CPTP intermediate maps (2.45). Nonetheless,
this statement is true only in the case of invertible evolutions [CRS18]|, while
there exist non-invertible CP-divisible (Markovian) evolutions with generators
in the generalized Lindblad form. Moreover, while any evolution generated by
a generalized Lindblad master equation where one or more yx(¢) is negative
for some times is non-Markovian, not every non-Markovian evolution can be
represented as the solution of a generalized Lindblad master equation.
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Finally, we notice that a master equation in the generalized Lindblad form
with non-negative rates y,(f) > 0 in a time interval [¢#{, t;] generates an evolution
that is Markovian in the same time interval. This result can be deduced from
Eq. (2.43), where V., is determined solely by L, for ¢ € [z, 1+ €] and therefore
it is not influenced by y(f) being negative at different times.

2.3.5 Non-convexity of Markovian and non-Markovian evolutions

We define IE to be the collection of all the possible evolutions for a system S
defined over a d-dimensional Hilbert space, where EY and IENM are the respec-
tive Markovian and non-Markovian subsets of evolutions. Here, we discuss the
following statements:

e [E is convex;
e EM and EMM are non-convex.

The first point follows directly from the convexity of the state space. Taken any
pair of evolutions A2, their convex combination A® = (1 — p)AD + pA®@
is a valid evolution, namely the maps A;p b= (- p)Agl) + pAﬁZ) are CPTP for
any 7 > 0 and p € [0, 1]. Indeed, A" are CPTP and for any pg(0) € S (Hs,)
and r > 0 we have pgf"z)(t) = Aﬁl’z) ® I4(psA(0)) € S(Hsa). Therefore, the

convexity of the state space implies that Agp ) ® I4(ps4(0)) = p(Sp X(t) =(1-

PP + pp i) € S(Hsa) for any 1 > 0, psa(0) € S(Hsa) and p € [0, 1].

It follows that, for any ancilla A, the maps AEP ) transforms the states of § — A
into valid output states and therefore A is a valid quantum evolution.

Non-convexity of the Markovian set

Intuitively, one may think that the same approach used for [E can be used to
show that also IEM is a convex set. Interestingly, this is not the case: Markovian
evolutions define a non-convex set [WECCOS]: it is possible to generate non-
Markovianity from the manipulation of Markovian evolutions. Moreover, the
Markovian evolutions that can be considered in this process can also be taken
satisfying the semi-group property, as show in Ref. [CWI15]. The explicit
example that they propose is given by qubit evolutions A*!' and A™? defined
by Lindblad generators L?/[ ! and wa’z of the form:

LM (ps (1) = y(ops (o = ps (1)), (2.46)
L (ps (1) = y(oyps (Dory — ps (1)), (2.47)
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where y > 0 and o, are the Pauli matrices. The Lindblad generator of the
evolution ANM = (AM:1 4 AM-2) /2 assumes the form:

LM ps®) = > vid(@ips (i = ps©), (2.48)

i=x,y,2

where {y(1)}i=xy,; = {y,¥, —y tanh(2y?)}. Notice that y,(z) < 0 for all 7 > 0. In-
deed, these evolutions are called efernal non-Markovian evolutions [HCLA14]
and are characterized by intermediate maps V;}’SM that are not CPTP for any
O<s<t.

Under certain conditions, the evolution A? = (1 — p)AD + pA® is char-
acterized by the generator obtained through the convex combination Lﬁp ) =
(1- p)Lgl) + pLﬁz), where Lfl) (sz)) is the Lindblad generator of A (A?).
Nonetheless, Eq. lb shows that in general this is not the case: LN #
(1 - p)LﬁVI’1 + pL?’I’ . Moreover, if we consider two evolutions with generic
generators L;l) and ng), the operator L;p ) = a- p)Lﬁl) + pLiz) does not always
generate a physical evolution. This topic is studied in e.g. Ref. [KBPLB18].

Non-convexity of the non-Markovian set

The non-convexity of EVY is more intuitive. Without getting into the details
of these cases, we briefly describe a scenario that explains the physical sense
of this phenomenon. Consider two evolutions AM! and A¥™? that are non-
Markovian during non-overlapping time intervals. If the environment simu-
lated by AMM2 is particularly dissipative when AN shows backflows and
vice-versa, it is easy to imagine a Markovian evolution obtained from a convex
combination of the form (1 — p)AN™! + pANM:2 Moreover, the Markovian evo-
lutions that can be obtained thorugh convex combinations of non-Markovian
evolutions can also be considered satisfying the semi-group property [WC16].

2.4 Characterization of non-Markovian evolutions

In this section we want to collect those results concerning criteria that help to
characterize and detect non-Markovian evolutions. We start by introducing a
formalism, called k-divisibility, that helps to categorize non-Markovian evolu-
tions thanks to a precise hierarchy. We follow by reviewing different contrac-
tivity criteria for Markovian evolutions that show how ancillary systems have
to be implemented in order to fully determine the non-Markovian potential of
evolutions. We end by discussing a reference approach to detect and measure
non-Markovianity.
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2.4.1 k-divisibility

We introduced Markovian evolutions as those families of CPTP maps that are
divisible in intermediate CPTP maps for any two times s < ¢ (see Definition
[5). In case an evolution is not Markovian, many different scenarios may occur.
Indeed, consider a non-Markovian evolution A applied on S, which is initially
correlated with an ancilla A. The dynamics of the complete system is given by
A QI = {A; ® I}}1>0, Where k is the dimension of the ancillary system. Since
the evolution is non-Markovian, namely A is not CP-divisible, A ® I; is not P-
divisible. Nonetheless, A ® I; may be P-divisible for some different dimension
of the ancilla k € {0,...,d — 1}. This observation provides a straightforward
hierarchy for the non-Markovianity of A [[CM14].

We say that a map @ : B(Hg) — B(Hs) is k-positive if ® ® I; is PTP.
Similarly, the evolution A is k-divisible if, for any s < ¢, it admits k-positive
intermediate maps V; ;. These definitions allow identifying a non-Markovianity
degree NMD(A) as follows:

o d-divisibility corresponds to Markovianity: NMD(A) = 0;

e (d —1)-divisible evolutions have PTP V; ; ® [;_1, while some V; ; ® I; are
not PTP: NMD(A) = 1;

e 2-divisible evolutions have PTP V,; ® I, while some V;; ® I3 are not
PTP: NMD(A) =d -2

o 1-divisible, or P-divisible, evolutions have PTP V, s, while some V, ; ® I
are not PTP: NMD(A) = d - 1;

e If A is not even P-divisible, some V; are not even PTP, namely it is
characterized by one or more negative eigenvalues: NMD(A) = d.

We can identify as “more” non-Markovian those evolutions A that are k-divisible
for smaller values of k: the larger is k, the larger has to be an ancilla to be used
to show the non-CP-divisible nature of A. Taken a non-Markovian A, we say
that it is: weakly non-Markovian if 1 <NMD(A) < d — 1 and essentially non-
Markovian if NMD(A) = d.

2.4.2 Contractivity criteria

The phenomenology that we expect from Markovian evolutions corresponds
to the lack of information backflows. As a consequence, if we use our sys-
tem to encode information, a Markovian A cannot cause the increase of any
information quantifier between any two times s < ¢. This picture explains why
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many of the Markovianity criteria that we show in this section require A to
satisfy particular monotonicity relations, either by imposing conditions on A;
or V; ;. We start with theorems that connect the PTP/CPTP property of maps
® : B(H) — B(H) and their ability to contract the trace-norm of Hermitian
operators.

Theorem 1 ([Kos72al|[Rus94l]). Any TP linear map @ is P if and only if
IOl < 11Xl
for any Hermitian X € B(H).
Hence, it easily follows that

Theorem 2. Any TP linear map ®© is CP if and only if
1P IO < X1,
for any Hermitian X € B(H ® H), where I is the identity map on H.

Notice that Theorems [T] and [2] can be considered to study the contractivity
properties of dynamical maps ® = A, and intermediate maps ® = V; ;.

Now, we focus on evolutions A and in particular on conditions that char-
acterize their degree of non-Markovianity, namely through the k-divisibility
criterion, where d-divisibility corresponds to Markovianity. We start with the
following theorem:

Theorem 3 ([CM14]). If A is k-divisible, then
d
d_t”At®Ik(X)||1 <0, (2.49)

for all Hermitian in X € B(Hs ® Hy), where dim(Hy) = k.

Since in this theorem k-divisibility is a sufficient but not necessary condi-
tion, it may happen that an evolution A satisfies Eq. (2.49) for any Hermitian X
while not being k-divisible. In order to formulate necessary and sufficient cri-
teria for Markovianity, we show a fundamental result for invertible evolutions.
Indeed, in these cases we can provide a necessary and sufficient relation that
connects a monotonicity relation with k-divisibility.

Theorem 4 ([CM14])). Given an invertible evolution A, it is k-divisible if and
only if

d

p tII 1 ® [ (Xl

for all Hermitian in X € B(Hs ® Hj), where dim(Hy) = k.
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Now we review some results concerning non-invertible evolutions. As de-
fined in Section El, an evolution is divisible if the linear intermediate map V;
exists for any s < f. We saw that an evolution is divisible if and only if it sat-
isfies the Kernel non-decreasing property (see Proposition [I)). Nonetheless, a
sufficient, but not necessary, condition for divisibility that involves a contrac-
tivity criteria is given by:

Proposition 2 ([CRS18]). If an evolution A is such that
A0l <0 (2.50)
dt t 1= s .

for all Hermitian X € B(H) and t > 0, then it is divisible.

We remember that, invertibility implies the Kernel non-decreasing property
(in this case Ker(A;) = Ker(A;) = 0) and divisibility (see Eq. (2.33)). More-
over, the Kernel non-decreasing property implies dim(Im(A;)) > dim(Im(A;))
for any s < t. The following theorem, instead, provides a necessary condi-
tion for evolutions to be divisible with CP, but not necessarily TP, intermediate
maps.

Theorem 5 ([CRS18]). If an evolution A satisfies
d
d_t”At®Id(X)”1 <0, (2.51)

for any Hermitian X € B(Hs ® Hy), where dim(Hy) = d, then it is divisible
with CP intermediate maps V; ;.

Notice that the existence of V;, implies its TP property on Im(A;), but
not for any element in B(Hs). Indeed, Eq. provides a slightly weaker
condition than Markovianity, which instead requires V;; to be CP and TP for
any element in B(Hs).

If A satisfies the same conditions of Theorem [5] and is also image non-
increasing (see Definition [I)), we can certify the Markovian nature of the evolu-
tion with the following contractivity criteria:

Theorem 6 (J[CRS18l). If an image non-increasing evolution A satisfies
d
d—tllAz ® LX)l <0, (2.52)

for any Hermitian X € B(Hs @ Hy), where dim(Hy) = d, then it is Markovian.
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Nonetheless, notice that an evolution can be Markovian while not being
image non-increasing. Indeed, while Markovian evolutions must have a de-
creasing volume of Im(A;) (see Section [2.5.6), this is not the only condition
that characterizes image non-increasing evolutions. A Markovian evolution A
can be characterized by a decreasing volume of Im(A;) while at the same time
some states become accessible again after a finite time interval, and therefore
leading to a violation of (2.29).

It is natural to ask whether Markovian evolutions are those satisfying the
contractivity criteria required by Theorem [5| namely the evolutions that con-
tract in trace-norm all Hermitian operators in an extended setup. Whereas this
problem is still open in the general case of d-dimensional systems, it has been
proved that this result is true for qubit evolutions:

Theorem 7 ([CC19]). A qubit evolution A is Markovian if and only if
d
EIIAz @ LX)l <0, (2.53)

for any Hermitian X € B(Hs ® Hy), where dim(Hy,) = 2.

Notice that in this case we do not require the evolution to be invertible or
image non-increasing: any violation of (2.53) implies non-Markovianity and
any non-Markovian qubit evolution provides a violation of (2.53).

2.5 Witnesses of non-Markovianity

We defined Markovian evolutions as those satisfying the CP-divisibility condi-
tion and we showed that, thanks to the Stinsespring-Kraus representation theo-
rem, this property allows considering these evolutions as memoryless, namely
they do not allow information backflows from the environment back to the sys-
tem. Nonetheless, this picture does guarantee that all non-CP-divisible evo-
lutions show information backflows that can be witnessed in an experimental
setup, namely confirming the phenomenology that is expected. Indeed, one
may argue that the CP-divisibility condition is too restrictive and that some
non-CP-divisible evolutions may not able to provide information revivals for
any S or S — A initial setup, where A is an ancillary system. In order to get the
exact correspondence between the phenomenological and the mathematical de-
scription of Markovian and non-Markovian dynamics, we look for one-to-one
relations between non-Markovian dynamics and observable information back-
flows.

We follow by describing a generic non-Markovian witnessing scenario,
where our goal is to observe characteristic phenomena through the evolution
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of a properly initialized system, if and only if A is non-Markovian (see Fig.
[2.2). Whenever we say that we want to witness a non-Markovian evolution, we
ask to define:

e [nitial condition: an initial state ps4(0) shared between S and possibly
an ancilla A which is evolved by the target evolution A as follows:

psa(t) = A ® Ix(psa(0)). (2.54)

The initial condition can also be an ensemble Eg4(0) = {pi, psa.i(0)};,
where the evolved ensemble is obtained considering Eq. (2.54) for each
state ps4,;(0):

Esa(®) = {pi, psai(D)}i. (2.55)

o [nformation quantifier or non-Markovian witness: it is given by a func-
tional Q that associates a real number to the evolved condition and is
decreasing for any Markovian evolution. The value of Q(ps4(f)) quanti-
fies a particular type of information contained in ps4(f). We have a valid
non-Markovianity witness Q if, for any psa € S(Hsa), it satisfies the
following properties:

0:S(Hsa) —m R S.t. (2.56)
O(®s ® I4(psa)) < Q(psa)  forany CPTP Og.  (2.57)

Similar conditions can be formulated when we consider evolving state
ensembles.

The last two relations corresponds to the data processing inequality: the infor-
mation content of S — A cannot increase through the application of local oper-
ations either on S or A. Any Q is monotonically decreasing when S is evolved
by a Markovian evolution A. Indeed, since in these cases the corresponding
V;.s are CPTP for all s < 7, from Eq. it follows that:

Q(psa(®) = Q(Vis ® Ia(psa(s)) < Q(psa(s)), (2.58)
and therefore the absence of an information backflow between any two times:
Q(psa(®) — Qpsa(s) < 0. (2.59)

In case of differentiable evolutions, Eq. (2.59) can be written for infinitesi-
mally close times and the Markovian condition assumes the following differen-
tial form

d
d_tQ(PSA(Z)) <0. (2.60)
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ds4)

Figure 2.2: We study the information encoded in evolving states ps 4(f) defined
over S A, where the initial states pg4(0) evolves due to the interaction between
the OQS S and the environment E, while the ancillary system A does not take
part in the evolution. Notice that the information quantifiers Q that we consider
are defined over the complete system SA. Our goal is to witness the non-
Markovian nature of evolutions through backflows of Q(ps(%)).

We want to underline the operational role that Q plays in the character-
ization of non-Markovianity. Given a non-Markovian evolution A, a non-
Markovian witness Q and an initial state ps4(0) (or ensemble E54(0)), a back-
flow of Q can either occur or not. Indeed, while for Markovian evolutions
condition (2.59) is always satisfied, it is not obvious if it is always possible
to find an initial condition and an information quantifier that show a backflow
when A is non-Markovian. In other words, the non-trivial goal is to under-
stand whether, for any non-Markovian evolution and any time interval [s, ¢] for
which there is no CPTP intermediate map V4, there exist Q and psa(0) (or
Es54(0)) that show a backflow in the same time interval, namely that violate
Eq. (2.59). Despite the most interesting witnessing techniques are those offer-
ing equivalencies between backflows and non-Markovian evolutions, we also
discuss scenarios offering weaker conditions that however expand our knowl-
edge of possible non-Markovian effects that can be observed and exploited.

2.5.1 Maeasures of non-Markovianity

A different goal connected with the characterization of non-Markovian evo-
lutions is given by studying the degree of non-Markovianity of evolutions.
Hence, measures of non-Markovianity provide methods to compute which non-
Markovian evolutions provide larger information backflows, hence defining a
hierarchy. A common method to introduce such measures is given by fixing a
quantifier Q and considering the maximum total backflow that the target evolu-
tion can provide when an optimization over the initial conditions is performed.
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In order to describe this procedure, we start by introducing the information flux

d
Tolpsa(0) = - Qpsa®). (2.61)

It is clear that, given condition (2.57), for any ¢ such that the infinitesimal in-
termediate map V.., is CPTP, we have o g(psa(f)) < 0 for any Q and ps4(0).
Indeed, we say that the information Q of the system initialized in pg4(0) flows
out of the system at time f when og(ps(#)) < 0. On the other hand, any viola-
tion of the differential Markovianity condition (2.60) corresponds to a positive
flux op(psa(?)) > 0 and we say that a backflow of Q from the environment to
the system is shown. These simple observations allow introducing measures
of non-Markovianity No(A) that are equal to zero for all Markovian evolutions
and positive only if A is non-Markovian

NQ(A) = max f O'Q(pSA(t)) dt, (2.62)
Psa®) Joo(psa)>0

where the states ps4(0) could be replaced by ensembles Eg4(0). Even if Ny is
not expressed in a compact form, its physical sense is very direct: we collect
the information flux (2.61) whenever it flows back from the environment. The
values of No(A) for different Q represent different features of the same evolu-
tion A, namely its potential to provide backflows of Q. Nonetheless, one may
think that, if A is “more” non-Markovian than A, when the hierarchy provided
by a precise Q is considered, namely No(A1) > Ng(A»), then the same is true
for any other Q. In [ABCM 14]] the authors propose an exhaustive comparative
study to show that the ordering provided by a measure of non-Markovianity
can be inverted if a different measure is considered. The measures that we in-
troduce below in Sections [2.5.2] [2.5.3] and [2.5.7] are among those compared in
[ABCM14].

Alternative approaches to quantify the non-Markovian degree of evolutions
can be considered. A first strategy [PGD™16] consists in the evaluation of the
maximum revival of Q that can be observed during a single time interval

Np“(A) = max  Qpsa(t) ~ Qpsa(s)). (2:63)
s<t,ps4(0)
A second alternative [PGD*16] can be defined through the maximum differ-
ence between Q(psa(?)) and the time-average of the same quantity, namely
(Q(psa(1))), during the previous times

N(A) = max
oW psa(0)

{0, max Q(psa) - (QGpsan} . 264
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where (Q(psa(1))) = (fot O(psa(t)) dt’) /t is the time average of Q in the time
interval [0, #] when the system is initialized in ps4(0). It is easy to prove that,
for any Q and A

NG(A) < NG™(A) < No(A). (2.65)

Moreover, while
Ng“x(A) >0 «— NpA)>0, (2.66)

a similar relation does not hold for Ng(A), namely No(A) > 0 do not imply

Ng(A) > 0. Nonetheless, it can be shown [PGD™ 16| that Né;(A) has a very
specific operational meaning connected with the probability to store and faith-
fully retrieve information, as measured by Q, by state preparation and measure-
ment, where an attack performed by an eavesdropper may occur. Larger values
of Ng(A) implies higher probabilities to succeed in this task. Hence, even if

Ng(A) is not as accurate as No(A), namely it may be equal to zero even if A is
non-Markovian, its value has a precise operational meaning.

This discussion suggests an interesting starting point to explore the advan-
tages that only non-Markovian evolutions can provide in quantum protocols,
where the occurrence of information backflows are exploited to obtain perfor-
mance improvements. Whereas this topic is particularly interesting and it is
connected with the possibility to formulate a resource theory of non-Markovian
evolutions [RHP14]], it goes beyond the purposes of this thesis.

2.5.2 Rivas-Huelga-Plenio measure of non-Markovianity

We gave three formulations of non-Markovianity measures, namely Ny, Ng“x

and Ng, based on the possibility to obtain backflows of an information quanti-
fier Q. Nonetheless, the procedure given in Ref. [RHP10] by Rivas, Huelga and
Plenio was one of the first methods able to detect all non-Markovian evolutions
but it cannot be expressed through backflows of a specific Q. The idea behind
their method exploits the Choi-Jamiotkowski isomorphism [[Cho75) Jam72],
which states that a map ®s defined for an arbitrary finite-dimensional sys-
tem S is CPTP if and only if ®g ® I, maps the maximally entangled state
gb;A =d! Z?j:] liXjls ® |iXjla into a physical state, where S and A have the
same dimension, namely dim(H,) = d = dim(Hs). As a consequence, if @y is
TP, then it is CP if and only if @5 ® I4 (gb;r 1) = 0, namely

Og isCP « ||Dg ®IA(¢;‘—A)”1 =1. (2.67)

Consider a differentiable quantum evolution A with intermediate maps V¢,
for the infinitesimal time intervals [z, f + €]. We can define the functional f (¢ +
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€1) = IIV,JrE,,fQi)IA(qﬁgr WDllt, whichiis equal to 1 if and only if Vi, ¢, is CP, otherwise
fa(t + €,t) > 1. Therefore, by defining

1
a(h = lim 2ACFED -1 (2.68)
e—0" €

we can measure the non-Markovian degree of A with

Newp(A) = f eaddr. (2.69)

This measure of non-Markovianity is equal to zero if and only if A is divisible in
CP intermediate maps, namely is Markovian. This approach can be problematic
for non-divisible evolutions that do not allow the evaluation of fA(z + €, ) for
some ?.

Finally, we want to discuss another subtle detail of this technique. The
straightforward operational scenario suggested by the definition of f)(? + €, 1)
for its evaluation in a laboratory would be given by applying Vi, on ¢ ,,
which is a maximally entangled (pure) state. Therefore, to do so, one may con-
sider to find arﬂinitial state ¢54(0) such that A, ® I4(¢s4(0)) = ¢>§r 4+ Indeed, in
this way the following infinitesimal intermediate map V,,., would be applied
on ¢¢ ,. In general, this approach cannot be followed for two reasons: (i) ¢ ,
may not be inside Im(A;) and, most importantly, (ii) even if this first condition is
verified, we would obtain that ¢pg4(t+€) = Vi, Q1 A(qbg 4) would not be physical
because ||psa(t +€)|l1 = fa(t+¢€,¢) > 1. This result is indeed not acceptable be-
cause evolutions (Markovian and non-Markovian) map initial (physical) states
into (physical) states. Hence, if V; ; is not CPTP, ¢§ 4 € Im(A; ® 14). Similarly,
if ¢; 4 € Im(A; ® I4), then V; ; must be CPTP. Therefore, even if Nggp(A) > 0
if and only if A is non-Markovian, this principle does not prove if it is possible
to witness the non-Markovian nature of A by evolving an initial state which
is later in time measured. Nonetheless, this measure of non-Markovianity is
easily evaluable in many instances and quantifies non-Markovianity without
considering the observation of a particular observable. This property gives to
Nrpup an absolute meaning and is often considered as a reference measure.

2.5.3 Distinguishability of states

A measure of non-Markovianity is given by considering as witness Q the dis-
tance between pairs of states of S [BLP10], where no ancilla is exploited. Con-
sider the measure Qprp defined as the trace distance between two evolving

!'There may exist more than one initial state if the evolution is not bijective.
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states of the system

1 ( + ||,05(f) _ps(t)lll)‘ (2.70)

Qprr{ps (1), p5 (1)) = 3 1 3

The value of QBLP({pS (1), p§ (1)}) represents the distinguishability between pj (1)
and p ’(r): its maximum value 1 is obtained when the states are orthogonal,
namely perfectly distinguishable with a quantum measurement, and the mini-
mal value 1/2 is obtained when the states are identical and the best strategy to
distinguish them is to randomly guess. In other words, it is the probability of
distinguishing p (r) from p¢ () in an optimal measurement scenario. Indeed,
this quantity can be evaluated as

Qpr(lps@).p5 D = max, —(Tr[ps(r>PS]+Tr[p’S’(r>P )., @

where the maximization is performed over POVMs {P{, P¢} on S. We define
the flux of information

d
osLr({ps (1), ps (D) = o OpLr({ps (1), p5 (D)), (2.72)

where we are assuming the evolution to be differentiable. In case of a Marko-
vian evolution

oo (), p5 (0} < 0 (2.73)

and we can interpret this as a flux of information going from S to E. On the
other hand, o A({ps (1), p ’(1)}) > O represents a flux from E back to S, namely
a backflow. The measure of non-Markovianity for evolutions based on Qprp
is given by collecting the maximum backflow that A can provide when we
maximize over the possible initial pairs, namely

Nprp(A) =  max

, max f opLr({ps (@), psODdt.  (2.74)
1050), p5 O Sy p (105 (8), 3 (D))>0

We have a positive value Nprp(A) > 0 only if A is non-Markovian, but the
converse is not true. We remember that, while any PTP V; ; maps S (Hy) into it-
self, this is no longer true if V; ;® 1, is applied on states in S (Hs 4) for a generic
ancilla (see Section[2.3)). If V; ; is PTP, the distinguishability between any two
states cannot increase during [s, ], namely [lo% , (1) — g, (DIl < llpg4(s) —
P A(®ll1. Indeed, as we explained in detail in Section a PTP map ap-
plied on an Hermitian operator, e.g. X = p ,(s) — pg ,(s) € B(Hs), cannot in-
crease its trace-one norm. It follows that we cannot observe backflows of Qg p
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in a given time interval if the corresponding intermediate map is PTP. Hence,
P-divisible (non-Markovian) evolutions are characterized by Np;p(A) = 0 and
therefore this measure cannot detect this class of non-Markovian evolutions. In
the following section we see how this picture drastically changes when initial
states defined over S and supplementary ancillary systems are considered.

2.5.4 Distinguishability of states assisted by an ancilla

The results shown in Section can be translated from the ability of A; to
contract the trace-norm of Hermitian operators to its potential to decrease the
distinguishability of mixed states. We start by noticing a useful property of
Hermitian matrices. Any Hermitian X € S(Hs ® Hya), up to a normalizing
factor, can be written as [Hel76] X = pp:g A= p)p's’ , for some p € [0, 1] and
P> Psq € S(Hsa). An Hermitian matrix written in this form is often called
Helstrom matrix. The quantity [[X||; = [[pp, — (1 = p)p§,Il1 describes the
possibility to distinguish p§, from p§, when they are prepared with a-priori
probabilities p and 1 — p, respectively. Indeed, the probability to success in this
task when an optimal measurement is performed is given by

’ ’’ 1 ’ ’’
PP W5 a-P50) = 51+ Ippsa = (1= el (2.75)

which is indeed maximal if the states are orthogonal and minimal if they are
identical. We call this quantity p-distinguishability and, if p = 1/2, we simply
call it distinguishability. Indeed, for p = 1/2 the two states are prepared with
the same probability and Pi,l/ 2 corresponds to Qpyp introduced in Eq. .

Similarly to Eq. li the operational meaning of Pg,p ) is made explicit by the
following formulation:

PP (0 4, 040) = max (PTr[Piapsa] + (1= Te[PLapta]) . (276)

{PypoPga)

where the maximization is performed over 2-output POVMs {P5 ,, P{,} on S —
A.

We start by considering Theorem [2]and we show that it can be exploited to
connect increases in p-distinguishability with the presence of non-CPTP inter-
mediate maps during an evolution. Hence, instead of a generic TP map @y, we
consider the non-CPTP V; ;. The problem that we encounter in adopting The-
orem [2] to operationally witness non-Markovianity with p-distinguishability is
that we should be certain that p , and p , belong to the image of the preceding
evolution Im(Ay). In [BJA17]] the authors show that, if Ay is invertible, then the
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existence of at least one Helstrom matrix X = Posa — (1 = p)pg 4 with a de-
creasing trace-norm in the time interval [s, ] implies the existence of a second
Helstrom matrix X = pp§ , —(1-p)p§, where pg , and p¢, belong to I(A;®14).
Hence, if A]! exists, there exist initial states 05 4(0) and p¢ , (0) such that their
p-distinguishability increases in the time interval [s, ¢] if and only if V, ; is not
CPTP.

This approach can be considered also to study k-divisibility: an evolution
A is k-divisible if A® I} (®® I}) is P-divisible, where Iy is the identity operator
on a k-dimensional ancillary system (see Section[2.4.T]).

Theorem 8 ([BJA17]]). Given an invertible evolution A, the intermediate map
V.5 is k-positive if and only if

Ve ® I (5 (5) = (1 = PP§A(9) Il < Do (5) = (L = pPYA( s (2.77)
for any p € (0, 1) and pair of states {0 ,(0), pg ,(0)}, where dim(Hy) = k.

We remember that Markovianity, namely CP-divisibility, corresponds to
d-divisibility of the evolution, namely the d-positivity of the corresponding in-
termediate maps. We notice that, in case of differentiable evolutions, Theorem
Ml can be casted as follows

Theorem 9 ([CM14,ICKR11]]). Given an invertible evolution A, it is k-divisible
if and only if

d
71 ® Ii(pps 4(0) = (1 = p)pS, (Ol <0, (2.78)

for any p € (0, 1) and pair of states {0 ,(0), pg ,(0)}, where dim(Hy) = k.

Therefore, given any invertible non-Markovian evolution, there exist two
initial § — A states and a p € (0, 1) such that their p-distinguishability increases
during at least one time interval. Similarly, also the results concerning non-
invertible evolutions, namely Theorems [5] [6|and[7] can be formulated in terms
of p-distinguishabilities. In particular, the latter can be written as

Theorem 10 ([CC19])). A qubit evolution A is Markovian if and only if

d
1A ® L(ppsA0) = (1 = p)ps (0l <0, (2.79)

for any p € (0, 1) and pair of two-qubit states {p} ,(0), p§ ,(0)}.
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The price we have to pay in order to be able to detect any non-Markovian
evolution without the need to check all p-distinguishabilities, but only the ordi-
nary (p = 1/2) distinguishability, is to increase the dimension of the ancillary
system from d to d + 1 [BJA17]. Indeed, the contractivity criteria of the type
%IlAt(X)H 1 < 0 for Hermitian X € S (Hs ® Hy) with a d-dimensional ancilla
can be replaced by 4|A; ® Iy41(p ,(0) — P}, (0N} < O for any pair of S — A
states, where dim(Hy) = d + 1.

This result can be casted in differential or non-differential forms:

Theorem 11 ([BJA17]). Given an invertible or point-wise non-invertible evo-
Iution A such that A" exists, V, s is CPTP if and only if

Vis ® Lasr (5 4(8) = 054(9)) I < 105 A(8) = PS4l (2.80)
for any pair of states {0 ,(0), pg ,(0)}, where dim(Hy) = d + 1.

Theorem 12 ([BJA17]). Given an invertible or point-wise non-invertible evo-
lution A, it is Markovian if and only if

d ’ 77
271 @ La41 (055 (0) = s, (Ol < 0, (2.81)

for any pair of states {0 ,(0), pg ,(0)}, where dim(Hy) = d + 1.

A constructive method for the initial witnessing pair of states

We saw several criteria that connects non-Markovianity with the increase of the
evolving p-distinguishability of p§ , (f) and p¢ ,(¢). Nonetheless, only [BJA17]
proposes a method to construct the initial states pj ,(0) and p¢, (0) needed for
this task. In particular, they study Theorem [IT] and provide initial states to
witness any invertible or point-wise non-bijective evolutions characterized by a
non-CPTP intermediate map V; ;. The states provided by this method depends
solely on the initial time s. These states can also be used for Theorem
where the same states would violate Eq. (2.81) during at least one time interval
contained in [s, #] if and only if V; is not CPTP.

Any p-distinguishability is a functional satisfying the non-Markovian wit-
nesses conditions (2.56) and for ensembles. Hence, we simply define

Q1A (0% 40, P O = PYP (06 40, 054 (1)), (2.82)

where dy = d + 1 and the corresponding initial condition is given by the pair
of § — A states p§,(0) and pg,(0). Now, we show the details of the construc-
tive method that provides the initial witnessing pair of states. Given a non-
Markovian evolution, we can always individuate a time interval when there is
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no CPTP intermediate map V;,. Now, we consider those states that at time s
assume the form

Psa(s) = (1= p)osa + pdg 4, (2.83)
Psa(s) = (1 = p)osa + pps ®ld + 1Xd + 1, (2.84)

where ¢§ A= d! ijzl [iXjls ® |iXjla is the maximally entangled state between
S and the first d degrees of freedom of A, o5 4 is an arbitrary state in the interior
of Im(Ay ® I4), namely not in its border, and pg is an arbitary state in S (Hs).
It is straightforward to see that, for small-enough values of p > 0, we have
P54(5), 05 4(s) € Im(A; ® I4). Notice that pg , (s) — p¢ 4 (s) = p(¢§A —ps Q|d +
1Xd+1|4). Since ¢¢ , has no support on the d+1—th degree of freedom of A, this
state is orthogonal to ps ®|d + 1Xd + 1]4. Hence, ||0§ , () —p§ ,(Dll1 = pllgpg 4111 +
pllos ® |d + 1Xd + 1]4ll1 = 2p. The orthogonality between these components
is preserved after the action of the intermediate map V;; ® I4 and at time ¢ we
obtain [log , (N—p§ , Il = plIV2s®Ia(¢g Ol +plIVis(os)®ld+1Xd+1]alli. While
PlVis(os) ®|d + 1Xd + 1|all1 = 1, we focus on ||V, ¢ ®IA(¢§A)”1- This quantity,
due to the Choi-Jamiotkowski isomorphism [[Cho75| Jam72]], is greater than 1
if and only if V; is not CPTP. Therefore, a non-CPTP intermediate map V;
causes an increase of the distinguishability between these two states during the
time interval [s,#]. Finally, notice that the initial states p% ,(0) and p¢,(0) can
be obtained by applying A;' ® I4 on Egs. tb and . Moreover, 054,
ps and p can be chosen such that pf ,(0) and p¢, (0) are arbitrary close and/or
separable.

In summary, this method provides a pair of initial states pg ,(0) and p{¢ , (0)
such that, if the evolution in [s, #] is described by a non-CPTP intermediate map
V.5, then the witness Qg4 provide a backflow

Opsa(P5 (D), P54 = Qp1allos4(5), p54(9)}) > 0. (2.85)

Notice that the authors in [BJA17]] show that also point-wise non-invertible
evolutions can be considered. These evolutions are those A for which the in-
verse map A,‘1 does not exist only for a discrete set of times {#;};. In case s is
a time when A is non-invertible, in order to recover Eq.(2.85) it is enough to
find a pair of states pg ,(0) # p¢, (0) that are mapped by A; into the same state
Ps4(8) = p¢,(s). Indeed, this condition implies that Qpsa({§ 4 (5), P§ (D) =
1/2 and, when the invertibility is recovered for some later time ¢, these two
states p ,(t) # pg ,(t) become distinguishable again, Qpsa({o5 (1), o3, (D)) >
1/2 and the backflow (2.85) is recovered. Finally, they notice that evolu-
tions that are not invertible or point-wise non-bijective are contained in a zero-
measure set in the space of quantum evolutions. Hence, any random infinitesi-
mal perturbation of any evolution is either invertible or point-wise non-invertible.
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2.5.5 Guessing probability of ensembles

The approach followed by Buscemi and Datta in [BD16] is slightly differ-
ent and requires the introduction of the guessing probability of ensembles, a
generalization of P;” ) to ensembles of any number of states. Consider the
task of identifying a state that we randomly choose from a known ensemble
& = {pi,pill_, of states of § (H). The guessing probability Py(&) is the av-
erage probability to successfully identify the extracted state with an optimal
measurement, that is

n

Py(&) = max Z; piTrlp; P . (2.86)
where the maximization is performed over the n-output POVMs of B(H) (com-
pare it with Eq. (2.76)). We say that the larger is P¢(E), the more & is dis-
tinguishable. Notice that the maximum value P,(E) = 1 is obtained for or-
thogonal state ensembles. Moreover, P,(E) can be used to define witnesses of
non-Markovianity: under the action of any CPTP map ® : B(Hs) — B(H)
on the states of & = {p;, p;};, the guessing probability P,(E) is non-increasing:
Pe({pi,piti) = Pg({pi, P(oi)}).

Now we explain how we can use the guessing probability to witness any
non-Markovian dynamics. We consider a finite-dimensional system § — A,
where the d-dimensional system S is evolved by a generic evolution A and
A is an ancillary system. Given an initial ensemble Eg4(0) = {pi, psa.i(0)};,
we consider its evolution Esa(f) = {pi, Ar ® I4(0s54.i(0))};. Therefore, if A is
Markovian,

Py(Esa(1)) — Pg(Esa(s5)) <0, (2.87)

for any time interval [s, t]. Hence, the quantifier of information considered in
this scenario is

OBp(Esa()) = Pg(Esa(D),

where the initial condition is given by E54(0). The authors of [BD16]] show
that, for any evolution A and time interval [s, 7], there exist an ancillary system
A and an initial ensemble Eg 4(0) of separable states of S (Hsa)

Esa(0) = {PrPs il s (2.88)
such that we have a backflow
Py(Esa(t)) — Po(Esals) > 0, (2.89)

if and only if there exists no CPTP intermediate map V; ;, and therefore a viola-
tion of the Markovian condition (2.59). Moreover, the probability distribution
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P = {]_91-}?:1 has a finite size of 77 < d* elements and dim(7H,) < d. Notice that,
even if we do not make it explicit, 55 4(0) depends on A and [s, t]. This result is
completely general, applies to any finite-dimensional evolution and, while it is
not able to provide the explicit states needed to define gg 4(0), it proves the first
one-to-one relation between information backflows and non-Markovianity.

2.5.6 Volume of accessible states

A way to characterize and study non-Markovianity is given by the study of
Im(A;) and the temporal evolution of its volume V() [LPP13]. Indeed, we can
see that it is contractive under CPTP maps and therefore it can be used to study
non-Markovianity. In order to discuss this technique, we briefly introduce the
technique used. Given a d-dimensional system S, any density operator ps €
S (Hs) can be represented by a d> — 1 dimensional real vector r in the Bloch
representation (see Section [2.1.1). Therefore, any state pg () evolving under
the dynamics defined by A can be represented by a time dependent vector r(¢).
In this formalism, the action of the dynamical map A; induces the following
affine transformation

r0) = r(®) = AOr@) + q(1)/Vd, (2.90)

where A(?) is a (d> — 1) x (d* - 1) real matrix. This matrix can be decomposed
as A(t) = OV D@ O0OP(r), where 09(t) are orthogonal matrices and D() is
positive semi-definite and diagonal. It follows that the action of A, on the space
of state vectors r corresponds to a first rotation OV)(¢) (possibly composed with
an inversion), then a shrink of the vectors D(¢) followed by a second rotation
0(f) and a translation q(t)/ Vd. The contraction factor of the available state
vectors is given by detA(¢) = det D(¢). Indeed, it can be shown that V(¢) =
|det A(#)|V(0). Moreover, | det A(#)| is monotonically decreasing for P-divisible
evolutions [[WCOS8]] and therefore, if A is P-divisible,

dv(r) dldetAQ)| <0

2.91
dt dt 291)

This result implies that whenever an increase of V(¢) occurs in a time interval
[#1, 2], we can infer that V,, ;, is not even P and A is essentially non-Markovian,
namely not even P-divisible. The following measure can be considered

NLPP(A) = L Wdt = f Mdl
V) Javyjarso  dt dldetA@)jdi>0  dt

We have that Ny pp(A) > 0 only if A is essentially non-Markovian.



2.5 Witnesses of non-Markovianity 63

The authors of [LPP13]] show that this measure of non-Markovianity is also
connected to the amount of classical information that can be retrieved from
the environment. Indeed, if we perform an encoding of classical information
by preparing quantum states according to a probability distribution p, and we
evolve such states with the dynamical map A;, we can see that change in entropy
of the probability distribution is

Sc(prs) = Sc(proy) = log, | detA(?)],

where S¢c(py) = — f prlog(py)dr. It follows that a contraction of the volume
of accessible states corresponds to a loss of classical information.

In [CMM17]] this vectorial approach is applied to the Breuer-Laine-Piilo
non-Markovianity measure [BLP10](see Section, where A (p5 (0)—p¢ (0))
is studied to witness non-Markovianity. This quantity, in the representation in-
troduced here, assumes the form A(#)(r'(0) — r”/(0)), where r’(0) (#”’(0)) is the
vectorial representation of pg 0) (pé’ (0)) obtained through Eq. . There-
fore, the BLP condition depends on A(f) but not on g(¢). The P-divisibility of
A and therefore of the evolution induced by Eq. (2.90), relies on both A(r) and
q(t) and therefore both the BLP condition (2.73)) and the condition (2.91) are
weaker than P-divisibility. Notice this is not true for unital evolutions, namely
such that A;(1s) = 1g for any # > 0, where ¢(¢) = 0.

It may seem unfeasible to perform an experiment that estimates V() for
a generic evolution of a d-dimensional systems. Nonetheless, the authors of
[LPP13]] show that, in order to evaluate V(¢), it is enough to perform state
tomography on d?> — 1 states that initially correspond to an orthogonal ba-
sis of Bloch vectors in R%~! and the maximally mixed state. Hence, in the
context introduced at the beginning of this section, we can consider the wit-
ness Qrpp(t) = V(t), where the initial condition is given by an orthogonal set
{ps O

Additional results concerning commutative evolutions, namely such that
A;o Ay = Ago A, for any s < ¢, normal commutative evolutions, namely com-
mutative evolutions such that A; o A} = Aj o A, for any ¢ > 0 with A being the
dual of A;, and Hermitian commutative evolutions, namely commutative evo-
lutions such that A; = Aj for any ¢ > 0, are presented together with examples
in [CMM17].

2.5.7 Correlation measures

The higher performance that quantum protocols can achieve, if compared with
the corresponding classical counterparts, are often due to quantum correlated
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multipartite system. Indeed, quantum correlations are among the most rep-
resentative type of information that can be considered for quantum systems.
Hence, scenarios that admit backflows of these quantities are of great interest.

In Section we described three types of bipartite A — B states, namely
product states (no correlations), separable states (classical correlations) and en-
tangled states (quantum correlations), as those having increasing degrees of
shared correlation. In this section we give precise rules to define functionals to
measure correlations over a bipartition. Given a bipartite system A — B, a corre-
lation measure M quantifies correlations shared between the subsystems A and
B. Several different measures have been formulated, where each one studies
qualitatively different types of correlations. In order for M : S(Hup) — R to
be considered an operationally meaningful correlation measure, we require it
to satisfy the following properties:

e M(p4p) is non-increasing under local operations on A and B;
o M(psp) > 0 for any state pap;
o M(pap) = 0if pap is a product state p4 ® pp.

The first condition encapsulates the natural requirement that correlations can-
not be created by local operations. Notice that, while for generic Q we im-
posed contractivity under local operations only for one subsystem (see condi-
tion (2.57)), correlation measures require contractivity under local operations
for both subsystems. This property implies that in general M decreases when
we apply CPTP maps on A and/or B, while it has to be invariant under unitary
local transformations. Indeed, for any bipartite system state psp € S (H4p) and
local unitaries Uy € B(H,) and Ug € B(Hp), we have M(psp) > M(Us ®
Up)pap(Ua ® Up)") = M(p/,p) > M((Us ® Up)'pap(Ua ® Up)) = M(pag).
where p, , = (Ua ® Up)pap(Usa ® U ). Notice that since any product state can
be prepared by local operations, all these states should give the same value of
M, which also corresponds to the minimum of M over all quantum states. We
obtain the second and third conditions if, without loss of generality, we impose
this minimal value to be equal to zero. Indeed, the first of these three conditions
is the central property that characterizes correlation measures and distinguishes
them from other functionals.

Non-Markovian evolutions and correlation measures

Notice that the monotonicity of correlation measures under CPTP local maps
implies that any Markovian evolution on S monotonically decrease correlations
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Figure 2.3: Left: in the first setting, an initial state between system S and ancilla
A is used. An increase of correlations between these two parts witnesses the
presence of non-Markovian effects. Right: in our second extended setting, the
whole setup consists of three parts, the systems S and A as before, plus an extra
ancilla A’. An increase of the correlations over the bipartition SA’ versus A can
be used to witness non-Markovian evolutions. By taking an initial product state
along the bipartition A" — AS, we recover the first scenario of S — A states.

shared in S —A systems. In fact, consider the scenario of Fig. [2.3]left, where S is
evolved by A and is correlated with an ancillary system A, namely psa(f) = A;/®
14(0s54(0)). If there is a correlation backflow between S and A in a time interval
[s, ], the evolution A is non-Markovian and more precisely the corresponding
intermediate map V; ; cannot be CPTP.

Given the definition of correlation functionals, these quantities automat-
ically satisfy the conditions for non-Markovian witnesses Q. Indeed, differ-
ent correlation measures have been proposed to witness and quantify non-
Markovian effects, e.g. quantum entanglement [RHP10]] and quantum mutual
information (QMI) [LES12].

From an OQS perspective, a decrease in correlations between S and A dur-
ing the dynamics may be caused by a non-recoverable loss of S —A correlations
but it may also be that these correlations have been transformed into potentially
recoverable correlations of the environment-OQS-ancilla. A revival can there-
fore be seen as a flow of correlations lost during the previous evolution back to
S - A.

In what follows we also consider a slightly more complex setting with two
ancillas A and A’, where the evolution is again applied only on S but we are
interested in the correlations shared between S A’ and A (see Fig[2.3|right). It is
straightforward to see that any correlation measure of this kind cannot increase
under Markovian dynamics. Notice that the previous setting can be recovered
by taking an initial state which is product along the bipartition A" — AS.
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Entanglement measures

We start by describing an exemplary correlation measure widely used in quan-
tum information theory: entanglement. It is exploited in different areas, e.g.
as a fundamental tool in quantum protocols and resource theories [HHHHQ9,
PV07,ICG19]. Entanglement Mg, being typically a non-local correlation, was
originally constructed to capture only non-classical correlations. The idea of
LOCC was originally introduced to describe the effects that distant experi-
menters can induce on a correlated states by using local operations. It was
later understood that entanglement can be defined to be that correlation that is
non-increasing under any LOCC applied by the parties that share the state. This
implies that Mg(ps4) = 0if ps4 is a separable state. A widely used measure of
entanglement is negativity:

T,

llogylh =1 > 0.
— 5z
where T4, a PTP transformation, represents the partial transposition of A. We
have that NEG(ps4) = 0 for any separable states, while NEG(ps4) > 0 im-
plies that S and A share quantum correlations. This measure derives from the
positivity of the partial transpose (PPT) condition [Per96|], which states that
pg’jx > 0 is a necessary condition for the separability of pg4. The PPT crite-
rion is also a sufficient condition only for qubit-qubit and qubit-qutrit bipartite
systems [HHH96]. Hence, for these systems, NEG(ps4) > 0 if and only if ps4
is entangled. Instead, this is no longer true for larger subsystems [HHHO9S]],
where there exist entangled states satisfying the PPT condition and therefore
NEG(ps4) = 0.

Rivas-Huelga-Plenio, in Ref. [RHP10], first introduced the idea of using
entanglement measures to witness non-Markovianity as follows. The authors
considered a § — A bipartite system prepared in the maximally entangled state
6" X |sa = d! Zl‘.ljzl liXjls ®1iXjla, where S is evolved with the target evolu-
tion A. In the context introduced in this section, our non-Markovianity witness
can be any entanglement measure Mg, e.g. negativity, and the initial condi-
tion is given by ¢s4(0) = [¢* X¢*|s4. The evolution induces the transformation
dsa(t) = ARI4(|¢p* X |s4) and any increase of Mg (¢s (1)) has to be attributed
to a non-CPTP intermediate map and therefore to a non-Markovian evolution.
Finally, a measure of non-Markovianity Ng(A) similar to Eq. can be
formulated once we consider the flux of entanglement o g(¢) = %M E(dsa(D)).
Notice that in this case no maximization over initial states is required and we
obtain

NEG(psa) = (2.92)

Ne(A) = fO'E(l‘)dl‘
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Quantum mutual information

Classical mutual information quantifies the amount of mutual dependence be-
tween two random variables. It evaluates the bits of information we gain about
one variable if we observe the other variable and vice versa. Its formulation is
inherently connected with the entropy of a random variable, where the larger is
the Shannon entropy of X, namely S ¢(X), the less we know about the random
variable X. Given X with possible outcomes x; and occurrence probabilities p;,
the Shannon entropy of X is defined as

Sc(X)= - pilogp;. (2.93)

The mutual information shared between two random variables X and Y is there-
fore given by
Ic(X;Y)=Sc(X)+Sc(¥)-Sc(X,Y), (2.94)

where S (X, Y) is calculated with the joint probability distributions for the out-
comes of X and Y. The quantum generalization of Eq. (2.93) is given by the
von Neumann entropy

S(p) =-Tr[plogp] , (2.95)
where, in this context, log denotes the matrix logarithm. Similarly, we can
define I(ps 4) as the information shared between the quantum systems S and A

I(psa) = S(ps) +S(pa) — S(psa), (2.96)

where pg 4 is the state of the bipartite system S — A and ps = Tra [psa] (oa =
Trs [psa]) is the corresponding reduced state of S (A). The QMI is a continuous
function on the set of states and is analytic on the interior of the set of states,
namely it is infinitely differentiable and equals its Taylor series in a neighbor-
hood of any point. Moreover, /(pg4) measures both classical and non-classical
correlations. Indeed, this measure in general is not null for separable states.
In the following we describe how this feature distinguishes the non-Markovian
witnessing potential of entanglement and QMI.

In Ref. [LES12] the authors used QMI to witness non-Markovianity and
constructed a corresponding measure obtained by the scheme given in Section
[2.5] where a maximization over ancillary systems A and initial states pg4(0) is
performed

Nrrs(A) = sup f oLrs(psa(®))dt, (2.97)
A,psa(0) JoLrs(psa®)>0

where psa(f) = A; ® I4(ps4(0)) and

d
orLrs(psa(t)) = d_tI(PSA([))- (2.98)
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2.5.8 Entropic quantities

Several entropic quantities have been taken in consideration in the context of
witnessing non-Markovianity. See Ref. [ABCIS]| for a review on this topic.
The monotonicity of the relative entropy evaluated between two evolving S
states can be connected with a divisibility property of A [Uhl77,0P04]]. Being
the relative entropy between two density operators in S (#) defined as S (p||o) =
Tr [p(log p — log 0)], we have:

Proposition 3 ([IMHR17)). If A is k-divisible, then

d
TS (s 0llpEA(0) <0, (2.99)

for any pair of states pg ,(0) and pj ,(0) in S (Hsa), where dim(Hy) = k and
S — A states are evolved by A ® I,

Hence, a violation of Eq. (2.99) implies that the target evolution is either
P-divisible or essentially non-Markovian. Results similar to Proposition [3|can
be obtained with other entropic quantities, such as: the Rényi-a divergence
[OP04, HMPB11, MHR17], the sandwiched Rényi divergences [MLDS" 13,
FL13,MO14, MHR17] and the conditional Rényi entropy [Tom15].

Finally, by defining the entropic quantity called min-entropy as follows

Hypinlpsa) = _min —logll(og* ® La)psa(og ? @ 1a)lleo,  (2.100)
os€eS(Hs)
we can also consider the quantum correlation qeor(psa) = 2~ Hmn®s4) [KRS09,
ABCI18]. This quantity can be related to the singlet fraction of pg4, namely:

Geor(Ps 4) = da Max(@*|(@s © La)(ps I )5 (2.101)

that is the maximum fidelity with a maximally entangled state |¢* )54 optimized
over local operations @g. It is easy to see that this measure cannot increase by
local operations on the first system, as any further local processing can always
be adsorbed in the optimization in (2.10T).

For quantum-classical states ps4(f) = Y; pips.i(t) ® |iXila, where |i)4 € Hy
are orthogonal states, gcor-(0sA (1) = Po({pi, ps,i()}) and the results of Section
can be recovered. Notice that, while the name of this quantity contains
the word “correlation”, it is not monotonic under CPTP maps on the ancillary
system and therefore we do not consider g, a proper correlation measure.

Each one of the entropic quantities introduced in this section can be used
to define a witness Q and therefore a corresponding flux oo and a measure of
non-Markovianity Np, e.g. as in Section [2.5.3] Notice that these procedures
always imply maximizations over the possible initial states or pair of states.
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2.5.9 Channel discrimination

Consider the task of distinguishing a channel between different possible CPTP
maps @g; : B(Hs) — B(Hs), where each channel on § is given with a-priori
probability p;. In this scenario, we have the freedom to choose on which state
psa we apply the unknown channel, where S is transformed by one channel
from {®g;} , while the k-dimensional ancilla A is left untouched. The i-th
channel transforms ps 4 in psa,; = Ps.;®14(0s4) and therefore the task of distin-
guishing the channel ensemble {p;, @s ;}; can be translated into the evaluation of
P,({pi,psa,}i), namely the distinguishability of the state ensemble {p;, psa.i}i-
Indeed, if we use a k-dimensional ancilla A, we define the distinguishability of
the channel ensemble {p;, s ;}; as follows

P(k) i7® ifi) = max P is ifi) - 2.102
¢ {pis Ps.i}i) o Max ({Pis Psaili) ( )

The presence of an ancillary system used to define initial correlations among S
and A helps in this witnessing task. Indeed, one finds that:
PO pis @3, < PO(pis @s.)) < --- < PO(pi @s) . (2.103)

Now, consider the scenario where, after the application of a channel from
{pi, Ps ;}; on the initial state pg4(0), we evolve the system to time ¢ with an evo-
Iution A. Hence, in this case the initial pg4(0) is transformed with probability
piinto psa i(t) = AroDg ;®14(ps4(0)). As expected, distinguishing the ensem-
ble {pi, ps,i(0)}; is easier than for {p;, psa,i(t)}; (see Section[2.5.5)). Therefore,
the same can be said comparing {p;, s ;}; and {p;, A; o Qg ;};. Indeed, for any
k > 2 and CPTP map Ag:

P (pis ®s.)i) = P ({pis As o Ds.}i)
Actually, it can be proven that:

Proposition 4 ([BC16]). If A is k-divisible, then

d
EP;”({pi, A;ods}) <0, (2.104)

foranyl < k.

Consider the case of two channels {®g ;, D52} which are respectively ap-
plied with a-priori probabilities p and 1 — p on states psa4 € S (Hsa), where A
is a k-dimensional ancilla. We can define their distinguishability as

1
P (@51, @52) = max > (1+ [[(p0s.1 = (1= p)0s2) & La(psall), (2.105)
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where A is a k-dimensional ancilla. Notice that, for fixed values of p, pkp)

satisfies Eq. (2.103) when different dimensions of the ancilla are considered.
The following necessary and sufficient relation connects invertible Marko-

vian evolutions and the monotonic decrease of channels dinstinguishability:

Proposition 5 ([BC16]). If A is invertible, then it is k-divisible if and only if

d
Epék’p)(/\z 0@ 1,A;0Ps2) <0, (2.106)

for any p € (0, 1) and pair of CPTP maps {®s 1, s 2}.

In practice, detecting a non-Markovian evolution with the procedure sug-
gested here can be demanding in the general case. Indeed, Theorem [5|requires
to consider every pair of CPTP maps {®gs 1, @52}, p € (0, 1) and a maximization
over the set of initial states ps4(0) (see Eq. (2.105)).

2.6 Random unitary evolutions

In this section we introduce an exemplary set of quantum evolutions that are
considered throughout this thesis. The wide interest that it attracted is due to its
simple formulation and the possibility to easily characterize some properties,
e.g. P-divisibility, by checking simple conditions on the parameters that define
this set.

We start by defining unital evolutions as those that preserve the identity
operator during the dynamics, namely A is unital if and only if A,(1g) = 1g
for any ¢ > 0. In other words, unital evolutions are those having the maximally
mixed state 1g/d as steady state, where d is the dimension of S. Notice that
this property has not to be true only for 15 /d, other steady states different from
15 /d may exist.

We follow by defining as random unitary those maps ®g : S (Hs) — S (Hs)
that can be written as

O(ps) = Z peUos U] (2.107)
%

where {pi}x is a probability distribution and {Uy}; a set of unitary transforma-
tions [CW135]). Therefore, A is a random unitary evolution if the corresponding
A, can be written in this form for any ¢ > 0. If d = 2, that is for qubit evolutions,
any unital channel is random unitary [LS93|]. However, when d > 3, the set of
random unitary channels is strictly included in the set of unital channels.

A particularly handy subset of random unitary evolutions is given by Pauli
evolutions, which are defined as those where the dynamical maps assume the
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form
d*-1
Adps©) = Y. pu(t) oups (0 . (2.108)
k=0
where the unitary operators oy, for k = 1,... ,d?* — 1, are such that oo = 1g

and Tr [a‘i(rj.] =d¢;jfori,j=0,1,... ,d*> — 1 . This class is studied in Ref.
[CW15], where the operators o are given by the set of unitary generalized
spin Weyl operators. Since {px(?)}; is a probability distribution, we have that
22161 pi(t) = 1 and pi(r) > O for any k. Notice that from the initial condition
Ao = Is we get po(0) = 1.

2.6.1 Qubit Pauli evolutions
In the case that S is a qubit, namely for d = 2, the Pauli dynamical maps (2.108)

assume the form
Ai(ps(0)) = po(Dps(0) + Z pr(t) orps (0)oy (2.109)

k=x.y.z

where the operators oy, o, and o, are the Pauli operators. Now we show how to
connect Pauli evolutions with the dynamics generated by the following master
equation in the generalized Lindblad form (2.43))

Li(ps () = Z YiO(okps (Do = ps (1), (2.110)

k=x,y,2

where vy, .(?) are real valued time-dependent functions. We consider Eq. (2.44)
to construct A; and we study its action on the Pauli operators.

Ai(oy) = exp |- fo (v:(7r) + yy(r))dt | oy,

Adory) = exp| - fo () + y:(odr| o,

A7) = exp|— L‘ (yx(7) + ')’y(T))dT Oz,
Als) = 1, ‘ 2.111)

Remember that, as we saw in Eq. (2.3)), any qubit state can be written in terms
of components proportional to o, .. Note that if we allow the rates to take
values in the extended reals RU{—oc0, +c0} we can have non-bijective dynamical
maps A, since exp [-oo] = 0. Therefore, any qubit random unitary dynamical
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map generated by finite rates is bijective. In these cases, A; ! exists for all # > 0
(the exponential function is always non-zero) and the intermediate maps are

given by considering Egs. (2.IT1) in Eq. (2.33), namely:
o .

Vo) =exp|- [ (o) + 70| o
L s i

Vis(oy) = exp|— f (v:(1) + yx(D)dr | 0y,

L |
Vis(oz) = exp —f()’x(T)+7y(T))dT (oF2
Vi) = Tg. _ 2.112)

Any Pauli evolution can be defined either by the time-dependent probability
distribution po y.(t) (see Eq. (2.109)) or by the time-dependent set of rates
Yx,y,(t) that defines the generator L, and the dynamical map A, through Egs.
(@.TTT) and 2.T10). In order to derive A; from L, and vice-versa, the following
equations can be considered [CW13]]

po() = % (1+An(® + A + A(0) ,
palt) = 4—1‘ (1= Ay(®) = A + Ay(0)
py(1) = i (1-An®+Ac - Ar0)
pet) = }1 (1+Ag(0) = Ac() = Aye(0)) - (2.113)

We end this section by showing some simple conditions on 7y, .(¢) that
allows understanding whether the generated evolution is physical, P-divisible
or Markovian. We start by defining:

Ajj(r) = exp [—2 f (yi(r) +yj(1))dr| >0, (2.114)
0

fori# jand i, j € x,y,z. From Eqs. (2.1T1)) and (2.114)), we obtain

Ao = 4i(Doi . where Ai(f) = JAj(1), 2.115)

where (i, j, k) = (x,y,2), (¥, 2, X), (2, x,y). Notice that the i-th eigenoperator of
A; is o, where A; is the corresponding eigenvalue, while 1g is an eigenoper-
ator with eigenvalue 1 at any time. In case yy, (1) > 0 is finite for any r > 0
we know from Section [2.3.4] that Eq. (2.110) defines a Markovian evolution.
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Instead, if one or more of these rates assume negative values, we use the fol-
lowing conditions in order to understand whether the given set of rates defines
an evolution that is physical (A, is CPTP at any time) or P-divisible:

o A;is CPTP if and only if
Biji(t) = 1+ Ajj(t) — Ap(t) = Aa(®) 2 0, (2.116)
for (i, j, k) = (x,y,2), (v, 2, %), (z, x,y) [HCLA14];

e A is P-divisible if and only if, for any ¢ > 0,

V() + (1) 2 0,
Yy(0) +y.(1) 2 0, (2.117)
Y1) +yx() 2 0,

since the intermediate maps are then contractive in trace norm [Kos72bl
Kos72a, [Rus94., ICW13]];

e A is Markovian if and only if y, , .(#) > 0 for any ¢ > 0.

2.6.2 Depolarizing evolutions

We gave conditions to distinguish Markovian from non-Markovian Pauli evo-
lutions based on the behavior of the rates y,, .(¢). In this section we introduce a
widely studied subclass of Pauli evolutions called depolarizing evolutions. An
evolution D = {D;}; defined on a d-dimensional Hy is depolarizing if and only
if at any time ¢ > 0 the corresponding dynamical map D, can be written as
a linear combination of the identity transformation /g and the map that sends
every input state into the completely mixed state. Specifically, we have
Is

D) = f0) Is () + (A = fENTr[-]—~ (2.118)
with the characteristic function f(t) being a real quantity belonging to the in-
terval

a2 -1
where this last property is necessary and sufficient for D; to be CPTP [KinO3].
We define D to be the set of depolarizing evolutions, where the specific dimen-
sion of the corresponding Hilbert space is left unspecified. It is easy to verify
that D is a closed set [Hol12| Will3| [KinO3]]. Indeed, given any two depolariz-
ing evolutions DV = {D{"}, and D@ = {D'?},, we have that D"’ = (1-p)D'V+

Jp = [ ! 1], (2.119)
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pD§2) assumes the form with characteristic function fP)(r) € Jp. It is
possible to prove that, for any d, the depolarizing evolutions are random uni-
tary. From Eq. (2.1T8) it is clear that we can use the function f(¢) to uniquely
characterize the elements of ID.

Depolarizing evolutions for qubits

We show how to connect the characteristic function f(f) to the parameters used
in the previous sections to describe evolutions, namely the probabilities p,. . (?)
given in Eq. and the rates y,,(¢) given in Eq. (2.110). The dynam-
ical map D; is in the Pauli form. Indeed, the channel (2.109) is equal to the

depolarizing map (2.118)) when

3f@) + 1 1 = po(®)
1 —.

3

Notice that, if f(#) assumes its maximum value 1, namely when D, acts as the
identity map, po(f) = 1. On the contrary, if f(f) assumes its minimal value
—1/3, we obtain pg(t) = 0. Now we show the connection between D and the
corresponding master equation L, that generates the same evolution.

Given the symmetric action of Dy, it is straightforward to see that the three
rates 7y, (1) are identical: 7., (f) = y(¢). Therefore, if we compare Eq.
(2.110), which now assumes the form

po(t) = and  py(1) = py(1) = p-(1) = (2.120)

d
P50 =71 Z (Tips(oi = ps (D)) . (2.121)

i=X,y,Z

with the time derivative of Eq. (2.118]), namely

d o Lg
S Dilps ) = f0[ps ) = ), (2.122)
we obtain )
f@
= 2.123
"0 40 2129

Hence, Egs. (2.120) provides the connection between po . .(f) and f(z) and
(2.123) provides the connection between y(¢) and f(¢). In the following we
characterize Markovian and non-Markovian depolarizing evolutions in terms
of the behavior of f(¢). Nonetheless, we can notice that

e A qubit depolarizing evolution can be either Markovian or non-Markovian,
but not P-divisible. Indeed, if y,,.(t) = y(#) < O for some time, the P-
divisibility conditions (2.117) cannot be satisfied.
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o The times for which the infinitesimal intermediate maps V;.; are CPTP
are characterized by y(f) > 0. For the same times, the characteristic
function f(¢) is either positive and non-increasing or negative and non-
decreasing. If f(r) behaves differently, the evolution is non-Markovian,
v(t) < 0 and Vi, is not CPTP.

2.6.3 Eternal non-Markovian model

This particular non-Markovian model [HCLA14, I BCE17]] is a Pauli evolution
with a generator (2.110) defined by the following rates

(a0, 7,0 7:(0) = %{1, 1,—tanh#}, fora>1. (2.124)
It is straightforward to see these evolutions are P-divisible for any @ > 0 (see
Egs. (2.1T7)). Nonetheless, the physicality condition (2.116)) is violated for
a € (0,1). Indeed, in these cases, the corresponding dynamical map A, would
not be CPTP for all + > 0. Hence, we restrict to those P-divisible evolutions
defined by a > 1.

The notable feature of these evolutions is given by the behavior of the rate
v.(t), which is negative at any ¢ > 0. As a consequence, any intermediate map
Vi, With 1 > 0 is P but not CP. Hence, for any time interval [, 2] with
t; > 0, we expect to be able to witness an information backflow. A counterin-
tuitive consequence is given by the possibility to obtain a backflow even after
the evolution started from an infinitesimal time. Indeed, one could expect that
any S requires a minimal amount time to lose information before that it can
be recovered from the environment. Hence, consider V;; defined for a s very
close to zero. The data processing inequality applied on A and A; implies
that Q(psa(s)) < Q(psa(0)) and Q(psa(?)) < Q(psa(0)) for any information
quantifier Q monotonic under CPTP maps. Now, if Q is continuous and it in-
creases in the time interval (s, 1), there is a narrow time-window for a backflow:
O(psa(s) < O(psa®) < O(psa(0)), where Q(psa(s)) and Q(psa(0)) are in-
finitesimally close. Hence, by fixing ¢, as s approaches 0, Q(ps 4(s)) approaches
0O(ps4(0)) and the possible backflows Q(psa(?)) — O(psa(s)) > 0 become in-
creasingly smaller. Therefore, we both have the intuitive scenario where large
backflows are possible only after a minimum elapsed time from the beginning
of the evolution and the possibility to obtain (infinitesimal) backflows for time
intervals with starting times infinitesimally close to zero.

Finally, we mention that in Ref. [MCPS17]| the authors show how to obtain
non-Markovian evolutions with rates similar to Eq. (2.124) through the con-
vex combination of Markovian Pauli evolutions with non-negative and constant
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rates, namely satisfying the semi-group property. Therefore, this work studies
the non-convexity of the Markovian set by showing that even the peculiar eter-
nal non-Markovian model can be obtained by mixing evolutions satisfying the

semi-group property (2.35).



Chapter 3

Witnessing non-Markovianity
through correlations

Non-Markovian effects in an open-system dynamics are usually associated to
information backflows from the environment to the system. However, the way
these backflows manifest and how to detect them is unclear. A natural ap-
proach is to study the backflow in terms of the correlations the evolving system
displays with another unperturbed system during the dynamics. In this chap-
ter, we study the power of this approach to witness non-Markovian dynamics
using different correlation measures. We identify simple dynamics where the
failure of CP-divisibility is in one-to-one correspondence with a correlation
backflow. We then focus on specific correlation measures, such as those based
on entanglement and the mutual information, and identify their strengths and
limitations. The results exposed in this chapter are contained in the original
work [DIB*20].

3.1 Introduction

The dynamics of open quantum systems [BPO7, [Wei100, [RH11]] has been in-
vestigated extensively in recent years for both fundamental and applicative rea-
sons. In particular the problem of understanding and characterizing memory-
less dynamics, the so-called Markovian regime, and dynamics exhibiting mem-
ory effects, the non-Markovian regime, have been considered in a wide range of
different ways (for extended reviews see [RHP14, [ BLPV16]). Intuitively, one
expects that non-Markovian effects are associated to a backflow of information
from the environment to the system. Several approaches have been pursued
to put this intuition in rigorous terms. A standard procedure, see for exam-
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ple [BLP10, [LES12, BD16, BJA17]], consists of considering operational quan-
tities Q that are monotonically non-increasing under CP maps (see Section[2.5).
An increase of any such quantities implies that the evolution is non-Markovian,
although the converse is not true in general. One of the quantities considered
in the context of non-Markovian characterization is correlations, a fundamental
concept for our understanding of quantum theory and also a resource for many
quantum information protocols. The general idea of this approach consists of
monitoring the evolution of the correlations between a system subjected to a
dynamics and an additional system that does not take part in the evolution. If at
some point a correlation backflow, that is, an increase in the correlations quan-
tified by a given correlation measure, is observed, then the dynamics must be
non-Markovian.

Non-Markovian evolutions show advantages in different quantum informa-
tion processing protocols; for example in quantum metrology [CHP12|], quan-
tum teleportation [LBP14], entanglement generation [HRP12], and quantum
communication [BCM14]. An increase of correlations such as entanglement
and quantum mutual information (QMI) between system and an ancilla maybe
in many of these examples responsible for these achievements. Therefore, un-
derstanding for which measures and channels a correlation backflow appears
is not only a fundamental question but may also clarify how non-Markovianity
can be helpful for quantum information processing protocols.

In this chapter we focus on the first side of this problem and our main goal is
to understand the power of correlations to witness non-Markovian evolutions.
In particular, we study the strengths and weaknesses of several well-known
correlation measures for this task and we derive several results that improve
our understanding of this question. First, we introduce the quasi-eternal non-
Markovian model and we study how to tune its parameters in order to delay the
appearance of its non-Markovian effects. Then, it is shown how for a class of
differentiable evolutions termed single parameter, which includes relevant ex-
amples such as depolarization, dephasing, and amplitude damping, any contin-
uously differentiable correlation measure increases during non-Markovian dy-
namics unless it is time independent on the whole image of the preceding evo-
lution. Secondly, we focus on two fundamental quantum correlation measures:
entanglement measures and QMI. For the first, we provide a simple argument
explaining how it fails to witness non-Markovianity in many situations. For the
second, we study its behavior in different scenarios. We first show that QMI
witnesses the non-Markovianity of any bijective unital and non-P-divisible dy-
namics on a qubit. We then provide several examples of non-Markovian dy-
namics where no QMI backflow is observed when using maximally entangled
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states. For some of these examples, we demonstrate that a backflow in the
QMI does appear when using non-maximally entangled states, in some cases
even arbitrarily weakly entangled pure states. This highlights how a high de-
gree of initial correlations is not necessarily beneficial for the detection of non-
Markovianity when using the QMI as a witness. Lastly, we discuss conditions
under which the QMI shared between an evolving system and an ancilla can-
not show backflows. Moreover, we show how to construct examples of quasi-
eternal non-Markovian dynamics that do not display any these QMI backflows.

3.2 Non-Markovian dynamics

In Section [2.3.4] we saw that, for a differentiable evolution A, any dynamical
map A, and any intermediate map V; ; can be expressed as time-ordered expo-
nentials ) )

Afp) = Tehbxdt v, = Tel Ledm (3.1)

where L, is the generator of the evolution. We say that L, is casted in the
generalized Lindblad form when it can be written as

Li(ps (1)) = ilH(®), ps (1)]
1
+ > ) (Gka)ps (G, (1) = 5 {GLOGH(D. ps (t)}), (32)
k

where y () are real time-dependent functions, G(#) are time-dependent opera-
tors and H(¢) a Hermitian possibly time-dependent operator. The Hamiltonian
term of the generator describes the unitary part of the dynamics generated by
H(?) and the second term describes the dissipative part of the dynamics gener-
ated by the operators G(7).

The generator L, can be defined in terms of the intermediate map as L, =
d;:j“ ’S:t. Often, it is convenient to describe the intermediate map V;; ® I4 and
the generator L, by how they act on a basis of B(Hsa). Such a basis can be
constructed from operators of the form ys ® y4 where yg is an operator on H
and y 4 is an operator on . Let the dimension of Hs be d and let y g4 be d>-1
traceless Hermitian operators such that Tr[ysiys:] = oud. Likewise let d4 be

the dimension of H4 and let ya; be df‘ — 1 traceless Hermitian operators such
2]

that Tr[yaxxai] = 6xda. Then one can choose an orthonormal basis {ei}ég
for B(Hs 4) by constructing the basis vectors e; as the tensor products s ; ® x ai,
Is ® xai xsj ® 14, and 1g ® 1,4 for all i, j. Since there are d? — 1 traceless
Xsi and dﬁ — 1 traceless y4;, one obtains (d” — 1)(df\ — 1) traceless elements of
the form ys; ® yai, (d*® - 1) traceless elements of the form 1, ® XS j» (dfx -1
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traceless elements of the form y 4, ® 1s and a single element with trace 15 ® 14.
We denote eg = 15 ® 1 4. A state ps4 € S (Hs4) can be represented in this basis
by coordinates given by the real numbers a; = ﬁ Tr(ps ae;), namely

d*d%-1

1
=—1 1 i€;. .
PsA ddn s ® A+;ae (3.3)

We can now describe the intermediate map V; ; ® I4 by how it acts on each
basis elements e;. For this purpose we define

Vij(t,5) = Tr Vs ® InCe)]. (3.4)

Note that V;;(z, s) is real for all i, j since V;; is hermiticity preserving. More-
over, since the map V, is trace preserving it follows that Voo(z,s) = 1 and
Vo;(t,s) = 0 for j # 0. Let the coordinates a = {a;}, where ap = 1/dxd,
describe a state at time ¢. This state is mapped by V;; ® I4 to coordinates
a(s) = {ai(s) = X;Vi;(t, s)a;}. Analogously to Eq. , we define the time
derivatives of the components V;;(t, s) as

dVi,s)
ds

s=t

B dVi
=Tr [eiw ® IA(ej)] | g 3.5

s=

3.2.1 The quasi-eternal non-Markovian model

We present a class of non-Markovian Pauli evolutions that generalizes the eter-

nal non-Markovian model shown in Section [2.6.3] We analyze the evolutions
M . . .

AT defined by Egs. (2.111)), with parameterized time-dependent rates

(0.7, 7.0} = 5 {1 1, ~tanh( = ) | (3.6)

where @ > 0 and "M > 0. Whether A;tNM’“) generated by Egs. define
a physical evolution, namely they are CPTP maps for every ¢ > 0, depends on
the values of @ and Y. We saw that, if "Y = 0, the maps Aﬁo’a) are CPTP if
and only if @ > 1. Otherwise, if @ € (0, 1), the map A;O’a) is not CP for every
t>0.

We define as quasi-eternal non-Markovian evolution any physical evolution
generated by Eq. where M > 0. First, AC""® represents an evolution
for all @ > 1. Instead, if 0 < @ < 1, in order for AEtNM’a) to be CPTP for every
t > 0, we have to consider wisely-chosen values of #¥™. In order to satisfy the
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physicality condition (2.116)), we calculate the quantities AE;NM ,0)(;) that define
AE’NM’“) through Eq. (2.115) and we obtain

AL (@) = 2, (3.7)

NM NM _ cosh(z — t"M)\*

Ay 0 = AL 00 = e
cosh(rVM)

Now, we derive the physicality conditions for a and V. In order to satisfy the
NM NM
CPTP conditions given in Eq. (2.116), we notice that B§,’ZX D(f) = ngy D(f) =
NM
1- Agfy ’“)(t) =1-e2>(forany @ > 0and ¢ > 0. It is straightforward

NM NM NM
to verify that the last condition Bﬁjﬂ Dy =1+ Agfy D) — ZA;IZ D) > 0

is satisfied for any ¢ > O if and only if lim;_, Bgf;VZM’“)(t) > 0. Therefore, the
relation between @ > 0 and ¥ > 0 that implies A;tNM’a) to be CPTP for any

t>0is1-2*" + 1) > 0, namely

(3.8)

_ 1
M 5 M) = 5 log (2" -1), (3.9)

or equivalently
1

— NM
a > a(t = .
L log,(e>™ +1)

(3.10)

After having described how to construct quasi-eternal evolutions A,
we discuss their properties. We start by noticing that, while y,(¢) and y,(7)
are positive and constant, y,(f) < 0 for any ¢ > ™™ Hence, the negativity of
v.(t) implies the non-Markovianity of these evolutions. It is easy to show that
the P-divisibility conditions given by Egs. are satisfied for any a > 0,
"M > 0 and ¢ > 0. It follows that the evolutions of this class are non-Markovian
and P-divisible. Indeed, the intermediate maps Vt(”SNM’“) are P (but not CP) for
any time interval (¢, s) such that t* < s < r. Notice that the non-Markovian
evolutions A“""¥ behave as a Markovian evolution for ¢ € [0, '], namely
during those times when v, , .(f) are non-negative.

3.2.2 Tuning of the quasi-eternal non-Markovian model

We show how we can use the quasi-eternal model to tune when non-Markovian
. . NM

effects take place. We fix a = 2/5 and we consider the evolutions A”" ) defined

by different values of V™, namely generated by the rates

{yx(t),yy(t), y§’NM>(z)} - % {1,1, ~tanh(r - M)} . @.11)
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In this section we show that, by increasing the value of ™, we can arbitrarily
delay the time when the evolution starts to be not CP-divisible. Let A(INM)
be the qubit dynamical map at time ¢ of the evolution A" and Vt(t . be
corresponding intermediate map for the time interval [#',#”]. The parameters
"M = 1 and a = 2/5 define a physical evolution: from Eq. 1; AYNM) is a
CPTP map for any ¢ > 0 and M > ENM(Z/ 5) =~ 0.769. Moreover, the same is
true for any larger value of "™ > 1.

Before going through the technical details of these evolution, we explain the
structure of this section. We start by picking a first value of ™, namely tllv M

to define the quasi-eternal evolution AD™ . Then we consider a P (but not CP)
intermediate map V that occurs in the time interval (¢}, ]"), where tllv M < 1<

tl,

a different tév M namely A(’QJM), characterized by tllv M < tjzv M We show that the

same intermediate map V considered for AT™ occurs for A" in a different

time interval (7}, ") = (1) + MM 17 + AYM), where AEYM = (M — fNM > 0,
INM

" 2 = Vt( " ) = = V. Therefore, both the evolutions AT and
2 2 1771

A®" have V as intermediate map during their evolutions but, while for the

first evolution V occurs in the time interval (¢],]), the second evolution has

V as intermediate map in the later time interval (¢},#)), namely with a delay

AVM = tjzv M _ NM - (. Hence, by considering increasing values of "M we

NM
namely V = Vt(,t,1 v ), Therefore, we consider a second evolution defined by
171

In other words V

obtain evolution A“"") for which the same intermediate map V occurs later and
later in time. We follow by studying the image of the dynamics at the time ¢,
namely the time when V occurs. Notice that ¢’ increases together with V™. The
final purpose is to show that, by increasing enough the value of V¥, Im(AEfNM>)
is contained in an arbitrarily small neighbor of the stationary state ps = 1g /2.

Following the steps we have described, we start by considering the evolu-
tions A@") and A(tjzw), where 1 < tIIVM < téVM and AFVM = téVM - tIIVM > 0.
From Eqs. (2.111) and (2.112)) we see that the rates that defines the two evo-
lutions differ by a simple time-shift (see Eg. (3.11)). Hence, for r > A*MM, we
can express the intermediate maps of AR starting at time A" in terms of
the dynamical maps of A“"™"). Indeed, for t > AfVM

V@M) @
tLAINM TS ANM

(3.12)

NM
As a consequence, if t > Af™M | the dynamical map A 27 jtself can be ex-
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y2t)

021
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<

-0.1
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NM
Figure 3.1: Plots of the quasi-eternal non-Markovian model rate ygl’z )(t) =

— tanh(z — tllvgl )/5 for ™ =1 (blue) and i = 4 (orange). The differences
between A and A® are given by the different values of the integral of ygl)(t)
and y§4)(t) (see Eqgs. and ). Let V be the P intermediate map
of A in the time interval (¢},#/) = (2,3) (left pink region). V is also the
intermediate map of A that occurs in a time interval shifted by A#"M = t12V M_
1M = 3, namely in (), }') = (5,6) (right pink region). The difference between
the images of the two maps before the action of V is given by the contractive
action of A(:;VM (orange region). This result follows from ygl)(t) = yf)(t +

AtNM) Eqs. (2.111)) and (3.11).

NM NM
pressed as the composition of AZiN M) and AEE M)V ”
@™ _ @™ @™
A? = At—IAzNMAAiNM . (3.13)
NM NM NM
Indeed, by composing Eqs. (3.12) and (3.13), Ayz ) V:ZNLAZ;VM). From

these equations we should convince ourselves that, for ¢ > V¥, the dynami-
NM . M .
cal maps of A@") are exactly the ones given by A" shifted by —#¥ and
NM
composed with the time independent-map A(A?NM).

Now, we consider a time interval [#],#]'] such that t{v M < 17 < t}. In this
L VM . . = My
time interval, yi ! )(t) < 0 and the intermediate map V = V( P is P but not CP
(see Section [3.2.T)). From the results obtained above, it is clear that the action

1.1
of V can also be obtained as the intermediate map of A®"™ that occurs in the
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time interval (¢, 7)) = (¢} + ANM | 1 + At"M) Hence, we have the identity

S G B AL

v=v,, =V,

/e
Uy U

(3.14)

Therefore, in order to witness the non-Markovian effect of V while considering
(INM) . . . ’ . . ([NM) =
AYr, s action starts at time 7]. Instead, by considering A2 "7, V occurs from

NM
the delayed time #, = #] + ANM | Tn summary, for both A( " and A( 2 , Vis

the intermediate map of the evolution that follows for a tlme 1nterval that lasts
t) =t =1, — 1) (see Fig.3.1).

We proceed by checking the images of the respective preceding evolutions,
namely Im(Ai/tl ) and Im(A( 2"
1

given by the CP map A(Ai,v M) (see Eq. (3.13)). In order to understand the action of

NM
this map, since A?VM < Y™ the rates that define AZ?NM) through Eqgs. (2.111
are strictly positive in the time interval [0, A*YM]. Therefore, the action of
NM
AZ NM) is CPTP and behaves as a "global" contraction, namely it contracts the
NM
state space in every direction. Indeed, by using Eq. (2.115) for AX NM) ,

). The difference between the two images is

ANM( o) =4 (tN AN, (3.15)

&M N NM : : @™ .
where 47 (AT) < 1 for i = x,y,z. Moreover, since A s s CPTP, we can
1
write
(fNM) N

2 =4 e, (3.16)

M
where /ll(.tjlv )(t’l) < 1 fori = x,y,z. Considering Eqs. (3.15)) and (3.16) in Eq.
(3.13), we obtain

(

; Doy = A o = AT@A Moy (317)

NM
where we remember that t2 = t +AtN M Slnce /l( ! )(t ) < land /lgtz )(AtN My <

1, we get /1(2 )(tz) < mm{ (t ), /l (AtNM )} and we conclude that
vy (@ v
Ay ) = Im(AL AL € AT (3.18)

Therefore, both A@™ and A" have V as intermediate map starting, respec-
tively, from time t; and té, but in the latter case the space of accessible states

NM
Im(A( 2 )) is strictly included in Im(/\i,t1 )) obtained with the first map.
1
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The next step is to fix tN M

sequence, APVM = (M — tNM

= 1 and increase t’zv M Notice that, as a con-
increases. In this way, at the same time, we

delay the occurrence of V for A®"™ and show that we can make the evolution

that precedes its action more and more contractive, in the sense that Im(A o )
becomes smaller and smaller (see Fig. [3;2]) From Egq. @;_E]} we notice that

(M) (G N (M) .
Im (A ) is obtained by contracting Im(A ) with A 7/, where the action

of thls map is more and more contractive as At¥Y, or equivalently tjzv M in-

creases. Indeed, now we prove that for any € > 0 there exists a value of tév M

@™

such that 4 (t2) < eforeachi = x,y, z. From Egs. (2.111) and (3.11) it is
M
easy to check that /l( 2 )(t) = (tN )(t) )(t) for any ¢ > 0. Indeed,
r_ NM\L/S
(,2 wy cosh(t2 -1 )) IYNIE
t ———— < (2 , 3.19
( 2) ( cosh(téVM) ( ) ( )
27, -1\ /3
(12 ) o\ 1/5 [e 7
t 2 3.20
(th) = (2727 > (3.20)
Therefore, for any € > 0, if the following condition is satisfied
M5 log v2/€5, (3.21)
we have /l( 2 )(tz) ([2 )(tz) = (IQ )(tz) <e.
NM
)

We want to understand the effects on the set of accessible states of A

that we obtain when '™ is increased over the bound given by Eq. (3.21).

Therefore, we consider a generic initial state ps(0) = (1s + v(0) - 0)/2, rep-
resented by the Bloch vector v(0) = (v,(0),v,(0),v,(0)), where in the vec-
tor ¢ = (oy,0y,0;) we collect the Pauli operators. We evolve this qubit
(2 )

state with the dynamical map A,* °, where the condition of Eq. (3.21) is
satisfied for some € > 0. At time r = té the Bloch vector is evolved to

V(1)) = (vi(#), vy(t)), v;(t})). From Eq. (3.19) and (3.20), it is straightforward
to show that max; v,-(té) < emax v;(0). In particular

1
los () — s /2l =5[> < <. (3.22)

M
In other words, if the condition of Eq. (3.21)) is satisfied, Im(Ag]ZV )) is inside a

2
neighbor of radius € centered in the maximally mixed state 1g/2, namely the
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Figure 3.2: Plots of Im(AyNM)) for different t¥™ and ¢ as subsets of the Bloch
sphere (the qubit state space). First, we set (purple) N = " =1, (a) 1 =
t; = 2 and (b) t = #{ = 3. The map that transforms Im(A(zl) ) into Im(A(;)) is
the P intermediate map Vélz) = V. By considering (pink) "M = M = 4, (c)
t=1t,=>5and(d)t =t = 6, the map that transforms Im(A(54)) into Im(A(64))
is again V, namely Véf‘s) = Vélz) = V (see Eq. ). While the map that
transforms (a) into (b)_and (c) into (d) is V in both cases, in the first case (a)
the starting set where V acts is larger than in the second case (c). The more we
increase ', the smaller is Im(AEfNM)) at the time # when V starts to act.



3.2 Non-Markovian dynamics 87

. . M .
stationary state of these evolutions. Hence, we can make Im(Ai,2 )) fit in an
2

arbitrary small sphere of radius € by increasing tév M

3.2.3 Single parameter evolutions

A simple family of open-system dynamics is given by those differentiable evo-
lutions such that, for ¢ > 0, the generator L, can be expressed as

1
Li(ps (1)) = ilH(®), ps (O] + (1) ) (kas Gy, = 5 {GiGr.ps (r)}), (3.23)
k

where Gy, are time-independent operators and () is a continuous function of
time. We call those evolutions with this property single parameter since y(t)
alone describes the time dependence of the dissipative part. Paradigmatic ex-
amples of single parameter evolutions are depolarization, as well as dephasing
and amplitude damping in a time independent basis. Using the representation
defined in Eq. (3.5) we can state the single parameter property as

dVij(t,s)

| = @ + i, (3.24)

where h;(1) = Tr [i[H B ®Iy,e j]el] and the time independent

gij=Tr

. 1
e; Z (Gk ® IAeij ®1Iy - 5 {GZGk ® Iy, ej})} :
k

An important property of single-parameter evolutions is that they can be
divided into CP-divisible and not P-divisible time intervals, that is, for suffi-
ciently small time intervals they never present intermediate maps that are not
CP but P.

Proposition 6. Let A be a single parameter evolution. Then the corresponding
intermediate map V¢, is either CP or not P for any t and sufficiently small
€>0.

Proof. An intermediate map V ; is CP if the Choi matrix Cy,  has non-negative
eigenvalues [Cho75Jam72]]. Moreover, V; s is P if V; s(ps) is positive semidefi-
nite for all pg € S (Hs). In particular, if V, 5 is P, V; (o5 ) is positive semidefinite
for any positive semidefinite rank one pg.

The eigenvalues of V; ((ps ) for a rank-one pure state ps and the eigenvalues
of Cy,, are functions of the parameters a and V;;(z, s). Since we assumed that
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y(?) is continuous it follows that V; ;(ps) and Cy,  are both continuously differ-
entiable. This in turn implies that the eigenvalues of V; s(os) and Cy, can be
described by continuously differentiable functions [Rel54].

If y(r) # 0, so that V; ; is not unitary, there always exists at least one eigen-
value A¢c(V;s) of the Choi matrix that is zero and has a nonzero time derivative
at s = t. There also exists at least one rank-one state g with eigenvalue A(n)
that is zero and its evolution A(n7s (¢ — s)), defined by 15 (z — 5) = Vis ® Ia(17s),
has a nonzero time derivative at s = ¢ (see Appendix [A.T).

Consider the temporal derivatives % o = 2ij gf‘f’%’;; ., 8ijy() and

L) 5 A00=)
ds s=t 1 a(V,'j(l,S) s=t

values under continuous unitary evolution. Therefore, };;

gijy(t). Here we used the invariance of eigen-

a/lc(\/vs) N _

19(Vij(t1,3) s:thu(l) =0

and };; ‘9;(87-(.[(:3) . hij(t) = 0. Since the time derivatives are non-zero, they
[JASER s=

are proportional to y(f). If Vi, is CP for any sufficiently small € it fol-

lows that Ac(Vies) and A(Viie (1)) are positive and that % > 0 and
W > 0. Then if a ¢ exists such that sign[y(¢')] = —sign[y(?)], there
exists an € such that Vy ¢ is neither CP or P since %L,: s < 0 and
d’l(”f+;,_")) vop < 0. From this follows that it is impossible for V.. » to be P

but not CP for sufficiently small €’.
O

Thus, if the assumptions of Proposition [6] hold, we can conclude that the
evolution can be divided into closed time intervals where y(f) > 0 and open
intervals for which y(#) < 0. In the closed intervals where y(#) > 0 the dynamics
is CP-divisible and in the open intervals where y(#) < 0 the dynamics is not P-
divisible.

3.3 Correlations as witnesses of non-Markovianity

In this section we see how correlations can be used for the detection of non-
Markovian dynamics. In Section[2.5.7|we defined the minimal requirements for
the functionals of bipartite systems that we call correlations. In this chapter we
show several results, where some are focused on particular correlation measures
or evolutions.

We start by noticing the following result valid for generic correlation mea-
sures M(ps4) that are continuously differentiable on the state space S (Hs4) of
bipartite systems S — A. If the intermediate map V; ; ® I, is differentiable with
respect to ¢, the time derivative %M(TISA(I — )= = %M(Vm ® In(msa))ls=r
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for any g4 € S (Hsa) can be expressed as

Z OM(nsa(t — 5)) da;(s)
O0a;i(s) ds

- Z OM(nsa) dVijt,s) (3.25)

da; T ds s=t’

ij

where a; (a;(s)) are the coordinates of g4 (s 4(¢—s)). We see that d—dsM Msa(t—
s5))|s=¢ depends only on a; and the time derivatives of the components V;;(z, s)
of the intermediate map. As long as (p“)a ; # 0 for some i, j and pg 4, there
exists some intermediate map that will 1nduce either a decrease or increase of
M(ps4). However, it is not always the case that a given measure M satisfies
aM(ZSA)a j # 0 for a pg4 in the image of the dynamical map A,. In Section
we show that entanglement measures and entanglement breaking evolutlons

[HSRO3]] can provide examples of this situation.

3.3.1 Single parameter evolutions

Consider a generic single-parameter evolution and any correlation measure that
is continuously differentiable. For these evolutions, the sign of any non-zero
time derivative of a continuously differentiable correlation measure is deter-
mined by the sign of y(f). Therefore any non-Markovian effect leads to a cor-
relation backflow, no matter which measure of this kind is used for the quan-
tification as long as it is not time independent on the whole Im(A;). That is, it
witnesses non-Markovianity as long as it is capable of witnessing any change
in correlations at all.

Proposition 7. Let M be a continuously differentiable correlation measure and
let A be a single parameter evolution. Then,

d
sign [%M(vm ® 1A<nSA>)L:t] = —signly(1)]. (3.26)

forall nga € S(Hs ) such that =MV, ® Ix(sa))ls= # O.

Proof. For a continuously differentiable correlation measure M the time deriva-
tive %M(VLS ® I4(ns4))ls=: under an evolution of this type can be expressed,

using Eqgs. 1| and li as F(nsa)y(t), where F(sa) = 3 aMa(ZSA)ajgij

is a time independent function. Here we used that }’;; 6M6(ZSA) ij(H) =

0 since

M is invariant under unitary evolution. Thus, %M (Vi.s ® 1a(ms 4))| 5= 1S propor-
tional to y().

If y(r) > 0, so that V., is a non-unitary CP map for sufficiently small
T — t, the time derivative ‘%M(Vr,, ® I4(nsa))lr=; is non-positive for all ng4.
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This implies that F(ns4) is non-positive for all 754. Assume that F({s4) # O
for some {54 € S(Hsa). Then it follows that sign[t%M(VT,t ® In(Lsa))le=t] =
—sign[y(1)]. m

It follows from Proposition [/|that a continuously differentiable correlation
measure M shows an increase in the time intervals where A is not P-divisible
as long as %M(pSA(t)) # 0 for some pg4(?) € Im(A,).

Example: Dephasing evolution

Dephasing in a fixed basis is an example of a random unitary and single-
parameter evolution that satisfies the conditions in Propositions [ and [7] The
pure qubit dephasing dynamics is described by the dynamical maps

Aoy = e hr@dg,

Aoy) = e b 7/(T)d-ra-y’

At(o-z) = 0Oy

A(lg) = Ig. (3.27)

The dynamical maps are bijective for all times and the intermediate maps V; g
are therefore given by V; ; = AtAgl. Explicitly V; ; is given by

Vt,s(a-x) = e f“'t Y(T)dTO-x,
Visloy) = e [ y@ar .
Vt,.&' (O-z) = O
Vis(ls) = 1Is. (3.28)
The generator L, is given by
Li(ps (1) = y(O)(ops (o2 — ps (1)), (3.29)

where y(¢) is the time dependent dephasing rate. The dynamics is Markovian if
and only if the dephasing rate y(f) > 0. Furthermore, the dephasing dynamics
is not P-divisible when y(r) < 0 (see Proposition [6)).

We can see from Eq. that for all 7, j such that V;;(¢, s) has non-zero
time derivatives it holds that (Vgit’s)L: , = —v(1). Thus for any continuously

differentiable correlation measure M(ps 4(¢)) the dephasing rate y(¢) determines
the sign of d%M(pSA(t)) and d%M(pSA(t)) > 0 for y(r) < 0.
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Example: Generalized amplitude damping evolution

Generalized amplitude damping evolution in a fixed basis is a second example
that is single-parameter and satisfies the conditions in Propositions [6] and
except where it is non-differentiable. The dynamics of generalized amplitude
damping on a qubit is described by the dynamical maps

AN(ox) = G0y,
Aday) = G(t)ay,
Alo) = GA(Do,
A(lg) = Is + 2p — 1)(1 = G*(t)o, (3.30)

where 0 < G(f) < 1 and 0 < p < 1. For G(¢) > 0 the dynamical maps are
bijective and the intermediate maps are given by

Vis(oy) = %m,
Vo) = S50
Vis(lg) = 1s + (2p - 1)(1 - (%)2) o (3.31)

For s and ¢ such that G(s) = 0 the intermediate map only exists if G(f) = 0 and
can be defined as the identity map. If G(s) = 0 and G(¢) # O the intermediate
map does not exist since the evolution is many-to-one. For t where L, is well
defined, it is given by

Lps@®) = pyO(o-ps()os —1/2{c,0-,ps(0)})
+(1 = pyy)(oips(o- = 1/2{0-01,ps(D}),  (3.32)

where o, = 1/2(0 + ioy) and y(¢) is given by

__,460) _ 2 4d
Y0 =2 Gl G() o (3-33)

whenever G(f) > 0 and differentiable. The dynamics is Markovian in a generic
time interval [f1,#;] when y(¢) > O for any ¢ € [¢1,t;]. Furthermore, the am-
plitude damping dynamics is not P-divisible in [¢1, ;] when y(f) < O for any
t € [t1, 1]
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+
bsa

Figure 3.3: Depiction of the trajectory of the evolution of a maximally en-
tangled state ¢, , where the system S evolves under an entanglement break-
ing AEB. Therefore, if t > tgp, any initial state psa(0) € Qsa = S(Hsa)
is evolved into a separable state psa(f) € Ssa. Suppose that AfB is non-
Markovian but CP-divisible in [0, #zg] and with a non-CP intermediate map
VEE for s > t > tgp. In this case, it is not possible to witness backflows of
any entanglement measure. Indeed, entanglement is zero in the set of separable
states Sg4.

We can easily see that when G(¢) > 0 and differentiable, all non-zero time
derivatives of the components of the intermediate map are proportional to y().
Thus y(¢) determines the sign of d%M(pg 4(#)) for any continuously differen-
tiable correlation measure M.

3.4 Entanglement measures

It is relatively straightforward to see that entanglement measures Mg cannot
detect all non-Markovian dynamics when we consider S — A correlated sys-
tems. In fact, consider the situation in which a dynamics AE8 becomes and
remains entanglement breaking (EB) after a given time #zp, see Fig.[3.3] Any
entanglement measure evaluated over S — A remains equal to zero for ¢t > tgp
and will therefore be unable to detect any non-Markovian effect taking place for
t > tgp. This is for instance the case of non-Markovian P-divisible evolutions
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that are EB for any 7 > tgp. Indeed, in these cases, all the states in Im(A;,, ®14)
are separable, and remain separable after 7gp since local P maps do not create
any entanglement when acting on separable states. Note that, from Prop. [7]
it follows that a continuously differentiable entanglement measure can detect
non-Markovian single-parameter evolutions unless it is time independent on
the whole image of the evolution at the time where non-Markovianity occurs.
However, no single-parameter evolution is P-divisible unless CP-divisible since
the intermediate maps of single-parameter evolutions are either CP or not P for
sufficiently small time intervals.

For the sake of clarity, in what follows we provide an example of a non-
Markovian qubit dynamics AE8 which is CP-divisible in [0, #¥¥], while it is
only P-divisible for # > t¥M. We show that the time tzp(AL®) when the dynam-
ics starts to be EB precedes V™ and therefore we prove that this non-Markovian
dynamics does not display any backflow of the entanglement shared between §
and A.

3.4.1 Example: the quasi-eternal non-Markovian model

We consider a bipartite system, where A and S are qubits. We consider the
evolution A?/>?) that belongs to the class of quasi-eternal non-Markovian P-
divisible evolutions introduced in Section [3.2.1 The corresponding rates are

1
(120,750 7:(0) = 5 (1.1, - tanh(r - 2)} (334)

where we fixed @ = 2/5, ™ = 2 and the condition of physicality is
satisfied. This evolution is not single parameter (see Eq. (3.24))) and the results
of Prop. [7]do not apply. As explained in Section [2.6.T] y.(f) implies that the
evolution is non-Markovian for any ¢ > ¥ = 2 and moreover the intermediate
maps Vt(i/ 32) of this evolution are P but not CP for any " < s < 1.

This temporal evolution becomes entanglement breaking. Indeed, con-
sider ¢¢ , (1) = A;Z/ D@ Iy (¢5 4), namely the temporal evolution of the maxi-
mally entangled state ¢3 , = [¢*X¢*|sa, where [¢*)sa = (100)s4 +11)54)/ V2.
We obtain the separability of ¢ ,(¢), namely NEG(¢¢ ,(r)) = 0, for any # >
tEB(AEZ/ 5’2)) ~ 1.47, where NEG(+) is negativity, an entanglement measure in-
troduced in Section Therefore, since tEB(AEZ/ 5’2)) < " we conclude
that it is not possible to observe a non-Markovian backflow of negativity, and
more generally of any entanglement measure, for any initial state pg4(0).
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3.5 Quantum mutual information

A commonly used correlation measure is QMI: the entropic measures based on
the von Neumann entropy introduced in Section We recall that, given a
bipartite quantum system S — A, it assumes the form

I(psa) = S(ps) +S(pa) = S(psa). (3.35)

In the following, we present many different scenarios where the QMI witnesses
non-Markovian effects, but we conclude by identifying a situation where it fails
in this task.

e In Section [3.5.1] we show that an increase in the QMI can be witnessed
for any qubit random unitary non-Markovian dynamics that is not P-
divisible.

e In Section[3.5.2]we continue by considering non-Markovian random uni-
tary dynamics that are P-divisible. In particular, we provide examples
that prove that maximally entangled states are not always optimal to de-
tect backflows of QMI.

e In Section we turn our attention to an evolution that is not random
unitary, namely a generalized amplitude damping channel. We provide
a class of initial states that efficiently witness the non-Markovian nature
of this evolution. Similarly to Section [3.5.2] we show that maximally
entangled initial states are not optimal to witness backflows of QMI.

e In Sections[3.5.4]and[3.5.5] we study non-Markovian evolutions for which
the QMI does not provide backflows for any initial state, where we ex-
ploit the results of Section[3.2.2]

3.5.1 Non-Markovian non-P-divisible random unitary qubit dy-
namics

Several commonly studied dynamics, including dephasing and random unitary
dynamics, are unital, namely they preserve the identity through the evolution.
We now show that for bijective unital dynamical maps acting on a qubit an
increase of the QMI can be observed for any non-P intermediate map V; ;.

Theorem 13. Let A be a unital bijective qubit evolution. Furthermore, assume
that the intermediate map V, s is analytic and non-P for some t. Then there exist
states psa € B(Hsa) in the image of A for which I(V; s ® 1a(psa)) > 1(psa).
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Proof. Assume that V, ; is not P. Then there exists a pure state |¢)s € Hs such
that V; s(|¢X@ls ) has a negative eigenvalue. Let the eigenvalues of Vi ((|¢X¢ls)
be 1 + €(s) and —e(s), where €(f) = 0 and €(s) > 0. Consider the state at time s

1 1
psals) = 3 (PI¢><¢IS +(1- p);s)éb 10)0l

+

1 1
3 (P|¢l>(¢lls +(1 - p)TS)(X) 114, (3.36)

where |¢1)s is the pure state orthogonal to |¢)s, and |0){0]4 and |1)(1|4 are
orthogonal states in S(#4). Notice that, since Ay is bijective and unital: (i)
there always exists a sufficiently small p such that ps4(s) is in the image of A;
and (ii) the eigenvalues of V; ;(|¢p*){(¢"|s) are 1 + €(s) and —e(s). Note also that
the reduced density matrices of both the system and the ancilla are maximally
mixed. Therefore, the reduced states are unchanged by a unital map V; ;. The
difference in QMI between time s and time ¢ for a unital map is thus

I(psa(®) — 1(psa(s) = =S (Vis ® Ia(psa(s))) + S (psa(s)), (3.37)

where I(p54(t)) = I(V; s ® Ia(psa)) reads

Ipsa(t) = (”T” + pe(s)) In (1 P pe(s))
+ (I_Tp - pe(s)) 1n(1 ;p - pe(s)) +1n2. (3.38)
Its time derivative at s = £ is
_%S(Vt,s ® Ia(psa($)ls= = ?P (In(1 + p) —In(1 - p)). (3.39)

Note that p(In(1 + p) — In(1 — p)) > 0 for 0 < p < 1. Therefore, for % >0
the time derivative of the QMI is positive for ps4(¢). Moreover, since €(¢) is
assumed to be analytic % > 0 implies that the map V;,_s is non-P for a

sufficiently small 6. m|

3.5.2 Non-Markovian random unitary dynamics and maximally
entangled states

We provide a condition for the QMI not to show backflows when a maximally
entangled state is evolved by a random unitary dynamical map. Thereafter,
we formulate a version of this condition that applies to qubits, where the P-
divisibility of the dynamical map is implied.
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We consider the bipartite scenario where the systems S and A are qudits
(ds =ds =d), S is evolved by a random unitary evolution A and the ancillary
system A is left untouched. We study the evolution of a maximally entangled

state ¢sa = |¢pX¢lsa, where
1 d
#sa == Z} I5:)s ® laia (3.40)

and {|s;)s}; ({lai)a};) is an orthonormal basis of Hg (Hy). First, we show that
the evolved state is diagonal in a Bell basis with eigenvalues given by the same
probability distribution {p. ()}, that defines A,. Indeed

N N
psa(h) = > pe®)(1a @ TIPXPlsala @ ) = > pe®lgiXeulsa,  (B.41)
k=1 k=0

where N = d? — 1. The set of states {lordsate = {(or ® 14)|P)salx define
a Bell basis and are orthonormal since: (¢;|¢;)sa = Tr [(;SSA(O',Uj ® ILA)] =

Trg [TrA [#s4] a-ia'j] = %Trs [a-,-a'j] = ¢;;. It follows that the von Neumann
entropy of ¢g4(7) is defined by the distribution py ()

N
S(@sa®) == ) pi(®)In pi(s). (3.42)
k=0

The reduced states of ¢s4(#) to the subsystems S and A are maximally mixed:

ps(@) = TTA[¢SA(0] = 1s/d and ps(t) = TT5[¢SA(0] = 14/d. Thus, the
only evolving component of the QMI of ¢s4(7) is given by (3.42): I(¢s4(2)) =
2log, d — S (¢sa(1)). The time derivative of this quantity is

N

d _ dpi(t)
@sa) = kZ{; (I pi() +1)
dpo(?) X dpu(0)
= = (lﬂpo(t)+1)+kzz; (0 + 1)
N
_ dpi(t) . pi(t)
=y P2 (3.43)

k=1

It follows that, the conditions % pi(®) = 0 and po(t) > pr(t) fork =1,2,...,N
implies %I (#sa(®)) < 0, namely we cannot witness any backflow of QMI with
a maximally entangled state.
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Finally, we consider the qubit case, namely when d = 2. From Eqs. (2.1T4)
and (2.113) it follows that the conditions po(t) > pi(t), for k = x,y,zand t > 0,
are always satisfied. We conclude that, when S and A are qubits, if % pr() =0
for any k = x,y,zand ¢t > 0, we cannot obtain any backflow of QMI if the initial
state is maximally entangled.

We notice that in a time interval where % pr(t) > 0 the dynamics is P-
divisible, but not necessarily CP-divisible. Thus, there are some cases of non-
Markovian P-divisible qubit dynamics that cannot be witnessed by the QMI of
an evolved maximally entangled state. In order to prove this result, we write
the time derivative of p.(f)

d
Zpx(0) = 5 (040 + %A + (20) + Vo D)AL(0)

— () + 7:(DA(0). (3.44)

Similarly, we can write % py(t) and d% p-(t). We notice that % p«(t) + % py(0) =
(yx(#) + yy(D)A L (2). Therefore, given the positivity of Ay, (¢), Ay;(f) and A (1)
(see Bq. (2.114)), if 4p(r) > O for k = x,y,z, the dynamics is P-divisible
(in this case the conditions given in Egs. are automatically satisfied).
However, in general the converse is not true. Indeed, in Section[3.5.2] we study
two similar P-divisible evolutions for qubits where in the first the conditions
d% pr(t) > 0 for k = x,y, z are not satisfied, while in the second they are.

In order to obtain an intuitive meaning of the conditions presented in this
section, we look at the definition given in Eq. (2.108) for random unitary evolu-
tions. We notice that po(?) represents the fraction of A, that acts as the identity
map on pgs (0). Therefore, if the value of po(?) is increasing for some ¢, namely
d% po(?) > 0, it is reasonable to expect that at time 7 the system S is getting closer
to its initial configuration pg(0) and therefore evolving under a non-Markovian
evolution that can be witnessed. Conversely, since Zszo pr(®) =1,if 6% pi(®) =0
for any k # 0, it follows that % po(t) < 0. We expect that in this situation, where
the overlap of pg () with its initial configuration decreases, S undergoes an evo-
lution that cannot be distinguished from a Markovian one.

Example: the quasi-eternal non-Markovian model

In the previous section we gave a set of conditions for random unitary dynam-
ics such that, if satisfied, the QMI is never increasing when evolving maximally
entangled states. In the case of qubits, these conditions are given in terms of the
time derivative of the probability distribution {py(r)}; that defines Eq. (2.108).
In this section we consider two examples. First, we consider a non-Markovian
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model that does not satisfy the conditions given in Section [3.5.2]and we check
if, apart from the maximally entangled states, the evolution of random pure
states can provide any backflow. Secondly, we consider another non-Markovian
model that satisfies these conditions, namely cannot be witnessed by any ini-
tially maximally entangled state, and we perform numerical tests showing that
the evolution of random pure initial states does not provide any backflow of
QMI either.

First of all, we consider the qubit random unitary quasi-eternal evolution
defined by @ = 2/5 and "™ = 1 (see Section [3.2.1), which is non-Markovian
for all t > M = 1. This example satisfies the condition of physicality given by
Eq. , as lim,—« Bizyés’l)(t) =~ (0.146 > 0. The time-dependent distribution
{pr(t)}k, that defines the corresponding random unitary evolution is

pa0) = py() = - (1 - ™),

2/5
1 _ _ cosh(t—1)
A= Ll g omti5 _ g2l ’
P 4( Te ¢ cosh(l)

EN

where po(t) = 1 — px(t) — py(#) — p(#) = 0 and pp(0) = 1.

We define tM/(pg4(0)), the time when the backflow of QMI starts if the
initial state considered is ps4(0). We evaluated t*/(pg4(0)) for 2 - 10* pure
random states ps4(0) = [ Xy|s4 of the form

W)sa = ail00)sa + a2l01)sa + az|10)sa + aslll)sa,

where the parameters a; are normalized complex random numbers. The min-
imum value of #*/(pg4(0)) obtained has been "/ (054(0)) = 2.404, where the
values of the parameters that generates pg,(0) are characterized by: |a;| =
las| =~ |aq] ~ 0 and [az| ~ 1 up to local unitary operations on A. Our numer-
ical analysis does not give any insight about the possible existence of a class
of initial states for which the corresponding t*/(pg4(0)) is arbitrarily close to
"M =1, namely the earliest time for which the intermediate map V., is P but
not CP. If there exist pure states with £/ closer to ¥ = 1, they must belong to
a small subset that we did not sample. We point out that for this model, while
Lp () > 0and £ p,(t) > Oforany t > 0, 4 p.(r) < 0 fort > 1.3254. Indeed, the
evolution of a maximally entangled state [¢*)sa = (|00)sa +|11)s4)/ V2 shows
a backflow of QMI with tM/(|¢p*X¢T[s4) ~ 2.741, larger than what obtained for
some initial non-maximally entangled states.

As a second example, we study the standard eternal non-Markovian model
given by @ = 1 and " = 0. Interestingly, in this case < p.(1) > 0, £ p(r) > 0
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and % p.(t) > 0 for any ¢ > 0. Therefore, this model satisfies the conditions
given in Section [3.5.2] namely maximally entangled states that are evolved by
this dynamics never show backflow of QMI. Then, we study the evolution of
the QMI for 10% different random pure initial states that are not maximally
entangled. Interestingly, also for these initial states no backflow of QMI is
observed.

In summary, for a random unitary evolution that can be witnessed with
maximally entangled states (@ = 2/5 and MM = 1), we have been able to
find different initial states that provide backflow of QMI at earlier times than
maximally entangled states, namely such that M/ (pg4(0)) < M(|p*Xp*|sa).
Instead, for a non-Markovian dynamics for which maximally entangled states
do not show any backflow of QMI (a = 1 and ¥ = 0), we could not find any
other state able to do so either.

3.5.3 Non-maximally entangled states improve the detection preci-
sion of non-Markovianity

The purpose of this section is to examine, through a concrete example, how the
use of non-maximally entangled states can be highly beneficial for the detection
of non-Markovian effects. In fact, we see that in some situations, to detect
a backflow in the QMI, one has to use initial states with an arbitrarily small
amount of pure-state entanglement. This example also serves as an illustration
of the witnessing potential of the QMI for non-Markovian dynamics that are
neither random unitary nor P-divisible.

The model A that we consider here is a generalized amplitude damping
channel (GADC) with two time dependent parameters, defined by the following
set of Kraus operators

mszE%é ﬁ@}

&m=¢%ﬂ8 “gmw,

K3(r) = /1 —s(t)( \/? (1) )
Ki(t) = 1 - s(t)( \/lgir(t) 0 ), (3.45)

where s(7) = cos?(5¢) and r(f) = e~'. The evolution induced by these operators
is equivalent to that described by a generator L; of the form given in Eq.(2.43)
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with G_ = o_ and G, = o and the respective time-dependent rates

y_(t) = cos?(5t) — 5(1 — e") sin(101), (3.46)
y4(t) = sin®(51) + 5(1 — ") sin(107) (3.47)

for which the following equality holds

y-@O) +y+@) =1. (3.48)

In order to understand the non-Markovian behavior of this model, it is possible
to calculate the function g (7) introduced in Section [2.5.2]

l(Viver ® Ia)(@as)lh — 1

ga(®) = lim ,
e—0" €

where @45 is the maximally entangled state (3.40). Through the value of this
quantity we can understand if the intermediate map V.., is CP or not and
therefore if the evolution is Markovian or non-Markovian. Indeed, a CPTP
intermediate map V., implies that g(¢) = 0, while g(r) > 0 if and only if Vi,
is not CPTP. In our case g(¢) > 0 if and only if either y_(¢) or y.(¢) is negative

—y_(t) teT”
80 =3 Zlmn Yy =3 ~yin  reTt
0 otherwise

where T* = {t : y.(t) < 0} are two non-overlapping sets of time intervals.
Indeed, we define T~ as the union of the time intervals T, = (tl.‘n o t]?in k) when
the rate y_(f) is negative

[ee) o0

E UT_ = U znk’ fmk
k=1 k

=1

Similarly, we define the time intervals 7, and the collection 7%. In Ref.
[HKS*14] the authors compare the ability of QMI and entanglement of for-
mation, namely an entanglement measure, to witness non-Markovianity when
a maximally entangled state is shared between S and A for the considered dy-
namics. They note that the QMI does not show any backflow during the first
time interval where the dynamics is not CP-divisible, namely for ¢ € T, while
the entanglement of formation shows a backflow in a time interval that is a
proper subset of 7. However, in order to fairly compare the witnessing poten-
tial of two different correlation measure, we must consider any possible initial
state.
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Figure 3.4: The QMI relative to its value at # = 0.1, I(p , (2, €))/1(p§ 4,(0.1, €))
as a function of ¢ for values of e between 107> and 107°% (black curves).
With successively smaller € the QMI increases in a larger part of the inter-
val 0.13437 < t < 0.31416 where the dynamics is non CP-divisible (light blue
area), and the # where the QMI begins to increase approaches the beginning of
the interval (grey vertical lines). For € = 1075% the increase in QMI begins at
t = 0.1352.

From now on we focus on detecting backflows of QMI during the first time
interval when y_(r) < 0, i.e., for z € T ~ (0.13437,0.31416). We give nu-
merical results indicating that the QMI, depending on the chosen initial state,
can provide backflows for any 7 € T . In fact, we consider the following initial
state

Iy~ (€))sa = V1 = €l00)s4 + €ll1)sa, (3.49)

and provide strong evidence that these state provides backflows of QMI for any
time ¢t € T for e — 0". More precisely, we have observed backflows in the
QMl fort € Tl‘ Cc T, , where Tl‘ = (tl.‘n’1 + 07, t}:l.n’ | — 07) and 67 = 10719, That
is, we have strong evidence that by taking initial pure states with an arbitrarily
small amount of entanglement a backflow of QMI is observed in the whole
range where the evolution is not CP-divisible.

We consider pg , (0, €) = [y~ (€)X~ (€)ls 4 as the initial state of our complete
system and we study its evolution pg,(t,€) = A; ® Ia(pg,(0,€)), where A,
represents the GADC described above. In Fig. [3.4 we show the behavior of
I(p§ 4 (1, €)) for several values of . We notice that as € approaches zero, the time
interval where I(pg ,(t, €)) is increasing widens and approaches T, while the
amplitude of the QMI decreases. The latter effect, and the increasingly small
values of €, makes it difficult to numerically verify the possibility to witness a
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Figure 3.5: The coefficients a(d7) (dark blue curve) and 8(67) (black curve) of
the leading order of the series expansion of %I (05 4(, €)) in € as functions of 67
for —107® < 67 < 107°. The dynamics is non-Markovian for 67 > 0 (light blue
area). For o7 < 0 the coefficient 8(67) is non-negative while a(d7) is negative
and therefore the leading order term of the expansion is negative for any €. For
o0t > 0 both B(67) and a(d7) are negative and therefore, for sufficiently small
€ the leading order term of the expansion is positive. For 7 = 0 the value of
B(07) is zero to within numerical precision.

backflow of QMI for ¢ € T arbitrarily close to lppand oo .

To better understand the behavior of I(pg , (7, €)) when ¢ ~ lin1» WE consider
a series expansion in € of the time derivative of this quantity for times close to
the beginning of 7, namely for |67| = |¢ - L, | < 107. We find

ditl(pg 461 +67,6) = ((67) + B(6T) In(€))€” + O(€Y) .

This expansion, see Fig. [3.5] is characterized by a(67) < 0 and the relation
sign(B(67)) = —sign(67), which has been verified up to 01 = +1071% An
analogous result is obtained when ¢ ~ t}m’]. For this case a(d7) is negative
and sign(B(67)) =sign(o7). In summary, the numerical analysis indicates that
for any value of # € T there exists a positive number € such that, if p54(0) =
P54(0, €), we have a backflow of QMI at time 7, namely %I (g 4(t, €) > 0, for
any 0 < € < .

We focused just on the first time interval of non-Markovianity, namely 7,
because in this case QMI does not show any backflow for the maximally en-
tangled state. Indeed, given a value of € > 0, the fraction of the time interval
of T for which %I (05 4(t, €)) > 0 is smaller than the one that we have for T,
when k > 2. Similarly, to observe backflows of QMI in the time intervals T},
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we can consider a different class of initial states pg 40,6) = Wt (o)Xt (e)lsa,

where € > 0 approaches zero and [y (€))sa = €/00)s4 + V1 — €2[11)s4. We
underline that we cannot perform this numerical analysis for each time interval
Tt since there is an infinite number of such intervals.

The results in this section demonstrate that it appears difficult to fully deter-
mine when a given non-Markovian dynamics experiences correlation backflow
in terms of the QMI, as one needs to consider all possible initial states. In fact,
to our knowledge, it is not even clear if one can restrict the study to initial pure
states. Despite all these difficulties, in the next sections we construct examples
of non-Markovian dynamics where it can be proven that no backflow in the
QMI takes place.

3.5.4 Taylor expansion of the quantum mutual information time
derivative

To study the time dependence of the QMI perturbatively, we here outline how
the time derivative of the QMI d%l (psa(®) = disl @, v, S)ls:z in a neighborhood
of a state that a time ¢ is pga(f) can be described by a Taylor expansion in
the coordinates ;. In particular we consider Taylor expansions as a tool to
investigate the neighborhoods of stationary states.

The QMI as a function on the set of states S (#Hs4) is analytic for all states
psa of full rank, namely everywhere in the interior of the set of states, here
denoted int[S (Hs4)]. Thus, in any open neighborhood U C int[S (Hs4)] of a
state ps4 the QMI equals its Taylor series and we can use Taylor expansions
to analyze it perturbatively around ps4. Moreover, if the dynamics is differ-
entiable the time derivative of any analytic correlation measure is analytic as
well.

dV, s
ds

Proposition 8. Let M be a correlation measure that is analytic at a. If
is well defined it follows that %M(a, H= %M[&, Vfﬁ]'s:z is analytic at a.

s=t

Proof. We can write the time derivative %M(a, t) = %M[c‘z, Vi(t, s)]|s= , as

d A g= dVits)| 8 nyr= dVi(ts)| .
aM@, ) =%, ia;—5 S:ta—aiM(a, t). Assume that #L:t is well defined

for each i, j. Then, since products, linear combinations, and derivatives of ana-
lytic functions are analytic it follows that %M (a, t) is analytic as a function of

a. m}

Thus, in particular, if V;; is differentiable, d%l(pg A(1)) can be described

perturbatively in any open neighborhood of a state in int[S (Hs4)] by a Taylor
expansion. On the other hand, for states of less than full rank, namely states on
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the boundary of S (Hs ), the partial derivatives in the coordinates a; need not
even be well defined to all orders.

Now consider a full-rank stationary state pg 4 of a divisible evolution A. Tt
follows that p , € int[S(Hsa)]. Since £1(09, (1)) = O the sign of £I(pga(t))
for a pg 4 (#) in a neighborhood of pg , 1s determined by the terms of order greater
than zero in the Taylor expansion of %I (osa(®).

In general d%l (psa(1)) may take both positive and negative values for ps 4 (¢)
in a neighborhood of pg 4+ If a neighborhood of pg 4 €xists where d%l(ps A(0)
is everywhere non-negative, or alternatively everywhere non-positive, depends
only on pg 4 and %V,,SL:t. In particular, the properties of the neighborhood is
independent of the previous dynamic A; and the properties of Im(A;) since we
assumed linear divisibility of the dynamics.

This last observation allows us to make the following two statements about
the change of the QMI. If there is a neighborhood of pg 4 such that %I(ps A1)
is somewhere positive, and this neighborhood is contained in Im(A;), we can
observe an increase of the QMI. If there is some neighborhood of pg 4 Where
%I(ps A(1)) is non-positive, and Im(A;) is contained in this neighborhood, we
cannot observe any increase of QMI.

Neighborhoods of critical points

In the case that one or more first derivatives are zero one must consider higher
order terms of the Taylor expansion to study how the sign of %I(pg A(2)) be-
haves in a neighborhood of a stationary state pg 4+ In particular this is true if
all first derivatives with respect to the a; are zero, namely if pg 4 1s a critical
point of %I (psa(1)). The relevance of considering critical points in relation to
stationary states can be understood from the following two observations. For
any continuously differentiable evolution, a product state in the interior of the
set of states is a critical point of d%M , if M is analytic.

Proposition 9. Let M be a correlation measure that is analytic at a state ps 4.
Assume that V, s is continuously differentiable. Then if psa € int[S(Hsal and
is a product state it is a critical point of ‘%’.

Proof. See Appendix[A.2] m]

Thus, in particular, all product states in int[.S (FHs4)] are critical points of
%I (0s4(?)). Note the product states at the boundary of the set of states, namely
product states of less than full rank, are not necessarily critical points of %M
because M is not necessarily constrained to be non-negative outside the set of
states.
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For qubit evolutions a stationary state in the interior of the set of states is a
critical point of %M , if M is analytic.

Proposition 10. Let M be a correlation measure that is analytic at psa and
let A be a continuously differentiable dynamical qubit evolution. If psa €
int[S (Hs a)] and is a stationary state of A, it is a critical point of %M .

Proof. See Appendix [A.3] O

Thus, for qubit evolutions all stationary states in int[S (Hs )] are critical
points of 41(psa(1)).
The nature of a critical point pg 4 can be analyzed by obtaining the eigen-

values of the Hessian matrix, namely the matrix of second derivatives H; ; =

2
than full rank since d%l (psa(®) = 0 on the set of stationary states of V,, de-
noted S, and on the set of product states, denoted S ,. From this follows that
any eigenvector of the Hessian that is tangent to S, U S, corresponds to a zero
eigenvalue. Thus, the sign of %I (05 4(?)) in the part of the neighborhood of p(S) A
that coincides with the zero-eigenspace E( of H; ; cannot be determined from
the Hessian matrix alone since it depends on higher order derivatives.

On the overlap of the neighborhood of pg 4 With the complement of Ej,
namely with E€ = B(Hs4)\Ey, the Hessian can be used to determine the sign
of %I (psa(1)), if the neighborhood is sufficiently small. In particular, if all
non-zero eigenvalues of the Hessian, which correspond to eigenvectors tangent
to Eg , are negative there exists a neighborhood U;gA of pg 4 Where %I(ps 4(0)

I(psa(t)). However, for any stationary state, the Hessian H; ; is of less

is negative in U;O N Eg . If all the non-zero eigenvalues of the Hessian are
SA

positive there exists a neighborhood U;gA of pg 4 Where d%l (psA(?)) is positive
inUj N Ef.

Since the stationary states of a particular evolution A are always in the im-
age of A, for any ¢, the behavior of a correlation measure or other witness of
non-Markovianity in a neighborhood of such a state may be more relevant than
its ability to witness correlation backflows for states that are outside the image
during the non-Markovian part of the dynamics. In particular this is true for
evolutions where the image shrinks to a small neighborhood of the stationary
states. For the case of correlation measures M that are locally analytic func-
tions the stationary states are in many cases critical points of %M . Thus the
behavior of %M in a neighborhood of the stationary states can be investigated
by calculating second order or higher partial derivatives at the stationary states.
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Calculating partial derivatives

Directly calculating the derivatives of %I (psa(?)) with respect to the coordi-
nates @; can be demanding since the eigenvalues of p are the roots of a polyno-
mial with degree equal to dim(Hs4). However, even if the general expression
of ps4 as a function of the coordinates q; is difficult to diagonalize, the eigen-
values and eigenvectors may be known in the point where the derivatives have
to be calculated. In this case one may circumvent the difficulty of diagonal-
izing the general expression and instead calculate the derivatives and second
derivatives at a state ps4 using a method adapted from Ref. [TEFV94]. The
method described in this reference is valid for real symmetric matrices but gen-
eralizing it to Hermitian complex matrices is very straightforward. We present
the version of this method that works for Hermitian matrices in the following
paragraphs.

Let f be a spectral function defined on a set of n X n Hermitian matrices
A which are parameterized by real numbers a;. By spectral function we refer
to a function that only depends on the eigenvalues {4} _, of A but not on the
ordering of the eigenvalues. Furthermore, assume that f is analytic in a given
point a and let Ax(a) be the eigenvalue of A(a) with corresponding normalized
eigenvector ug(a). Then the first and second order partial derivatives of f with
respect to the parameters ag; in the point & can be expressed as

@ _ 50 314G

k=
Ja; o hi(a), (3.50)

k

and

2 ¢~ 2 _
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respectively, where

_ 0A(a)
k _ T
hi (Cl) = k aal Uk,
ki~
] P AG@) af(@)
. B v
M@ = W ada T (@) = A@)’

N A#;

a/f,l-(c_l) = (uz (@) 6A(é) MI(EZ)) ( T(61) 0A@) Mk(a))

0A
( @= (“) w(a ))( @) (“)uk( >)

O FLA@)]
PEr A

- kl
n@= ). di@—5—
k,l|/lk:/ll,k<l

(3.52)

When two or more eigenvalues coincide, the corresponding eigenvectors cannot
be uniquely defined. Nevertheless, the method here can still be used since,
while the expressions given in Eq. , namely hf.‘ , may depend on the choice
of eigenvectors, the partial derivatives themselves are independent and can be
evaluated using any such choice.

If the diagonal form of A in the point a and the corresponding eigenvectors
uy(a) are known, the method described here can greatly simplify the computa-
tion of the partial derivatives.

3.5.5 Non-Markovian dynamics that the quantum mutual infor-
mation cannot witness

We analyzed several situations where correlation backflows as measured by the
QMI detect non-Markovianity, including explicit examples of non-P-divisible,
P-divisible, unital and non-unital non-Markovian evolutions. We now show that
the QMI is non-increasing for some cases of random unitary qubit dynamics
that are P-divisible but not CP-divisible by studying a neighborhood of the
stationary states using the methods described in Section

We consider an ancilla that is also a qubit and explicitly introduce coordi-
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nates a; for B(Hs ) with respect to an orthonormal basis {ei}il:S0 defined by

eo = 1s ® 1g,
e =1¢®0y,
er=1g®0y,
e3=1ls®oy,
e =0, ® 1y,
€5 =0x®0y,
€6 =0 Q0Ty,

e1=0,®0;,

eg =0y ® 14,
€9 =0y ® 0y,
el = 0y ® oy,
€11 =0y ®0y,
e =0;® 1y,
€13 =0;8 0y,
€14 = 0;Q 0y,

)5 =0, R0,

(3.53)

where all operators are of the form ys ® ya for ys € B(Hs) and y4 € B(Hy).
A state pg 4 is represented as

15
1
PsA = Z]ls ® 14+ ; ae;, (3.54)

where a; = % Tr(psae;).

The analysis of %I(pg 4(?)) in the neighborhood of the stationary states is
done by first considering the states of full rank, namely the states in int[S (Hs4)],
where d%l(ps 4(0) is analytic. There we calculate the second derivatives of
%I (os4(?)) at the stationary states and find the eigenvalues of the Hessian ma-
trix. On the subset of states that fall in the zero eigenspace of the Hessian we
then directly evaluate %I (0sa(?)). Finally, we consider the states of less than
full rank and describe the neighborhood of the intersection of the stationary
states with the boundary of the set of states.

The stationary states are of the form 1g/2 ® pa for arbitrary p4. Since the
stationary states in int[S (Hs4)] are critical by Propositions E] and [10]and such
that %I(ps 4()) = 0, there exists some sufficiently small neighborhood of the
set of stationary states where the second order terms of the Taylor expansion
in the a; determine the sign of %I(ps A(1)), in all directions where the second
derivative is non-zero. To simplify the calculation of these derivatives we note
that unitary transformations on the ancilla do not change the QMI and it is
therefore sufficient to consider diagonal p4. In other words, the purity of the
state of the ancilla is the only parameter that is relevant for our analysis. The
diagonal stationary states are of the form %15 ® 14 +apls ® o, for -1/4 <
aip < 1/4. The states for which —1/4 < ay5 < 1/4 are in int[S (Hs4)] and the
states with coordinates a;, = +1/4 are at the boundary of the set of states.
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The second derivatives at the diagonal stationary states of full rank were
calculated using the method described in Section [3.5.4] and the eigenvalues of
the Hessian matrix were obtained.The Hessian has six eigenvalues that are zero
for all stationary states in int[S(Hs4)], and for all values of the parameters
vk(#). The remaining nine eigenvalues are functions of the parameters () and
of aj», and are given by

16at, + 1 atanh(4a
320y + 720 é—z , =8y, (1) + yz(t)];lz)’
16a7, — 1 ap
16aj, + 1 atanh(4ais)
32[yx(0) + y:(0] | — 8Ly, (1) + (] 2EA2)
16a12 -1 an
16a}; + 1 atanh(4a
32070) + 1O o2 | 8ly0) + 7.0 o 12)
166112 -1 aln
atanh(4a atanh(4a
80ya() + 7, (01 BEA) g 1) 4y (1 RREA12),
as ap
tanh(4
—8[y, (1) + yy(t)]L(aU) . (3.55)
ai

These nine eigenvalues are all non-positive if and only if the conditions in Eq.
(2.117) are satisfied, namely if and only if the dynamics is P-divisible. In par-
ticular, they are all strictly negative if y;(t) + y;(t) > O for all 7, j. In this
case there thus exists a sufficiently small neighborhood of the stationary states
where d%l (osa(?)) is negative in the intersection of the neighborhood with the
complement of the zero eigenspace of the Hessian.

Next, we need to investigate 6%1 (ps4(?)) on the intersection of a neighbor-
hood around a stationary state with the zero eigenspace of the Hessian. Here
we would need higher order terms in the Taylor expansion to determine the
sign of %I(pSA(t)), however on this eigenspace we can evaluate it directly.
The zero eigenspace Eg(aj2) as a function of ap, is spanned by the six eigen-
vectors 0; ® (14 + 4ajp0;) and 1s @ o; for i = x,y,z. These eigenvectors
are tangent to the set of product states for all ajp, but the plane they span,
namely Ey(a;z), also contains correlated states. For a given stationary state
pgA = %]lg ® 14 + apls ® o, we can parameterize Eg(ag). The states in the
Eqy(ap) are of the form

1
7 Is ® 14 + (@10 + azoy + azo;) ® (14 + 4apo)
+1s ® (a40x + agoy + aypo). (3.56)

Note that Ey(ap) is an invariant subspace of V; ; for all ag since the evolu-
tion is unital. Thus any state in Ey(ag) is mapped into a state also belonging to
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Ey(ap). Furthermore, a4, ag and a;, are time independent. Therefore, the time
derivative of the QMI [ as a function on Ey(ap) depends only on the coordi-
nates aj,ap and az. Since the QMI is independent of unitary transformations
on the system we can diagonalize a o, + ay0, + a3zo; without changing its

value. Let +A(s) = = \/a%(s) + a%(s) + a%(s) be the corresponding eigenvalues
as functions of time where

ai(s) = ayexp [~ ["(r:(0) + yy(1)d7],

ar(s) = arexp | = [ (y(v) + ()],

as(s) = azexp|— [ (y(7) + yy(1))d7]. (3.57)

Since the only time dependence of [ is its dependence on A(f) we can express
the time derivative of the QMI as

dllpsa(®))] _ dllpsa(s)] dﬂ(s)|
dt T dA(s) ds s

for any psa(?) € Eo(ap), where % - is given by

@by (0 + 3O + Gy + y:(0] + Ly + 3y (0]

/2 2 2
a1+a2+a3

When the conditions in Eq. (2.117) are satisfied, namely when the evolution is
P-divisible, dflff) ot is non-positive for all aj,a; and as. This is equivalent to
stating that the length of the Bloch vector of the reduced state of the system does
not increase when the dynamics is P-divisible. Moreover, we see that for all
states in Eg(ag) except those of the form 1g/2®p4, for whicha; = a; = a3 =0,
there exists some CP-divisible random unitary dynamics such that % o <0.

Since we know that W < 0 for all pg4(?) € Ep(ap) when the evolution is

CP-divisible it follows that 849| i non-negative for all ps(s) € Eo(ao)

not of the form 15/2 ® p4. Therefore we can conclude that w < 0 for all
psa(t) € Eo(ap) when V; s is P-divisible.

In the above analysis we have seen that there exists random unitary non-
Markovian P-divisible evolutions for which no increase of the QMI occurs in
a sufficiently small neighborhood of the stationary states in int[S (Hsa)]. It
remains to consider the neighborhood of the stationary states of less than full
rank, namely of stationary states in the boundary of the set of states. For these
stationary states ajp = +1/4 and they are thus of the form 1g ® (14 + 0;)/4
and 1y ® (14 — 0,)/4. It is sufficient to consider restricted neighborhoods of
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these states where the coordinate a;, is held fixed at 1/4 or —1/4 respectively.
Any other point in their neighborhoods either belongs to a neighborhood of a
stationary state in int[S (Hs4)], or is unphysical. The physical states in these
restricted neighborhoods for which aj; = +1/4 are product states of the form
ps ® (14 = 0,)/4, where pg € B(Hs). This can be seen by noting that if
ayp = +1/4, one must choose a4 = ag = 0 to ensure non-negative eigenvalues
of the reduced state on H,. Therefore, for all physical states in the restricted
neighborhoods the reduced state of the ancilla is pure and of the form (14 +
0,)/4, which implies that all such states are product states. Since any product
state has zero QMI and remains a product state during the evolution it follows
that d%[ (0sa(?)) is zero for all states in any neighborhood of 1g ® (14 + 0,)/4
where ajp = +1/4.

Finally we can conclude that for random unitary evolutions where the non-
Markovian dynamics is P-divisible and all initial states have been mapped to a
sufficiently small neighborhood of the stationary states by the preceding Marko-
vian evolution no increase in the QMI occurs. Moreover, the neighborhood
where no increase of the QMI occurs only depends on V; and is indepen-
dent of the preceding dynamics. Therefore, for any random unitary P-divisible
evolution subsequent to time ¢, it is always possible to find a random unitary
evolution A that is CP-divisible in [0, ¢] such that Im(A;®1,) is contained in this
neighborhood by appropriately choosing the rates y;(7) > 0 for 0 < 7 < . Now
we discuss how to obtain quasi-eternal non-Markovian evolutions that cannot
show backflows of the QMI shared between S and A.

Example: the quasi-eternal non-Markovian model

In Section we studied the dependence of quasi-eternal evolutions A%
from the parameter tjzv M when a = 2/5. We showed that we can make the image
of the evolution at the time when it starts to be non-Markovian, namely ¢ = tlz\’ M,
as small as we want, or, in other words, as close as desired to the stationary state
of the evolution. Now we show how to obtain non-Markovian evolutions that
cannot show backflows of QMI.

Consider two qubits S and A, where S is evolved by AG™ (see Section
[3.2.2) and A is an ancilla. In this scenario, we want to witness a backflow of the
QMI [ shared between S and A in the time interval [#}, )], namely when the P
intermediate map V evolves S. Hence, we increase the value of tQ’ M until the
(M)
f
neighbor of radius € of the stationary states of the dynamics, namely ps ® 15 /2,
where py is any state of S (Hy). Therefore, at time #;, we have that

image Im(A ® 1) of the evolution that precedes the action of Velyisina
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NM
e The states in Im(/\i,t2 ) ® 1) are e-close to the stationary state of the
2

evolution;

e The evolution of § — A in the following time interval [#}, /] is described
by the intermediate map V ® I;

where these properties are valid for any 7/ — 75 > 0.

Hence, this method provide examples of random unitary P-divisible evolu-
tions in which non-Markovian effects take place only for states arbitrarily close
to the stationary states. For these cases, we can apply the perturbative analysis
of Sections 3.5.4]and and conclude that these non-Markovian evolutions
do not allow QMI revivals for any initial state in S (FHs ).

3.6 Discussion

Understanding the operational consequences of non-Markovian effects in terms
of information backflow is a fundamental question. In this chapter, we focused
on correlations and studied how they can be used to detect the failure of CP-
divisibility. We identified strengths and weaknesses of several known correla-
tion measures. In particular, we have shown that:

e Non-Markovian effects in single-parameter dynamics, such as depolar-
ization, dephasing or amplitude damping, always lead to correlation back-
flows for any continuously differentiable measure that is time-dependent
on the image of the preceding evolution;

e Measures of entanglement between S and an ancilla A cannot provide
any backflow in those cases where the non-Markovian dynamics is P-
divisible and appear only after the dynamics has become entanglement
breaking;

o It is possible to detect backflows in the QMI for any qubit unital non-P-
divisible dynamics;

e Maximally entangled states are not necessarily optimal for observing
backflows in the QMI,;

o There exist quasi-eternal non-Markovian dynamics with no backflow in
the QMI evaluated between S and an ancilla A.
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Our results clarify many issues but also point to several open questions. The
most obvious one is to construct a correlation measures able to detect all non-
Markovian evolutions, either by adapting the results in [BD16] to our approach,
or by considering a novel approach. A second open question is to understand
if the use of the second additional system can be of use for existing correlation
measures, such as those based on entanglement or QMI.
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Chapter 4

Correlation measure witnessing
almost-all non-Markovian
evolutions

We study the ability of correlation measures to witness non-Markovian open
quantum system dynamics. A correlation measure is introduced, and it is
proven that, in an enlarged setting with two ancillary systems, this measure
detects almost all non-Markovian dynamics, except possibly a zero-measure
set of dynamics that is non-bijective in finite time-intervals. Our proof is con-
structive and provides different initial states detecting the non-Markovian evo-
lutions. These states are all separable and some are arbitrarily close to a product
state. The results exposed in this chapter are contained in the original works
[DJB*19] and [DIB*20].

4.1 Introduction

The dynamics of open quantum systems [BPO7, [Wei00, [RH11]] has been in-
vestigated extensively in recent years for both fundamental and applicative rea-
sons. In particular the phenomenon of reservoir memory effects has been stud-
ied since such effects can induce a recovery of correlations or coherence and
are therefore viewed as a potential resource for the performance of quantum
technologies. The problem of characterizing memoryless dynamics, the so-
called Markovian regime, and dynamics exhibiting memory effects, the non-
Markovian regime, has been considered in a wide range of different ways (for
extended reviews see [RHP14, IBLPV16]). Markovianity is frequently identi-
fied with the property of CP-divisibility (see Section [2.3.3)): an evolution A is
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CP-divisible if between any two times it can be described by a CPTP-map. This
idea generalizes the concept of classical Markovian processes [GK76, [Lin76].

A complementary way of addressing memory effects consists of identify-
ing operational quantities that can detect the information backflow expected in
non-Markovian evolutions [RHP10, [LES12, BD16l BJA17, ICKR11]. A com-
mon approach is to study functions that are monotonically non-increasing un-
der local CP-maps, namely the witnesses of non-Markovianity Q introduced in
Section An increase of such a quantity implies that the evolution is not
CP-divisible, hence non-Markovian, although the converse may not be true in
general. Investigating under what conditions a non-increase of these quantities
is in one-to-one correspondence with CP-divisibility is relevant for evaluating
current methods for non-Markovianity detection, finding new ones, and under-
stand the operational consequences of non-Markovianity. It is also relevant
to understand how these different detection methods are related, and to what
extent they are equivalent. In particular, it has been shown that the guessing
probability of minimum error state discrimination can be used to witness any
non-Markovian dynamics [BD16]]. However, no method for constructing state
ensembles required for this is known. A constructive method to witness any bi-
jective non-Markovian dynamics using an ensemble of two equiprobable states
has subsequently been proposed [BJA17].

In this chapter we investigate the relation between non-Markovianity and
correlations. As we saw in Chapter [3] the quantum mutual information (QMI)
between system and ancilla as well as any entanglement measure are unable
to witness all non-Markovian dynamics. The next natural question is to under-
stand whether there exists a correlation measures that is able to provide back-
flows for any non-Markovian evolution. To investigate this, we first introduce a
bipartite correlation measure based on the distinguishability of an ensemble of
remotely prepared states. We then use this measure in an extended setting con-
sisting of the system and two ancillary systems and prove that the non-increase
of this measure is in one-to-one correspondence with CP-divisibility for almost
all evolutions. More precisely, we show how to detect a correlation backflow
for all non CP-divisible evolutions that are bijective or at most point-wise non-
bijective. Our method is constructive and provides a family of initial states able
to detect the correlation backflow. The states in this family are all separable
and include states that are arbitrarily close to uncorrelated.
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4.2 Introduction of a correlation measure

In Chapter 3] we provided examples of non-Markovian dynamics that could not
be detected with ordinarily used correlation measures. Now, one may won-
der if this limitation applies to any correlation measure or, on the contrary, if
there exists a correlation measure that witnesses all non-Markovian dynamics.
Motivated by this question we introduce a correlation measure based on the
distinguishability of the ensembles one party prepares for the other party by
performing local measurements on half of a bipartite state. For this, we first
need to discuss several concepts related to the distinguishability of quantum
states.

4.2.1 Maximally entropic measurements

In Section[2.1.2] we showed that an n-outcome measurement on a quantum sys-
tem p € S(H) is represented by a positive-operator valued measure (POVM),
namely a collection of positive semi-definite operators {Pi}?zl in B(H) such
that 3)? | P; = 1. Each P, represents a possible outcome with the probability of
occurrence p; = Tr[pP;].

We say that an n-output POVM is maximally entropic (ME-POVM) for p
if, when applied on p, each outcome has the same probability of occurrence:
pi = 1/n. Indeed, if Sc({p;};) = — 2, pilog, pi is the Shannon entropy of the
resulting n-outcome probability distribution, where we take as the basis of the
logarithm in the entropy the number of outputs, Sc({p;};) = 1 if and only if
pi = 1/n. We define the set of n-output ME-POVMs for p as

Definition 8. The set of n-output ME-POVMs on H for p € S(H) is defined as

1
I, (p) = {{Pi}?zl : TrpPi] = ;} , 4.1)
where {P,~}§‘:1 is a generic n-output POVM.
Moreover, we can define the whole set ME-POVMs as follows

Definition 9. The set of ME-POVMs on H for p € S (H) is defined as

M(p) = U L(p). (4.2)

n>2

For any state p, this collection is non-empty and contains measurements
with any number of outputs (see Appendix [B.).
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Notice that each state in p € S(H) defines a different set of ME-POVMs
I1(p). Indeed, if {P;}; is a ME-POVM for p, namely {P;}; € I1(p), in general the
same is not true for a state p’ different from p, namely {P;}; ¢ I1(0’). The only
POVMs that belong to Tl(p) for any p are the trivial measurements {1/n}}_,
for n > 2, which provide equiprobable outcomes for any p. Indeed, p; =
Tr[pl/n] = 1/n for any p and n > 2.

Consider a bipartite state p4p defined on a finite dimensional state space of
a composed system S (H4 ® Hp). A measurement with an arbitrary number
of outcomes {Pj4 ;}; performed on system A prepares on B the output ensemble

E(paB {Pa.iti) = {pi»pp.i}i defined by (see Section[2.1.2)

Tra [pa Pai ® 1]
pi=TrlpapPail. pBi= o - ; 4.3)
4

where ps = Trp [pag] is the reduced state on A. From Egq. it follows that
a ME-POVM for pap of the form {P4,; ® 1p}7 | implies that {Py;}} | is a ME-
POVM for p4 = Trp [pag].- Indeed, it is easy to show that {{P4;}; : {P4,;®1p}; €
(pap)} = H(pa).

Now we restrict the previous analysis to ME-POVMs for the reduced state
on system A, namely for ps = Trp[pap]. If the n-output {P4,;}? , is a ME-
POVM for py, from Egs. (#.2)) and (4.3) it follows that,

n

E(pa, {Pait) = {Pi = % pBi =nTra [papPa;i ® ILB]} : 4.4)
i=1
Therefore, Alice measures psp With {PA,,‘};’:1 € Il(ps) and Bob obtains an
equiprobable ensemble of states (EES), namely an n-state output ensemble
where the probability distribution of occurrence of each state pg; is uniform
(see Fig. [4.1)).
As we saw in Section [2.5.5] the average probability to correctly identify a
state extracted from an ensemble & = {p;, p;}_, when we maximize over all
possible measurements, is the guessing probability of the ensemble

Py(E) = ma iTr|pi Pif , 4.5
(&) {p,.}’,.‘;” [pi Pi] (4.5)

where the maximization is performed over the space of the n-output POVMs.
Using the definition p = max;{ pi};?zl > 1/n, it follows that P,(E) > p , where
the equality holds if & is made of identical states. Hence, Po({p; = 1/n,p; =
pY,) = 1/n. Note that when the target ensemble is an EES of two states,
namely for 8 = {{p1, = 1/2}, {p1, p2}}, the quantity P,(E°?) can be expressed
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_/\

{Pa;}i1

1 . n 1 n
{pi=L,i-th output)?; =L opaliy

Figure 4.1: The measurement scenario where Alice, measuring her side of p4p
with an n-ouput ME-POVM {P4 ;}" ., produces on Bob’s side the EES given by

=1’
Eq. @.4).

in terms of the distinguishability Op;p(01,02) = ‘]—‘(2 + |lo1 — p2ll1) between py
and p; given in Eq. (2.70) and we write

1
Py(&) = 7 @*llor—pall) (4.6)

4.2.2 Definition of the correlation measure

We now have all the ingredients needed to define our correlation measure. A
correlation measure Cf) : S(Hap) — RT that satisfies the properties men-
tioned in Section is obtained by maximizing the guessing probability of
these ensembles of B over the 2-output ME-POVMs on A, namely

1
Cllap) = max  Po(E(pap.{ParPaz)=5. (47
{Pa1,Pa2}ella(pa)

where ps = Trpg [pap] is the reduced state on A. The scenario that reproduces
the value of Cf) (pap) is described in Fig. where Alice chooses a 2-output
ME-POVM that maximizes the guessing probability of the output ensemble
generated on Bob’s side. Moreover, we can use Eq. li to rewrite Cf)(pA B)
in the following way

Cf) (oap) = max llos.1 — pa2lh , 4.8)

{Pa1.Pa2}ella(pa) 4

where pp 1 and pp, are the two output states obtained when Alice applies the
ME-POVM (P4 1, Pa2} (see Eq. (4.4)).
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Alternatively, we can perform 2-output ME-POVMs on the system B and
obtain another measure

Cg)(pAB) = max Py (E(paB.{PB,1,PB2})) — ! , 4.9)
{P5,1.PB2 el (pp) 2

where pp = Try [pap] is the reduced state on B. We underline that the guessing

probabilities that appear in Eq. and (4.9) can be evaluated using Eq. (#.6).

A natural way to construct a symmetric measure with respect to A and B is the

following

CP(pap) = max {C{(pan). Cy (pan)} - (4.10)

Operationally, Cf) (0aB) (Cg)(pA p)) corresponds to the largest distinguishabil-
ity between the pairs of equiprobable states of B (A) that we can obtain from
pap by performing measurements on A (B).

Similar correlation measures C™ can be obtained by fixing the number of
outputs of the ME-POVMs to any integer n > 3 and replacing the term 1/2 in

Eqgs. and (4.9) by 1/n. We define C4(pap) (Cp(pap)) as the correlation
measure obtained without fixing the number of outputs of the ME-POVMs

Calpap) = max P, (8 (PAB, {PA,i}i)) _1

. 4.11
{Paili€ll(pa) 2 ( )

We define Cp(pap) similarly. Finally, we define

C(pap) = max {Ca(pap), Cp(pap)}, 4.12)

which represents the maximum distinguishability of the output ensembles that
can be generated by measuring either A or B with ME-POVMs.

We give two examples that provide an intuitive idea of the meaning of the
correlation measures C,(42)’ Cg) and C®. First, we consider a generic prod-
uct state pg ® pp, which is a completely uncorrelated state (classically and
quantumly). In this case, if Alice measures her side of psp with a 2-output
ME-POVMs {PAJ}?:I’ the ensemble generated on Bob’s side consists of the
two states: pp; = 2Tra [oa ® pp- Pa;® 1] = pp, which are identical and
equal to pp. The corresponding guessing probability is P, = 1/2 and therefore
Cf)(pA ® pp) = 0. In fact, the 1/2 factor is chosen just to make the value of
the correlation measure equals to zero for product states, which are therefore
uncorrelated also with respect to Cf). It is straightforward to show p4 ® pp is
uncorrelated also respect to Cg) and C.

The second example is given by the two-qubit maximally entangled state

ip = 10" XP"|ap, where [97)ap = (100)ap + [11)aB)/ V2. In order to evalu-

2
i=1

ate Cf) (¢ 5), it is easy to realize that the projective measurement {Pi\pgoj)}
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{l0X0l4, [1X1]4} is the ME-POVM obtained by the maximization of Eq. .
Indeed, in this case, Alice generates on Bob’s side an orthogonal ensemble
of two states: pp; = 2Try [(;SXB -iXila ® ]lB] = |iXilp, which is perfectly dis-
tinguishable: Po({p; = 1/2, |iXi|B}l-2:1) = 1. It follows that, since the guessing
probability of an ensemble cannot be greater than 1, maximally entangled states
are maximally correlated states with respect to Cf) and, as it is straightforward
to prove, also to Cg) and C?®. Note however that the same maximum value
can be obtained by a maximally correlated classical bit, defined by the equal
mixture of states |[00) and |11).

We remember that, in order to show that these functionals are proper cor-
relation measures, we must prove that they are (i) monotone under local op-
erations (see Section [2.5.7). In Appendix [B.2] we prove that this fundamental
monotonicity property holds for C and C™, for any n > 2. Moreover, we can
prove that these correlations are (ii) zero-valued for product states and (iii) non-
negative. First, we prove that property (ii) holds for Cf). For any product state
paB = pa®pp and ME-POVM on A, the equiprobable output states pp 1 and pp 2
are identical. Hence, pp1 = pp2 = pp and Cf)(pA ®pp) = llop1 — pr2ll/4 = 0.
The generalizations to prove that (ii) is valid also for C™ for any n > 2 and C
are obvious. Consequently, property (iii) is trivial.

While we have defined a whole class of correlation measures, in the fol-
lowing we focus on the potential of C® to witness non-Markovian dynamics.
Therefore, unless otherwise specified the correlation measure referred to is C2.

4.3 Witnessing non-Markovian dynamics

We now show how to use the correlation measures introduced above to de-
tect non-Markovian evolutions. We prove that for any evolution that is at
most point-wise non-bijective, we can find an initial state pX;(O) such that

c® (pgl)g(t)) increases between time ¢ = 7 and ¢ = 7+ At if and only if there is no
CP intermediate map V... By “at most point-wise non-bijective’” evolutions
we refer to evolutions where multiple initial states are mapped to the same state
by A, for at most a discrete set of times ¢ € {t;};. Although our method applies to
any bijective or pointwise non-bijective evolution, at the moment we are unable
to extend the proof to non-Markovian evolutions that are non-bijective in finite
time intervals. Note however that the set of non-Markovian evolutions not cov-
ered by our result has zero measure in the space of evolutions. More precisely,
if we take an evolution that is non-bijective in a finite time interval and add a
perturbation chosen at random with respect to a Borel measure, this yields an

at most point-wise non-bijective evolution with probability one [[OYO0S5]].
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To take full advantage of this measure, we extend the standard setting and
consider a scenario where A is an ancillary qubit and B = S A is composed of
the system S undergoing evolution and a suitably chosen ancilla A’, see Fig2.3]
Hence, following the scheme introduce in Section [2.5] in this chapter we focus
on the non-Markovian witness Q = C® and its potential to show backflows
once that the bipartite system A — B is initialized in a precise state p%(O).
First, we show how to construct the state pS;(O) to be used as a probe, namely
the initial condition. Second, we show that for the class of non-Markovian

dynamics specified above, C(Z)(p%(t)) provides a correlation backflow every
time an at most pointwise non-bijective non-Markovian A evolves p%(O).

4.3.1 The probe

Let A represent a bijective or pointwise non-bijective non-Markovian evolution
that acts on the system S and introduce an ancillary system A’. Hence, we call
B the complete A’S system, where the corresponding Hilbert space is Hp =
Ha @ Hs. As we discussed in Section for any of these dynamics we
can construct a class of pairs of initial states in B, namely {pgr)(O), p;;(r)(O)} €
S(Hp) = S(Hx @ Hs), that show an increase in distinguishability between

timet=7tandt =7+ At

o+ An = p O (x + An)||, > [los” @ = o V@), - (4.13)
if and only if there is no CP intermediate map V;.a;r, Where the evolution of
the system B is given by the In» ® A = {Iy» ® Ay}i>0 and Iy is the identity
map on A’. We underline that the parameter 7 that appears in the definition
of pgT)(O) and pgT) (0) corresponds to the time for which its proved to witness
non-Markovianity through Eq. (#.13), namely in the time interval [z, 7 + A7].
Indeed, a different construction of these states is needed for each 1.

The particular initial bipartite separable states p%(O) for which we examine
the correlation C? are classical-quantum states that belong to S(Hy ® Hp),
where A is an ancillary qubit. Indeed, we define our initial probe state with the
following “flagged” structure

1 4 17
Pi30) = 5 (10X0Ls ® P (0) + 11X 114 ® 3 7(0) . (4.14)

where B4 = {|0)4,]1)4} is an orthonormal basis for the Hilbert space Hy of
the qubit A and pgT)(O) and pg(T)(O) are the corresponding initial states of those
appearing in Eq. (#.I3). Notice that, since we are considering bijective or
pointwise non-bijective evolutions, we can always obtain those states through
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the application of Iy ® A;! (see Section for a discussion about the cases
where 7 is a time of non-invertibility).

The system B is the only component involved in the evolution. Therefore,
p N B(t) assumes the same flagged structure of p (0) atany t > 0:

IV OEE L (10%01 ® 070 + 11X 114 © 0 70) (4.15)

where p (t) =Ly ® At(pm (0)). Note that from Eq. |b it follows that
pgl)g(t) does not contain any entanglement for all # > 0. Moreover, the state can
be chosen arbitrarily close to an uncorrelated state since, as shown in [BJA17]],
one can always choose states p BT) (0) and p"(T) (0) to be arbitrarily close to each

other.

4.3.2 Detecting the correlation backflow

We now show how the correlation measure C (2)(p(T) (1)) witnesses bijective or
pointwise non-bijective non-Markovian dynamics. Moreover, we show that the
same result can be obtained also for C (2)(p1(33(t)).

To evaluate Cf)(pgl)g(t)), we have to find a ME-POVM (P, 1, P45} that,
once applied on pgl)g(t), generates an output ensemble of states {{p1, = 1/2},
(p5,1(D), p52(1)}) with the largest value of [|pg,1 () — pg2()li. Let A € [0, 1] and
n € [0, 1] be the diagonal elements of P4 ; in the basis B,4. It is easy to show
that 1 + n = 1 is a necessary condition for ME-POVMs. The corresponding
output states parameterized by A and 7 are

pp1®) = 7@ + o), (4.16)

ppat) = (1= @+ A -mpi@). (4.17)
It follows that

log.1()) — pe2 DIl = 1A= 1l llos" @ = PP @)ls - (4.18)

Since 0 < |4 — 5| < 1, the maximum is obtained when either A or 7 is equal to
1. In both cases the equiprobable output states are exactly the states p'(T)(t) and
pg(T)(t) and we can consider Eq. in order to write C(z)(p(T) (1)) in following
simple form

05" @) - O 0l

CP ) = ;

(4.19)
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In Appendices and (B.5| we prove the followmg relation C(z)(p(ﬂ ) =
(2)(p(7) 1) > (p%(t)) Therefore, using Egs. and lb we ob-

tain the main result of this chapter, namely a correlatlon backﬂow

C? (p\y(x + AD) > CP (p3(7)) . (4.20)
if and only if there is no CPTP intermediate map Vi as+.

In Appendices and we prove that C B(p(T) ) = (2)(p(7) (1)) and
C A(p(T) 1) = C(z) (p(T) (1)). From these additional results it follows that for
this initial probe state C(z)(p(r) @) = (p(T) (1)) at any time ¢ > 0. Hence,

once the system is initialized in p(T) (0), the correlation C(pfgl)g(t)) witnesses

non-Markovianity with the same efficiency as C® (o)) (1).

Example: the quasi-eternal non-Markovian model

For the sake of clarity, we illustrate the previous general results through a spe-
cific evolution. Let us consider the example introduced in Section [3.2.1] where
the corresponding dynamical maps A?NM’“) are characterized by some @ > 0
and "M > 0 that satisfty the relations and (3.10). Moreover, we recall that
in Section [3.5.5] we showed that the QMI fails to detect some non-Markovian
evolutions belonging to this class.

The parameter ™ represents the time when the evolution A starts
to be non-Markovian, namely such that the intermediate maps V;ia;r are not
CPTP for any "M < t < 7 + At. Hence, we focus on the construction of the
initial states p BT)(O) and p”(T)(O) that appear in Egs. when the evolution
is given by AC""®_ We pick r > M so that P(0) given by Eq. is
able to witness non-Markovian phenomena for time intervals [7, 7 + Af] when
the evolution has no CPTP intermediate maps. By following the construc-
tive method given in [BJA17], we have to consider, together with the qubit
S evolved by AT an ancillary qutrit A”: S(Hp) = S(Ha @ Hs). Now,
being {|0)4s,1)4/, |2)4-} and {|0)s, |1)s} orthonormal basis respectively for Hy-
and Hs, we have:

P (@ = (L= plows + pdis., (4.21)

11(T)

Parg (0) = (1 = p)oas + pl2X2la ® ps, (4.22)

where ¢X, ¢ = | X |ars is the maximally entangled state, [¢p*)ars = (|00) 475 +
[11)4rs)/ V2 and o4/ is a state in the interior of Im(A(T'NM’“)).
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In order to define completely p'(f) () and p A(T) (1), we fix their free compo-
nents: 045 = (JOXO0|ar +11X1]4)/2 ® 15/2 and ps = 15/2 and we get:

/(T) ( )

(X0l + IX1) ® Ls | T®Tx =0y @0y + 0280 ) o

4 4

[0XOlar + [1XHar
2

Is

Ps (1) = ((1 -p) p|2><2|A/) ®— (4.24)

Considering the rates given in Eq. (3.11), the evolution induced by the

: ™M a) M)
dynamical map A5 (see Eqgs. (2.111)) that precedes the action of V. Att
can be written as:

NM __cosh(t — M) af2 NM
Ag't ’a)(o-x) = (e ’ COSh(tNM) Ox = /lgct} ’a)(T) Oy,
NMy\@/2

(M ) - COSh(T — ") _ (VM g
A‘r I(O'y)—(e TW y—/l Z(T)O'y,
A o) = o = A (@) o,

("M a)
Az T (ls) =1y, (4.25)

where, for T > "M we have /lgf O‘)(T) > /l(a)(‘r) The state p’;, 'S )(T) assumes
the form p4- ® 15/2 and therefore, since the evolution is random unitary, it is

stationary for Iy ® A¢""®_ Therefore, p A(T)(O) Iy ®A(’ @)= l(px(g)( )) =

"(T) ¢ (7). Conversely, p A(T; (7) is not stationary and (Ix ® A(’ @y= l(p'(f) (1)) is

not phys1cal for every p € [0,1]. Indeed, we can write the operator p,, N 5(0)

obtained by (Ag @)= 1(p;\(,7§ (1)) as follows

o0 _ (0XOla» + [1X1la) ® Lg P 0x®0x—0,80,
Pas 4 (M a) 4
Ay 7(7)

p 0:®0;
W@ 4

(4.26)

which represents physical state for p/zﬁny M"’)(T) < p/A™(1) < 1 (see Section
3.5.5). Therefore, if p satisfies the condition p < /l(")(T) the operator given by
Eq. @I) represents a physical initial state p'(T) (0) € S(Ha ® Hs) which at
time 7 is evolved to the state given in Eq. @]) and therefore, together with

px(;)(O), fulfills the requirements of the constructive method given in [BJA17].
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The construction of the state p%(O) through Eq. || is now straightfor-
ward. Being A an ancillary qubit for which we adopt the orthonormal basis

{l0X0l4, [1X1]4}, we have
1 / 77
P30 = 5 (10X0L ® 05" (0) +11X11a ® p " (0)) . 4.27)
where p/\”(0) is given in Eq. (4.26) and p/;”(0) in Eq. (4.24).

4.3.3 Quasi-correlation measures

We would like to conclude our study by discussing the use of what we called
quasi-correlation measures in the context of non-Markovian detection (see Sec-
tion[2.5.8). Note that while for a correlation measure it is demanded that it does
not increase by local operations, for the detection of non-Markovianity it suf-
fices to consider functions that do not increase under the action of operations
by one of the parties (the one evolving through the dynamics). An increase on
the value of these measures is enough to detect non-Markovian evolutions. We
name quasi-correlation measures those functions of a bipartite state that do not
increase when applying operations on only one share of the state.

An example of such measures is the quantum correlation (or singlet frac-
tion) georr(psa) [KRS09]. As we saw in Section [2.5.8] given a bipartite state
Ps A, itis defined as

Georr(Ps4) = da Max(@” |05 © La(osa)lg )4 (4.28)

This quantity detects all non-Markovian dynamics. Indeed, in [KRS09] the
authors showed that for classical-quantum correlated states of the form

psa =) pipsi®liil, (4.29)

qcorr 18 €qual to the guessing probability of the ensemble Es = {p;, ps ;}i. There-
fore, we can combine this with the results in Ref. [BD16] (see Section [2.5.5),
proving the existence of an ensemble with increasing guessing probability for
any non-Markovian dynamics to conclude that this version of the singlet fidelity
also detects all such dynamics (see also Ref. [Bus17]).

4.4 Discussion

The main motivation of this chapter is to understand the power of correlations
to witness non-Markovian evolutions. We introduced a correlation measure and
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showed that, in an extended setting with a second ancilla, it displays backflow
for almost all non-Markovian evolutions. More precisely, it displays backflows
for all non-Markovian evolutions that are bijective or at most point-wise non-
bijective. For a given evolution we described how probe states that exhibit such
an increase in correlations can be constructed. These states have no entangle-
ment across the given bipartition and can be chosen to be arbitrarily close to
an uncorrelated state. We showed how to apply our method to a set of evolu-
tions, namely eternal and quasi-eternal non-Markovian evolutions, by explic-
itly constructing all the components of the probe states. Finally, we reviewed
quasi-correlation measures that can be used for non-Markovianity detection and
always show a backflow.

The question if there exists a measure of correlation with the property of
being non-increasing if and only if the dynamics is CP-divisible, without any
restrictions on the dynamics, is still open, both in the case of system-ancilla
correlations and in the extended setting with a second ancilla. A possible av-
enue consists of understanding how to adapt the results in [BD16], valid for any
non-Markovian evolution, to our correlation measure.
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Chapter 5

Equivalence between
non-Markovianity and
correlation backflows

The information encoded into an open quantum system evolving with a Marko-
vian dynamics is always monotonically non-increasing. Nonetheless, for a
given quantifier of the information contained in the system, it is in general
not clear if for all non-Markovian dynamics it is possible to observe a non-
monotonic evolution of this quantity, namely a backflow. We address this prob-
lem by considering correlations of finite-dimensional bipartite systems. For
this purpose, we consider a class of correlation measures and prove that if the
dynamics is non-Markovian there exists at least one element from this class
that provides a correlation backflow. Moreover, we provide a set of initial
probe states that accomplish this witnessing task. This result provides the first
one-to-one relation between non-Markovian quantum dynamics and correlation
backflows. Finally, we introduce a new measure of non-Markovianity. The re-
sults exposed in this chapter are contained in the original works [DJB*20] and
[DJ20].

5.1 Introduction

The study of open quantum systems dynamics [BPO7,IRH11] is of central inter-
est in quantum mechanics. Since there are no experimental scenarios where a
quantum system can be considered completely isolated, this approach provides
a more realistic description of quantum evolutions.

The interaction between an open quantum system S and its environment £
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leads to two possible regimes of evolution. The phenomena associated with the
Markovian regime are characterized by the monotonic non-increase of the in-
formation contained in the open system. Instead, in the non-Markovian regime,
part of the information lost is recovered in one or more subsequent time inter-
vals. This phenomenon is called backflow of information. For some detailed
reviews on non-Markovian evolutions, see Refs. [BLPV16, dVA17, RHP14,
LHW18].

It is nonobvious what mathematical structure is better suited to reproduce
the backflow phenomenology. A framework based on a notion of divisibil-
ity of dynamical maps, namely the operators describing the dynamical evo-
Iution of the system, has achieved a promising consensus [RH11, TLSM18|
ABCM14| ICKR11, RHP10, BLP10, BD16| [BJA17, [LES12]. A characteriza-
tions of non-Markovian evolutions based on divisibility is proposed in Ref.
[CM14]], where the authors introduce a degree of non-Markovianity to clas-
sify evolutions. Many efforts are presently directed towards testing this mathe-
matical definition by studying the characteristic backflows that different phys-
ical quantities show when the evolution is non-Markovian. Once we consider
a quantity that is non-increasing under Markovian evolutions, we can study
its potential to show a backflow when the dynamics is non-Markovian. Dis-
tinguishability between states [BLP10, BD16, BJA17|], correlation measures
[LES12, DJB* 19, IDIB*20, [KRS20]], channel capacities [BCM14] and the vol-
ume of accessible states [LPP13]] and quantum Fisher information [LWS10]] are
some quantities that have been studied in this scenario. The non-trivial point
that has to be analyzed is if it is possible to obtain one-to-one relations be-
tween backflows of these quantities and non-Markovian evolutions. Indeed,
this result would imply a correspondence between the phenomenological and
the mathematical description of non-Markovianity that we have presented. In
Ref. [CKRI11] it was suggested that for bijective evolutions there is a one-
to-one correspondence between backflow of the distinguishability of two-state
ensembles and non-Markovianity. This correspondence follows from the re-
sults of [Kos72a, [Rus94] together with an addendum given in Ref. [BJA17].
Later it was shown in Ref. [BD16] that for general evolutions a one-to-one
correspondence exists between non-Markovianity and backflow of the guess-
ing probability for some ensemble of states. Furthermore, it was shown in Ref.
[BJA17]] that for evolutions that are non-bijective for at most a discrete set of
times there is a one-to-one correspondence between backflows of the distin-
guishability of an equiprobable two-state ensemble and non-Markovianity.

In this chapter we focus on the connection between revivals of bipartite cor-
relation measures and non-Markovian evolutions on S. Several measures have
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been considered in this scenario, e.g. quantum mutual information [LES12|
DJB*20] and entanglement measures [RHP10, [KRS20]. In the previous chap-
ter we showed how to introduce a correlation that witnesses almost all non-
Markovian dynamics. However, it is unknown if any of these correlations can
witness all non-Markovian dynamics [DJB*20]].

The main result of this chapter is the first one-to-one relation between corre-
lation backflows and non-Markovian dynamics. We consider a class of bipartite
correlation measures that provides backflows if and only if the dynamics is not
Markovian. For this purpose, we exploit supplementary ancillary systems to
define initial probe states that succeed in this witnessing task. Finally, by con-
sidering the maximum backflow that these correlation measures can show when
bipartite states evolve, we introduce a class of non-Markovianity measures. We
prove that for any non-Markovian evolution there exists at least one measure
from this class that is positive.

5.2 Measurements having fixed output probability dis-
tributions

As we discussed in Section[2.1.2] any measurement process on a quantum state
p € S(H) is defined by a positive-operator valued measure (POVM), namely an
indexed set of Hermitian and positive semi-definite operators {P;}! | of B(H)
such that 3 P; = 1, where 1 € B(H) is the identity operator on H and
n is the number of possible outcomes. The i-th output of the measurement
is represented by P;, where p; = Tr[pP;] is the corresponding occurrence
probability.

We consider (normalized) finite probability distributions = {p;}? ,, where
2.y pi = 1 and define the set of n-output POVMs that, if applied on p € S (H),
provide P-distributed outcomes.

Definition 10. Given the finite probability distribution P = {p;}_,, the set of
P-POVMs {P;}"_, on H for p € S(H) is defined as

7o) = {PY, : Tr[pPi] = pi,Yi=1,..,n}.

These sets of POVMs generalize the idea of ME-POVMs presented in Chap-
ter where only uniform distributions ¥ = {p; = 1/n}’_, were considered. We
prove that T1”(p) # 0 for all # and p in Appendix

Now we consider a bipartite scenario where Alice and Bob share a state

oaB € S(Hs ® Hp). If Alice applies a POVM {Pa,}_, on her side of pap,
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{pi,i-th output}i_; E(paB{Py}i=1)

Figure 5.1: Given a probability distribution = {p;}!" |, {Pa i}’ is a P-POVM
for p4p if and only if the output probability distribution of this measurement
is P. The correlation Cf:(pAB) considers the scenario where psp is measured
with a P-POVM {Py4 ;}7_, that generates the most distinguishable $-distributed
ensemble on B.

an output ensemble E(pap, {Pai}._ ) = {pi,ppi}l_, is generated on Bob’s side,

where each state pp; € S (Hp) occurs with probability p; as follows

Try ABPA,‘ Rlp
8(PAB, {PA,i};l:l) Z{Pi =Tr[papPai®13], ppi = Lo o l | )
1

5.1
In particular, with probability p;, Alice obtains the i-th outcome of the mea-
surement and Bob’s side of the shared state is transformed into pp;. We call
{pi}’_, and {pp;}!_, respectively the output probability distribution and the out-
put states of the measurement.

Similarly to IT”(p), we define the measurements that Alice can perform on
pap to generate P-distributed output ensembles on Bob’s side (see Fig. [5.1).

Definition 11. Given the finite probability distribution P = {p;}’_,, the set of
P-POVMs (P}, on Hy for pap € S(Hap) is defined as

=

1% (0ap) = {PaYL, : Trlpap Pa;®1g] = pi,Vi=1,....n}.

Analogously, we can define H’g(pAB). We notice that Hf(pAB) = Hp(pA)
for any P and psp, where py = Trg[pag]. Moreover, IT"(p) (Hf(pAB)) is a
non-empty convex set for any p (osp) and P.
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5.3 Non-Markovianity and the guessing probability

We consider the task of identifying a state that we randomly extract from a
known ensemble & = {p;, p;}"_, of states of S(H). The guessing probability
P,(&) is the average probability to successfully identify the extracted state with
an optimal measurement, that is

n

Py (&) = {rpﬁx piTr[pi Pi] , (5.2)
' 1

Hi=1 =

where the maximization is performed over the n-output POVMs of B(H). No-
tice that P¢(E) > piax = max; p;. Indeed, the best strategy that can be adopted
when no measurement is performed corresponds to guess on the most probable
state. Therefore, when we collect information from a measurement, we can
only improve our knowledge about the extracted state. We discussed this quan-
tity and its potential to witness non-Markovianity in Section [2.5.5] while here
we remind some aspects that are needed in this chapter. Note that P,(&E) can
be used to define a witness of non-Markovianity. Indeed, it is non-increasing
under the action of any CPTP map @ acting on the states p;: P,({pi,pi}i)) >
Py(ipi ®(p)}).

Now we explain how we can use the guessing probability to witness any
non-Markovian dynamics [BD16l]. We consider a finite-dimensional system
S — A, where the d-dimensional system S is evolved by a generic evolution
A and A is an ancillary system. By evolving an initial ensemble Eg4(0) =
{Pi»psa,i(0)}; of states psa; € S(Hsa), we obtain Eg4(t) = {pi, A®Ia(0s54,i(0))};.
Therefore, if the evolution A is Markovian, Py(Esa(f)) — Pg(Esa(s)) < 0, for
any time interval [s, 7].

The authors of [BD16] show that, for any evolution A and time interval
[s, #], there exist an ancillary system A and an initial ensemble és 4(0) of sepa-
rable states of S (Hsa)

Esa(0) = (Pr.Ps Al - (5.3)
such that we have a backflow
Py(Esa(®) — Py(Esals)) > 0, (5.4)

if and only if there exists no CPTP intermediate map V; for the time inter-
val [s,1]. Notice that Eq. (5.4) corresponds to a violation of the Markovian
condition . Regarding the details of Es4(0), the probability distribution
P = {g—)i}iﬁ:1 has a finite size of 7 < d* elements and dim(H,4) < d. Notice
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that, even if we do not make it explicit, és 4(0) depends on A and [s,]. This
result is completely general, it applies to any finite-dimensional evolution and,
while it does not provide the explicit states and probabilities needed to define
és 4(0), it proves the first one-to-one relation between information backflows
and non-Markovianity.

5.4 A class of correlation measures

In this section we define the correlation measures that we use to prove that
correlation backflows occur for all non-Markovian evolutions. Let # = {p;};
be a generic probability distribution and psp € S (H4 ® Hp) a generic bipartite
system state. We consider the correlation measure

Cf(pAB) = max Py (PaBAPAi}i) = Pmax » (5.5)

{Pai}i€IT, (paB)

where the maximization is performed over the P-POVMs on A for psp and
we defined Py(0aB, (Pa,iti) = Pg(E(pap, {Pa,i}i)) and pyq = max; p; (see Fig.
[5.1). Therefore, we can consider the class of correlation measures where each
element is defined by a different distribution #. Notice that, if $; can be trans-
formed into $, by a permutation and an addition or removal of one or more
zero-valued probabilities, Cf:l (0aB) = CZ:Z (oap) for any pap.

The operational meaning of this correlation measure for a given % is the
following. The value of Cf(pAB) corresponds to the guessing probability of the
most distinguishable P-distributed state ensembles of B that Alice can generate
measuring her side of p4p. We apply the —p,,4, correction in order to remove
the contribution coming from the no-measurement strategy discussed above.
Then, C%(0'\}) > C%(0})) implies that the largest distinguishability of the #-
distributed output ensembles of B that Alice can generate measuring p% is
greater than the largest distinguishability of the P-distributed output ensembles
of B that Alice can generate measuring pfl)g.

As pointed out in the previous chapter and in Sect in order to
C2

consider Cf a proper correlation measure, in Appendix (C.2| we prove that (i)

it is non-increasing under local operations. Moreover, we can also prove that

it is (i) zero-valued for product states and (iii) non-negative. In order to prove

the former property, given a generic product state pap = pa ® pp, the output

ensemble E(pa®pp, {Pa.i}i) = {pi, pp}i 1s made of identical states for any POVM

{Pa,i}i and P¢({pi, pB}i) = Pmax. Therefore, Cf(pAB) > 0 is now trivial.
Similarly to C¥, we define

Chlpap) = max  Py(pas, {Ppi¥i) = Pmax- (5.6)
(B}l (paB)
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Figure 5.2: The initial probe state pﬁfé(O) belongs to the bipartite system S (H4®

Hp), where Hp = Hs ® Hy ® Ha». We consider the correlation Cf(p%(t))
given by the bipartition between the subsystems A and B, where S is evolved
by A and A, A’ and A” are ancillary systems.

Since in general Cf(pAB) * C?(pAB), we can consider the symmetric class of
measures

Cp(pap) = max {Cf(PAB), Cﬁ(pAB)} : (5.7)

Finally, we notice that Eqs. (5.5), (5.6) and (5.7) are generalizations of the
correlation measures introduced in Chapter i} Moreover, we proved that by
considering CZ‘)B with # = {1/2,1/2} it is possible to witness any bijective
or pointwise non-bijective evolution, while a proof for generic non-Markovian
evolutions was not provided.

5.4.1 The probe states

The goal of this chapter is to prove a one-to-one correspondence between non-
Markovian evolutions and correlation backflows. Therefore, we consider the
most general evolution A and we focus on a generic time interval [7, 7+A7]. We
provide an initial probe state shared between Alice and Bob and a distribution
% for which the correlation measure Cf shows a backflow between 7 and 7+ At
if and only if there is no CPTP intermediate map Vriarr.

First, we introduce the bipartition and the state space needed to consider
Cf and the initial probe state. We define the bipartite system S(Hs ® Hp)
such that dim(H4) = n and Hp = Hg ® Hy ® Hyr, where dim(Hsg) =
dim(Hy) = ds and dim(Hy~) = n+ 1. We fix the following orthonormal basis
for Hy and Har: Ma = {lDaV; = (I11Da.12)4. ... [m)a} and Myr = ([ Y1 =
{I1)4,12)47, ..., [n+ 1)4~}. Notice that the ancillas A’ and A”” can be considered
as a single ancilla with Hilbert space Hy ® Ha~ (see Fig.[5.2).

We define pp; = pgar; ® 1+ 1Xn + 1|a» € S(Hp), fori = 1,...,n, where
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we made use of the elements of 55 40) = {p;,ps A'ai}zﬁzl (see Eq. ). We
introduce a class of initial probe states p%;(O) € S (Hy ® Hp) parameterized by
1€10,1)

WOE

pAB ﬁi |i><i|A ® (/l osa ® |iXi|A” + (1 - /l)ﬁB,i) ) (58)

n
i=1

where og 4+ is a generic state of S (Hs ® Hyas). Notice that the index i runs from
1 to 7, while dim(Ha~) = n + 1. Since the ancillary systems do not evolve, the
action of the dynamical map of the evolution on the probe state preserves the
initial classical-quantum separable structure for any # > 0

(0 =

s PiliXila ® (Aosa (0 @ liXilar + (1 = Dpg,(0),  (5.9)

n
i=1

where pp (1) = A; ® Iya (Pp;) and osa (1) = A; ® Ia(0s47). Finally, since
Trplp{2(0] = XL, PiliXila, the set of P-POVMs I1% (0 (1)) = TP (Trplpa(0)])
does not depend on ¢ and A.

5.4.2 Witnessing non-Markovianity with correlations

In the case of bijective or pointwise non-bijective A, we can witness correla-
tion backflows with the technique described in Section i} Moreover, in Ref.
[KRS20] it is proved that negativity, the entanglement measure given in Eq.
(2.92), witnesses any non-Markovian qubit evolution. Now, we provide a proof
for the possibility to witness any non-Markovian dynamics with a correlation
backflow. If we consider the formalism introduced in Section [2.5] we can de-
fine the class of witnesses of non-Markovianity Q4 » with the correlations c”,
where the corresponding initial conditions are provided by the probe states

@) (0). Later, we also introduce an associated measure of non-Markovianity

Pap
Np, which we prove to be positive for any non-Markovian evolution.

In order to witness non-Markovianity through revivals of CE, the evolution
of the initial state pasas = Z,-il PiliXila®pg 4 ; is an intuitive choice. Indeed, we
have that {|iXila)"_, € T (pas (1)) for all £ > 0 and Pg(pasar(0), {liXila}L,) =
Pg(és 4 (1)) (see Eq. ). Nonetheless, in general { Ii)(ilA}l’.T is not selected

by the maximization that defines Cf(pAS A()). In Appendix we study an
explicit example where this situation is encountered.
We are now able to present the main result of this chapter.
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Theorem 14. For any evolution A defined on a finite-dimensional system S
and time interval [1,T + At] there exist at least one ancillary system H, one
bipartite system Hy ® Hp, where Hg = Hs ® H, a correlation measure for
bipartite systems Cap and an initial state psp(0) € S(Hy ® Hp) such that a
backflow

Cap (pap(t + A1) — Cap (paB(7)) > 0,

occurs if and only if there is no CPTP intermediate map Vriarr, where S is the
only system that evolves during the evolution.

Proof. We consider the ancillary system H = Hp» ® Hy», the correlation mea-

sure Cap = Cf and the initial probe states pi’g(O). We prove that, for wisely
chosen values of A, we obtain the backflow

ACK = CF (o + a0) - €% (05D) > 0, (5.10)

if and only if there is no CPTPiintermediate map Viiarr. As stated before, in
Appendix we prove that C’D is monotonically decreasing under local oper-
ations. It follows that Cp(pu) (1)) cannot increase in case of CPTP intermediate

maps Viiarr acting on p(ﬂ) (). Moreover, any correlation measure Cyp is by
definition monotonically decreasing under local operations. Therefore, in order
to prove Theorem [14] we follow by studying the cases where there is no CPTP
intermediate map Viiarr.

First, HZ‘) = H’D(p(/l) (1)) does not depend on A or ¢, and {|i)(i|A}l’.7:1 € Hf. In
the following, if not specified otherwise, the index i runs from 1 to 7. Moreover,
we omit the dependence on T of some quantities to increase readability.

By applying {|iXi|4}; on p i B(t) we get the output ensemble

EE O iXila)) = {Pi ATs 4 (D) @ |iXilar + (1 = Dpg D),
and (see Appendix [C.3))

P (030 AliXila}k) = A+ (1 = 1) Py (Esa (1)) (5.11)

Fora{P,;}; € I1 dlfferent from the projective measurement {|1X1|A} we obtain
(see Appendix [C.3): E(P\3(1). (Pai}) = (B Aok (1) + (1 = D)oy (). Here

o-Bl(t) = oga (t) ® pt. n l, where p+ A is a convex combination of {|ka| A”}k -

Analogously, O'Bl(l) = pSA, (H®n+1Xn+ 1|A~ where pSA, (1) is a convex

combination of {pg A,’k(t)}f: | (see Appendix . The corresponding guessing
probability is

Py (0550 APa )= AP (B o i) +(1 = DP (BP0 (ON).  (5.12)
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Next consider the following lower bound for Eq. (5.10)
ACY 2 Py (oS3 + AT, {liXila)i) = Pg (0550, (P{1):) (5.13)

where we define { P(’l)}~ to be one of the optimal $-POVMs for the maximization
that defines CP(pw (1)) at t = 7, namely

CREH®) = Peloly @ AP = P
Consider Eq. (5.12) for {P}"}; and define E*({P})};) and EI({P}"};). such that

Py (055 @ APUL) = AP EH (P + (1 = DPLEPY).  (5.14)

In order to evaluate AC?;, we analyze the two possible scenarios for the
quantity Pg(p(’l) (1), { Pu).}i):

(A): {|iXi]a}; is an optimal P-POVMs for some A € [0, 1);

(B): {|iXila}; is not an optimal P-POVMs for any 4 € [0, 1).

We start by studying case (A): if {|iXi[4}; is an optimal P-POVM for some /l
then the same is true for any A € (1%, 1) (see Appendix|[C.4). From Egs. (5.4),

(3.11) and (3.13)), for 1 € (2%, 1)
ACY > (1-2) (Pg(Esa (1 + AT) = Py(Es (1)) > 0, (5.15)

if and only if there is no CPTP intermediate map Viiar¢.

Case (B): we start by noting thatPg(pff;(‘r), {P4,};) is Lipschitz continuous
in A, Pg(pap,{Pa,}i) is Lipschitz continuous in {Py4;}; and the unique optimal
P-POVM for A = 1 is {liXila}; (see Appendix . Therefore, the set of opti-
mal P-POVMs is contained in a neighborhood of {liXila}; with size decreasing
towards zero as 4 — 1. This in turn implies that the values of P (8”({ (ﬂ)} )

for different {sz}i are inside an interval that converges on Pg(SS 4(1)) (see
Appendix D If we define P”(’U = max;p, Pg(SH({Pﬁ}i)) and Pglu) =

max Py(E+({P{))). it holds that

V6> 0,325 >0: PhY — P(Esa (1) <6, VA€ (A5,1). (5.16)

Hence, for 6 = Pg(és A (T+ A7) — Pg(és A/(1)) > 0, there exists A € [0, 1) such
that PiV — Po(Es (1) < Py(Esa(t + A7) — Po(Esa(7)) for any A € (1, 1),
namely _ 3

Po(Esa(t+AD) — PV >0, Vie @, 1). (5.17)
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We consider inequalities li and 1} for A € (1, 1) and obtain a backflow
ACK 24 (1= PrV) + (1= V) (Py@sa (T + A0) - PiV) >0, (5.18)
if and only if there is no CPTP intermediate map Viiarz. m]

We proved that any non-Markovian evolution can be witnessed with back-

flows of CZ: by considering the probe states pg/ll);

bust, namely, if we add sufficiently small perturbations to p;’g(O) and the opti-
mal P-POVMs obtained by the maximization in Eq. for any given non-
Markovian dynamics, we still obtain a backflow of Cf. Hence, there exists
a set of initial states with the same dimension as (4 ® Hp) that provide a

(0). These backflows are ro-

backflow of Cf‘) in the scenario described above (see Appendix for more
details).

We did not take advantage or made assumptions about any particular struc-
ture of the components of Esa(0). Asa consequence, it is straightforward to
adapt our technique to any other ensemble. In particular, if the evolution of an
initial ensemble {p;, psa;}7_, provides a backflow of P,({p;, sa i(H)}]_,) in a
time interval [, T + A7], we can consider Cf(wﬁfg(O)), where # = {p;}’_,, and

n
Uan =) piliXila ®(Acsa @ liXilar + (1= Gsari ® 0+ 1Xn + 1),
i=1

which provide a backflow of Cf(;l/%(t)) in [7, T+ At]. We make some examples

of ensembles (different from gs 4(0)) that can be considered to witness partic-
ular classes of non-Markovian evolutions. A constructive method that provides
ensembles of two equiprobable states that witness any bijective or pointwise
non-bijective non-Markovian dynamics is given in Ref. [BJA17], namely the
technique described in Section[2.5.4] The existence of two-state ensembles that
detect any image non-increasing evolution, namely such that Im(A;) € Im(A;)
for any s < t, is proven in Ref. [[CRS18] (see Theorem [6). Finally, two-state
ensembles suffices to witness any non-Markovian qubit evolution [CC19]] (see
Theorem [7).

5.4.3 A measure of non-Markovianity

Similarly to prior measures of non-Markovianity Ny described in Sections [2.4]
and [2.5] for different information quantifiers Q, we can introduce a measure
associated to the non-Markovian witness Q4 o defined by Cf(pAB) as follows

d
Np(A) = sup f —Chlpasa (D), (5.19)
Pasa (0) J 4T (pasa (1)>0 AL
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where the sup is over the possible ancillary systems (A and A’) and the initial
states pasar(0) € S(Hy ® Hs ® Hy), where we impose dim(Hy) < d* and
dim(Hy ) < d. As a consequence of Theorem | if CP(pAS a(1)) is differen-
tiable, Nz(A) > 0 if and only if the evolution is non-Markovian (see Appendix
for details and a discussion of the non-differentiable case). Indeed, for any
time interval where the evolution cannot be described by a CPTP intermediate
map, we proved the existence of a set of initial states that show an increase
of Cf in the same time interval. We notice that, if we fix P = {1/2,1/2},
Np(A) > 0 for any bijective or pointwise non-bijective non-Markovian evolu-
tion A. Indeed, in Chapter 4| we saw that two-ouput ME-POVMs are sufficient
to provide backflows of Cg for these evolutions.

The measure of non-Markovianity Nggp described in Section @] and the
class Np are the only measures that are proved to be positive for any non-
Markovian evolution. Notice that the value of Np(A), differently from Nggp(A),
represents the backflow of a physical quantity, namely C*, shown by a state that
undergoes the target evolution. Nonetheless, while Ngyp is easy to compute in
many different cases, the computation of the class Np may be difficult in the
general case, since it involves a supremum over initial states.

5.5 Discussion

In this chapter we showed that any non-Markovian dynamics can be witnessed

through backflows of the correlation measure C’D For this purpose, we intro-
duced a class of initial probe states pX%(O) that allows us to accomplish this task.
Hence, we proved the first one-to-one correspondence between CP-divisibility
of evolutions, namely Markovianity, and the absence of correlation backflows.

It would be useful to obtain a constructive method that provides the ele-
ments of Eg4/(0) that we used to define the initial probe state. Moreover, since
the class of bipartite correlations that we studied does not consider the subsys-
tems A and B symmetrically, an open question is to understand if also CfB (see
Eq. (5.7)) is able to witness any non-Markovian evolution.

Different approaches that manipulate and evolve two-state ensembles de-
fined over S and particular ancillary systems are proved to witness any bijec-
tive or alternatively at most point-wise non-bijective non-Markovian evolution
[BJA17, [KRS20, DJB*19]. On the other hand, methods that allow witnessing
any non-Markovian evolution, e.g. [BD16] and the one presented in this chap-
ter, make use of ensembles that in general are made by more than two states.
We therefore find it interesting to know if the use of larger ensembles in [BD16]]
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and in this chapter is necessary to witness any non-Markovian evolution. Find-
ing an example of a non-Markovian evolution that two-state ensembles cannot
witness would prove this in the positive. Such an example, if it exists, could
perhaps also help elucidate how to explicitly construct the elements of Eg 4 (0).

We consider interesting the possibility to formulate simplified versions of
the non-Markovianity measures Np that permit simplified computations while
still being positive for any non-Markovian evolution.
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Chapter 6

Non-Markovianity measure via
mixing with Markovian
dynamics

We introduce a non-Markovianity measure based on the minimal amount of
extra Markovian noise we have to add to the process via incoherent mixing, in
order to make the resulting transformation Markovian at all times. We show
how to evaluate this measure by considering the set of depolarizing evolutions
in arbitrary dimension and the set of dephasing evolutions for qubits. The re-
sults exposed in this chapter are contained in the original work [DG21]].

6.1 Introduction

In open quantum system dynamics [BP07]] Markovian evolutions are charac-
terized by the existence of a one-way flow of information from the system to
its environment. While approximately valid in many contexts of physical rele-
vance (in particular for system-environment weak-coupling conditions), in the
vast majority of settings the Markovianity of the dynamical evolution is lost
and one witnesses backflows of information from the environment to the sys-
tem [Brel2, RHP14, IBLPV16, [LGP19]. The study of these non-Markovian
effects is a central topic of quantum information theory both because they arise
almost everywhere, but also because, when properly exploited, they may show
advantages in different quantum information processing tasks, such as quan-
tum metrology [CHP12]], quantum key distribution [VOPM11]], quantum tele-
portation [LBP14], entanglement generation [HRP12|], quantum communica-
tion [BCM14] and quantum thermodynamics [WGE16, LWEGIS| PLWR™ 18,
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AG19].

The standard procedure to characterize and measure the non-Markovianity
of a given evolution is to target functionals that are guaranteed to be monotonic
under arbitrary Markovian evolutions and to check for violations of such be-
havior. Many quantities have been studied in this framework: the distance be-
tween pair of states [BLP10, [LPB10], channel capacities [BCM14], the guess-
ing probability of evolving ensembles of states [BD16]], the volume of the ac-
cessible states [LPP13]] and correlation measures [LFS12, IDJB*19]]. In this
chapter we introduce a conceptually different approach to the problem which
tries to quantify non-Markovian character of a dynamical evolution by comput-
ing the minimal amount of extra noise that one has to inject into the system
dynamics in order to stop the information backflow at all times. Specifically
we consider the minimum value of the probability needed to introduce Marko-
vianity for the entire temporal evolution of the system by incoherently mixing
it with an arbitrary extra process which is already Markovian. Our measure has
a clear operational meaning due to the fact that creating stochastic convolutions
of processes is a well defined physical procedure.

We remark however that since neither the set of Markovian evolutions, nor
its complementary counterpart, are convex [WECCOS]| the explicit evaluation
of the proposed measure is typically hard to comply. At variance with the
approaches presented in Refs. [BBM?20, IAB19] which discuss similar ideas
focusing on infinitesimal Markovian evolutions [Kos72b, ILin76, I(GK76], non-
convexity also prevents us from framing our proposal in the context of a con-
ventional (convex) resource theory of evolutions where Markovian dynamics
constitute the resource-free set [RBTL20, BG15]].

After introducing the procedure in the general case of arbitrary open quan-
tum evolutions we focus on the special subset of depolarizing transformations
of arbitrary dimension and for qubit dephasing channels [Hol12,Wil13} KinO3]]
which, thanks to their highly symmetric character, allow for an explicit analyt-
ical treatment. Depolarizing channels represent an important error model in
quantum information theory. Indeed by pre- and post- processing and classical
communication via twirling [HHH99]], any other open quantum dynamics can
be mapped into a depolarizing channel whose efficiency in protecting the infor-
mation stored into the system is lower than or equal to the corresponding one
of the original process. Accordingly the study of the non-Markovian character
of this special set of open quantum evolutions is an important task in its own.

The chapter is organized as follows. In Section [6.2] we introduce the de-
polarizing evolutions set. In addition, we describe its Markovian and non-
Markovian subsets (Section [6.2.1)), we discuss some geometrical properties



6.2 Depolarizing evolutions 145

of these subsets (Section [6.2.2) and we characterize continuous depolarizing
evolutions (Section [6.2.3). In Section [6.3] we present the measure of non-
Markovianity that we study throughout this chapter and we describe how to
apply it to non-Markovian depolarizing evolutions (Section [6.3.1). We follow
in Section [6.4] by evaluating this measure of non-Markovianity for continuous
depolarizing evolutions. Section [6.5]is dedicated to show that, considering the
task of making continuous depolarizing evolutions Markovian by mixing them
with Markovian evolutions, non-continuous Markovian evolutions are less ef-
ficient than continuous Markovian evolutions. From Section we start to
study non-continuous non-Markovian depolarizing evolutions. In particular,
we show that in some particular cases the approaches considered for contin-
uous non-Markovian evolutions are still valid to evaluate the degree of non-
Markovianity of these evolutions. In Section we consider our measure of
non-Markovianity applied to generic non-continuous non-Markovian depolar-
izing evolutions. We start by noticing some features of these evolutions that
imply an ambiguity for the identification of the optimal Markovian evolution
that makes a generic non-Markovian depolarizing evolution Markovian (Sec-
tion [6.7.1). Hence, in Section we propose a strategy to calculate our
measure of non-Markovianity for any non-continuous depolarizing evolutions.
Finally, in Section [6.8|we extend the analysis to the case of dephasing channels
for qubits. The chapter ends in Section [6.9] with the conclusions. Technical
material is presented in the appendices.

6.2 Depolarizing evolutions

Let S (Hs) be the set of density matrices on a d-dimensional Hilbert space H.
As we defined in Chapter [2] an evolution on S(Hs) is a one-parameter family
A = {A}s0 of CPTP maps A; : B(Hs) — B(Hs), namely dynamical maps.
Moreover, we imposed that for ¢ = 0 the dynamical map should correspond to
the identity map, namely

Ao() =1I5() , (6.1)

and require the family A to be continuous and differentiable almost always,
allowing at most a countable set of discontinuity times. In Section [2.3.T] we
showed why these assumptions are well motivated. We hence defined [ = {A}
to be the set of all the evolutions on S (Hs) that obey the above constraints.
One can easily verify that such set is closed under convex combination. As
discussed in Section [2.3.3] we identify Markovian evolutions with those being
CP-divisible. Therefore, we identify the Markovian and non-Markovian subsets
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EM and EYM of [E. As already mentioned in the Section neither EM nor
EMM are closed under convex combinations.

In Section we saw that depolarizing evolutions ID form a closed con-
vex subset of It [Holl2, [Wil13) [Kin0O3]]. We remember that an evolution D =
{D;}s>0 belongs to D if and only if at any time ¢ > 0 the corresponding dynam-
ical map D, can be written as

1
Di() = fO Is() + (1 = fO)Tr[] 73 , (6.2)
where f() is a real quantity belonging to the interval
Jp = 1 1 (6.3)
Prle-r | '

From Eq. (6.2) it is clear that we can use the function f(7) to uniquely character-
ize the elements of ID. In order to comply with the structural requirements we
imposed on [E in the previous section, we focus on the collection of functions
f(@® : R* - Jp that

1. are continuous for almost-all #;

2. admit right and left time derivatives (£(#*) = lim_,o= f(”f—z_f(’));

3. satisfy f(0) = 1;

the last property being introduced to enforce Eq. (6.1). We define & to be the
set of characteristic functions f(t) that satisfy the above conditions and use
Eq. to establishing a one-to-one relation between such set and D. We
also introduce the special subset of continuous depolarizing evolutions D¢ as
the collection of depolaring evolutions (6.2) whose functions f(f) belong to the
subset Fc C § formed by continuous characteristic functions.

To fix the notation, if {z;}; is the discrete collection of times when f(¢) is
discontinuous, we have that f' (tl.+) = lime,o+ f(#; + €) is different from f(z;) =
lime_,o+ f(t; — €). To describe the discontinuous behavior of f(r) we hence
introduce the quantity
F)
fa)’
which assumes values in [—co, +00], where we fix £(f(¢f)) = +co when we have
sign(f(t*)) = +1 and f(+7) = 0. Moreover, when f(t*) = f(r") = 0 we
define £(f(r)) = 1. From Eq. (6.4) it follows that f(r) is continuous at time 7 if
&(f(1)) = 1 and that f(¢) € §c if and only if &(f(r)) = 1 for any # > 0. On the
contrary, from Eq. (6.4) it also follows that

E(f() = (6.4)
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o £(f(1)) > 1: the discontinuity distances f(¢) from zero, namely depending
on the sign of f(¢7) we either have 0 < f(r7) < f(t*) or 0 > f(t7) >
VAGBE

e £(f(1) < 0: f(t) changes sign;
o £(f(1)=0: f(r*) =0and f(r7) # 0.

6.2.1 Markovian and non-Markovian depolarizing evolutions

In view of the one-to-one correspondence between ID and &, we define the
Markovian and non-Markovian depolarizing subsets DY = DNEM and DY =
DNEM = D\ D" by assigning the corresponding sets of the associated char-
acteristic functions §* and FVM.

We start by observing that, if the characteristic function of an element D of
ID assumes a zero value at s (namely f(s) = 0), then D, becomes the complete
depolarizing channel Tr [ -] 175, loosing memory of the input state of the system.
Accordingly the only possibility we have to fulfill the CP-divisibility given in
Deﬁnitionfor Markovianity is that D, correspond to Tr [-] %S too, namely

f(5)=0 = f(H=0, Vt>s. (6.5)

On the contrary, if f(s) # 0, Markovianity can be enforced by observing that
the intermediate map V; ; assumes the same form of Eq. (6.2), namely

S0 O\ s
Vis() = ) Is() + (1 f(s))Tr[] 7 (6.6)
which is CPTP if and only if
Jf@®
% elJp, (67)

with Jp the interval defined in Eq. (6.3). This includes also the case (6.5) by
noticing that only with f(r) = 0 we prevent f(¢)/f(s) from diverging when
f(s) = 0. As shown in Appendix Eq. can be conveniently casted in
the following inequality that in some case is easier to handle, namely

C(t,5) = [2(d* - D)f (1) — (d* = 2 f(s)| - d*f () < 0. (6.8)

From Definition [5| we have hence that D € DM if and only if its characteristic
function f(¢) is such that (or equivalently (6.8)) holds true for any 7 > s >
0, namely

= {f()eF|ICts)<0, Yr>5>0} . (6.9)
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Considering the property (6.5) and that for f(r) € § we must have f(0) = 1, it
is easy to verify that all continuous elements of ™ are non-negative and non-
increasing (more on this in Section [6.2.3). Markovian characteristic functions
can however change their sign through discontinuities. Indeed according to
li a non continuous element f(f) of ¥ can jump either to a value f(r*) with
the same sign and |f(t7)| < |f(t7)|, namely £(f(¢)) € [0, 1), or to a value with
opposite sign and [f(t")| < If(t‘)l/(d2 — 1), namely &(f(¢)) € [-1/(d* - 1),0].
These facts can be formalized by saying that a generic f(f) € & exhibits a
Markovian behavior at time T > 0 if one of the two conditions applies

CMi(r):  &(f(1) = land £|f(7) <0;
CMy(™): &f(m)ep\l;

where CM(7) has to be replaced by f()f(r) < 0 when £(r) is non-continuous,
namely f(r7) # f(r*). Notice that the conditions given in Eq. do not

explicitly exclude the cases for which f (1) # 0 and f(r) = 0. Nonetheless, the

properties of § would imply that 3§ > 0 such that f(¢ + 6)f(t + &) > 0, which

would exclude f(f) from Y. It is worth stressing that imposing for all

7 > 0 is equivalent to enforce (6.7) (or (6.8)) for all couples 0 < s < r. Hence,

Eq. (6.9) can be casted in the form

FM = (f(H) € §| CMy(1) or CMy(7) = TRUE, V7 > 0} , (6.11)

(6.10)

which involves only local properties of f(¢). By construction any f(¢) € & that
fails to fulfill both the constraints of Eq. (6.10) at least for one 7, or the inequal-
ity (6.8) for some couple s and 7, defines an element of the non-Markovian
characteristic function set F¥M = & \ § which describes the non-Markovian
depolarizing evolutions DV, At variance with the elements of Y a char-
acteristic function f(f) which is non-Markovian can show any increasing or
decreasing continuous behavior and discontinuities with &(f(¢)) € [—oo, +c0].
In Fig. we show the typical behavior of characteristic functions in ¥ and
8"NM‘

We notice that any element of VM can still obey the constraints on
some part of the real axis. In particular we say that f(f) € F'™ has a Marko-
vian behavior in (#1, tp) if the function satisfies at least one of the conditions of
Eq. (6.10) for any 7 € (1, 1,). Finally, we say that 7 is a time when f(r) € &
shows a Markovian discontinuity if £(f(1)) € Jp \ 1. Instead, if £(f (7)) ¢ Jp,
we say that 7 is a time when f(¢) shows a non-Markovian discontinuity.

6.2.2 Border and geometry of the depolarizing evolutions

It is possible to show that the following properties hold:
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Figure 6.1: Example of a non-continuous Markovian characteristic function
(above) fM(1) € FV and a non-continuous non-Markovian characteristic func-
tion (below) f¥™ (1) € VM for d = 2. Given Eq. (6.3)), any characteristic func-
tion has to assume values in Jp = [—1/3, 1]. Discontinuities are underlined
by dotted dashed lines. f™(f), when continuous, satisfies CM;(7), namely it
does not increase its distance from zero. When () is not continuous it sat-
isfies CMy(7): for the times 7 = 1,2,5 and 8, we have &(fM(1)) = 0.83,
E(fM(2)) = —0.33, &(fM(5)) = —0.27 and &(fM(8)) = 0. Since fM(8*) = 0,
™ () has to be equal to 0 for any # > 8. The times when f2(¢) has a non-
Markovian behavior are colored in purple. This characteristic function shows
both time intervals and times of discontinuity when, respectively, CM;j(7) and
CM;,(7) are violated. Indeed, for T = 7 and 9 we have non-Markovian dis-
continuities £(f¥YM(7)) = 2.39 and &(f"M(t)) = —co, while at 7 = 8 we have
E(fNM(8)) = 0, namely a Markovian discontinuity. The temporal parameter ¢
in the plots is expressed in arbitrary units.
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e D is convex,

M : My _ M
e D™ is closed, non-convex, and border(ID") = D",
e DVM g open, non-convex, and dense.

The non convexity of D and DM (and hence ¥ and F'M) can be easily
proven by presenting some explicit counter-examples (see Appendix [D.2). In
order to prove the non-convexity of DV we mix two depolarizing evolutions
that show non-Markovian features in non-overlapping time intervals (see Ap-
pendix . The example that we study for the non-convexity of D™ under-
lines the important role played by discontinuities: we mix an evolution defined
by fMI(#) = 1 for all + > 0 and a second Markovian characteristic function
FM2(f) with two Markovian discontinuities. We show that for all p € (0, 1) the
resulting f)(r) shows a non-Markovian discontinuity (see Appendix .

To show that D coincides with its border we proceed as follows: given
a generic Markovian depolarizing evolution DM € DM, consider a time s >
0 where the associated characteristic function fM (t) is continuous, namely
E(fM(s)) = 1 (of course such s can always be found since the set of discon-
tinuity points for a generic element of & is at most countable). Take then a non-
Markovian depolarizing evolution DY € DM¥ with characteristic function
FNM (1) which instead has &(f¥M(s)) > 1 and sign(f¥Y(s7)) = sign(fM(s*))
(such an element can always be identified). It is then straightforward to verify
that the whole family of elements of D defined as D” = (1 — p)D"™ + pDM
for p € [0, 1) is non-Markovian: indeed for all such values, at t = s the charac-
teristic function

FP =1 = p) "™ + pMa), (6.12)

of D has a non-Markovian discontinuity (&£( f(l’)(s)) > 1). Notice also that
as p — 1, D'P gets arbitrarily close to DM in any conceivable norm one can
introduce on E or D (indeed || D — DM|| = (1 — p)||DN™ — DM|)). The above
argument shows that any neighbor of a Markovian depolarizing trajectory con-
tains non-Markovian processes, namely that D is a set of measure zero, or
equivalently, that almost-all depolarizing evolutions are non-Markovian. On
the contrary, for any non-Markovian depolarizing evolution D¥™ one can show
that there exists no Markovian DY such that the convex combination D?) =
(1 = p)D"M + pDM is Markovian for any p € (0, 1]. More precisely, it is pos-
sible to identify a probability value p*(D"™) € (0, 1] such that, independently
from the choice of DM, we have

DV e DM vp < p*(D"M) | (6.13)
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Indeed, since DM is explicitly non-Markovian, there must exist times ¢ > s >
0 such that its the characteristic function violate the constraint (6.8) which we
rewrite here as

A, 5) = [2(d* - DM (1) - @ -2 "M ()| > LM (). (6.14)

On the contrary, if D is Markovian, its characteristic function must fulfill
(6.8), namely
2(d* = )P @) - (@ = 2)fP9)| < &’ fPs)] . (6.15)

Using (6.12) we notice however that the left-hand-side of the above expression
can be lower bounded as follows

[2(a* = 1)fP ) - (@ - 2) fP(s)|
> (1 - p) A1, 5) - p[2d® - DM (1) - (d* - 2)fM(s)|
> (1 - pA"M(1,5) — p(3d* - 4) , (6.16)

where in the last inequality we exploit the fact that all characteristic functions
must have modulus smaller or equal to 1. Similarly the right-hand-side of (6.15])
can be upper bounded as

lF2| <A =p "™ |+ p|Me| <A -p ™ |+p. (617
Hence a necessary condition for (6.15)) is to have
4pd*-1)> (1 - p)C"™, s) , (6.18)

where CVM(1,5) = ANM(z, 5) — d?|fNM(s)|. Due to the strict positivity of the
rightmost term of Eq. (6.18) (see (6.14)), it cannot be fulfilled for all p € (0, 1].
Eq. (6.13) finally follows from (6.18), e.g. by setting

CNM (¢, )
CNM(t, )+ 4(d2 - 1)

p (DM = (6.19)

It is easy to show that this value of p*(D"M) belongs to (0, 1] if and only if
CNM(z 5) violates Eq. .

6.2.3 Continuous depolarizing evolutions
Important subsets of DY and DM are obtained by considering their intersec-
tions with the continuous subset D¢ of D, namely

DY =DcnDY, DI =De n DM (6.20)
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By construction lDé’I and IDgM are composed by depolarizing process whose
associated characteristic functions f(f) belong respectively to the intersections
F¥ = Fen F¥ and FXM = Fe 0 FV. From Eq. we deduce that
the elements of ‘J;g’ are monotonically non increasing, continuous functions
fg” () € [0,1]. In particular, since any convex combination of two continuous
functions in F belongs to F, we have

e D, is convex,
° lDlg is closed and convex,
e DM is open and non-convex.

Furthermore, if fé"’ (#") = 0 for some time ¢’, the time derivative of fg’ (?) cannot
be different from zero for any r > ¢ without violating the first condition of
Eq. . Instead the elements of ?y]gM are continuous functions fév M) that
can assume any value in Jp such that f¥*(0) = 1. In Fig. we show the
typical behavior of continuous characteristic functions in i}g’ and ‘f\;lgM .

In Appendix we introduce another convex subset of D given by the
positive depolarizing evolutions, namely defined by, in general non-continuous,
positive characteristic functions. The Markovian subset of these evolutions is
convex and, as we show, it contains the set of continuous Markovian evolutions.

6.3 A measure of non-Markovianity by noise addition

In this section we introduce our measure of non-Markovianity. Given A € E
the quantum process we are interested in, consider the quantum trajectories
AP € | defined by the convex sums

AP = (1 - p)A + pAM, pel0,1], (6.21)

one gets by incoherently mixing the original evolution with an element A of
the Markovian subset IEM with time-independent weights 1 — p and p. It is
worth stressing that the dynamical evolution (6.21)) can be physically imple-
mented, at least in principle, by a simple random event taking place at time
t = 0 which decides whether to transform the state of the system under the
action of A or under the action of AM. Implementations of this kind of dy-
namical evolutions has been theoretically proposed in Ref. [FPMZ17|] within
the collisional model setting, and in Ref. [UWS*20] using a photonic platform
in which different optical paths that simulates the alternative evolutions of the
system are incoherently recombined at the output of the setup.
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Figure 6.2: Example of a continuous Markovian characteristic function (above)
fg’l () € ‘&jg and a continuous non-Markovian characteristic function (below)
fév M) e ‘[ng for d = 2. Given Eq. , any characteristic function has to
assume values in Jp = [—-1/3,1]. fg” (#) is non-increasing and assumes values
in [0, 1]. fév M (t) assumes values in Jp = [—1/3, 1] (horizontal lines) and vio-
lates the Markovian condition CMj(7) in the time intervals colored in purple,
namely when it increases its distance from zero. Dahsed lines underline the
times when the respective time derivatives are non-continuous. The temporal

parameter 7 in

the plots is expressed in arbitrary units.
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We introduce a measure of non-Markovianity p(A) by considering the small-
est p that enables us to make A”’ Markovian, namely CP-divisible, for some A,
namely
p(A) = mpin{ plIAM e EM st AP € EMY, (6.22)

and call optimal a Markovian evolution AM that allows us to attain such value.
In other contexts, e.g. resource theories [NBC*16, TRB*19], the measure of
non-Markovianity p(A) is after referred to as a robustness measure. The value
p(A) is always well defined since the set of p entering the optimization con-
tains at least the point 1. AA¢The rational of this choice is that, the greater is
p, the stronger is the perturbation we add into the system by the mixing oper-
ation (6.21): indeed, for fixed AM, the distance between A and the original
trajectory A is always proportional to p. For instance, at any given time ¢ we
can write [|[AY” — Al = pllAM — A,|| where || - || stands for (say) the diamond
norm for super-operators [KSV02]]. As a consequence, p(A) is the minimum
perturbation one needs to introduce via the mixing procedure to enforce
Markovianity into the system evolution. The maximum value of this quantity
has a precise meaning: p(A) = 1 implies that A cannot be made Markovian by
any non-trivial mixture (6.21). On the contrary, since p(A) = 0 if and only if
A € EM it is clear that (6.22)) is a faithful measure of non-Markovianity.

We can consider the case where in Eq. A is asked to belong to a
specific Markovian target subset T™ of EM, while at same time A belongs
to a particular set AM of TM (namely AM ¢ TM ¢ EM). This leads to the
functional

p(A|AM, TV = mpin{p |3AM € AM st AP e TV}, (6.23)

which by construction provides a bound for (6.22)
p(AIAY, TY) > pAIAM, EY) > p(A) (6.24)

A typical situation where p(A| AM, TM) can be considered is given when AY
represents the accessible Markovian evolutions that we are able to reproduce in
our laboratory and mix with A, while T represents a particular subset of IEM
for which Markovianity is easy to certify, or which possesses some additional
features that we demand. From this perspective Eq. (6.24), besides being an up-
per bound for Eq. (6.22)) can also be seen as a different approach to quantify the
degree of non-Markovianity of the process A. A case of special interest is pro-
vided by the scenario where the subsets AM and T entering coincide
and correspond to the Markovian part of a convex subset of the system evolu-
tions B ¢ E, namely AM = TM = BM = B nEM. Under these conditions
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from (6.21) it follows that we can write
p(AIBY) = p(AIBY, BY) = pAIBY,EM), VA€ B, (6.25)

showing that for the elements of I3, at least the first of the inequalities in (6.24)
closes (of course this does not necessarily hold if B is not convex, as in this
case there could be maps A in IEM which are not necessarily in BY).

Furthermore, while we have no explicit evidence in support of this claim, if
BB is a sufficiently "structured" set as in the case of the depolarizing evolutions
addressed in the following subsection, it is also tempting to conjecture that the
second gap in (6.24) should collapse too, implying that in this case p(A[B)
should coincide with p(A) for all A € B, or equivalently that

(CONJECTURE) p(A) = p(A|BY) | VAeB. (6.26)

In order to discuss this conjecture, we notice that the dynamical maps and the
intermediate maps (see respectively Eqs. (6.2) and (6.6)) that define depolar-
izing evolutions transform the state space with the same spherical symmetry.
Therefore, non-Markovian effects arising from these evolutions are character-
ized by the same property. As a result, it is reasonable to conjecture that, in
order to contrast the non-Markovian effects of a generic DV in the most ef-
ficient manner, namely by finding a Markovian evolution AM that allows the
minimum value of p in Eq. (6.22), it is enough to consider only Markovian
depolarizing evolutions DY . We expect that the same argument can be applied
to other convex sets of evolutions with analogous symmetries, e.g. dephasing
evolutions (see Section[6.8).

6.3.1 Measuring the non-Markovianity of depolarizing evolutions

To study the non-Markovian behavior of depolarizing evolutions D € ID we
shall focus on the case where the set B entering in Eq. corresponds to
D itself, namely the quantity p(D[DY). While for elements of the Markovian
subset p(DIDM) is clearly equal to 0, in the case DM € DM we can invoke
(6.13) to claim the following lower bound

p(D"MDM)>p*(D"M) | (6.27)

which is non trivial due to the fact that p*(D"M) is strictly larger than 0. Since
D¢ is a proper subset of D, it is also clear that in general the following ordering
holds

p(DIDY DMy>p(DIDY) | VDeD. (6.28)
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In particular if the channel we test is an element of the continuous subset of D,
the inequality in Eq. (6.28)) closes, leading to

p(DcDY) = p(DcIDM), VD¢ eDc . (6.29)

Notice that we used the fact that, due to the convexity of D¢, one has that
p(Dcl]Dé”, DM) corresponds to p(Dcl]Dlg) = p(Dd]Dé’I, ]Dg’) when evaluated
on D¢ € Dc¢. The proof of Eq. (6.29) is rather cumbersome and we postpone it
to Section focusing first on the explicit computation of p(Dcl]Dé” ), which
we present in Section [6.4]

6.4 Non-Markovianity measure for continuous depolar-
izing evolutions

In this section we evaluate our measure of non-Markovianity
p(DcID), (6.30)

for the cases where D¢ is an arbitrary element of the continuous subset D¢
of the depolarizing evolutions, under the assumption that also the transforma-
tions DM of are elements of D¢. Before entering into the details of the
analysis it is worth clarifying that in computing p(Dcl]Dé” ) the map AP of

Eq. (6.21) has the form
DY = (1 - p)Dc + pDY, 6.31)

where DY € DY and D¢ € D¢. Thus, since D¢ is convex, for any p, D¢ and
D% , we have that D(Cf)) € D¢ with characteristic function fép )(t) € §c given by
the convex sum of the characteristic functions fc(#) and fg’l (1) associated with
D¢ and DY respectively, namely

P = A= p)fe@ + pfMa). (6.32)

In order to evaluate p(D¢|DM) our goal is hence to obtain the optimal choice
of fg’ (1 e i‘s‘g[ that allows the minimum value of p such that fép )(t) € 3% .

As notice before, if D¢ is an element of ]ng then we can simply take p = 0,
namely p(Dlg |1D[g[ ) = 0. For the depolarizing evolutions which instead have a
continuous characteristic function fév M(f) that possesses some degree of non-
Markovianity, the computation of (6.30) requires instead some non trivial work.
In this case Eq. (6.32)) becomes

20 =0 -p ™o+ pfia). (6.33)
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While the continuity of f~ w )(t) is automatically ensured by construction, finding
the minimum p that forces this function into {9% (namely that allows it to be
also positive and non-increasing) is not a simple task. In order to tackle this
problem we start by illustrating the relatively simple case of non-Markovian
depolarizing evolutions with positive fé" M) e SgM (see Section . Next
we discuss the slightly more complex scenario of f2™(r) € F*M having a non
definite sign, but which exhibit their non-Markovian character exclusively on
the time intervals where they are negative (Section [6.4.2)). Finally we conclude
by addressing the general case of a non-Markovian continuous characteristic

functions f2™(1) € XM in Section

6.4.1 Positive non-Markovian continuous characteristic functions

In this section we study depolarizing processes Dé’ characterized by f NM(f) e
?; which are positive and which have a number L > 0 of 1ntervals T =

(t(‘”) (i of non-Markovianity where f¥™(*) > 0, namely

M@ =0, (M) < 0,6(ffM @)y =1 1 TV™,
(6.34)
M@ 2 0, M=) > 0,6(¥M @) =1 1eTVM,

with TVM = Ué:l T|" being the collection of the intervals 7,". As we shall see,
in this case the quantity (6.30) is a monotonically increasing function of the

gaps
ANM = fM Ty fM () 5, (6.35)

which certify the non-Markovian character of fév M (#) on the intervals T, . Specif-
ically, given

L
AN = % AN (6.36)
k=1
we have
NM myM ANM
PDc™De) = 1737 (6.37)

which saturates to its upper bound 1 in the case where AMY diverges, e.g. when
J2M(#) exhibit infinite, not properly dumped, oscillations. In order to derive
we first address the simple case of a single non-Markovian interval (L =
1), and then generalize it to the case of arbitrary (possibly infinite) L, where
this last case is studied in Appendix [D.4]
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One time interval of non-Markovianity for positive characteristic functions

Let DXM be an element of D} with characteristic function fX"(r) € F¥M
that is always positive and which has positive derivative (hence non-Markovian
character) in a single time interval 7} = (t(lm), t(lf )y (t(lf ™) being possibly infi-
nite), i.e,

SM@ 20, [ @) < 0,6 M) =1 reT],
(6.38)
M@y >0, M) > 0,6(fMM @) =1 1T .

to be an element of Tyé” , namely to obey to the first of the constraints -
the function being already continuous by construction. Since both fév M(t) and
fg’ (#) are non-negative, this is equivalent to impose

Our goal is to determine the minimum value of p which allows fc(f’ )(t) of li
6.10)

Dty = (1 - p) A + pfia) <0, (6.39)

which is automatically verified for t ¢ 7. A necessary condition for (6.39)

can then be obtained by imposing that fép )(t) experiences a negative gap at the

extreme points of 7', namely
AP = [P - Py <0 (6.40)
From (6.33) we can cast this into the condition
AP = (1= p)AVM 4 pA¥ <0, (6.41)
where AYM s the positive gap defined as in Eq. and
A= ) = ™), (6.42)

is the associated gap of fé” (t). Notice that from the properties of fg” (1) it fol-
lows that the latter quantity is non-negative and larger than —1 (which is the
minimum allowed gap for an element of Tyg ), namely

AMel-1,00 = |AM<1. (6.43)

From Eq. (6.41) it follows that a necessary condition for p is

ANM ANM
1 1

2 2 =p1, 6.44
P =AM A = T = (644)
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where the last inequality follows from (6.43).

To show that (6.44) is also a sufficient condition for (6.39), we provide a
particular example of fg’ (#) such that fép ) (1) <0 for p > p;. For this purpose
consider g¥ (1) € F¥ such that

1 r< A
gy =1 1= ("M@ - fMM@™) /A reTy, (6.45)
(fin)
0 =

This function, for ¢ € T1+, is a linear manipulation of fN M (1), where its slope

c
is stretched and inverted. Moreover, in this case AZIW = —1 and A(lp ) < 0 for

p > pi1. Finally, if we consider g% (¢) in fP)(¢), for p = p;, we obtain

fNM(tgfin))

£ = , forte T, (6.46)

1+ AVM
which is a constant. Hence, in this case fPV(f) < 0 for any 7 > 0. Putting all
together we can hence claim that

ANM
DDy =p = ——, 6.47

which proves the validity of at least for the functions we are considering
here, namely when L = 1. In Appendix we show how to extend these
results to any L > 1.

6.4.2 Characteristic functions that exhibit non-Markovianity only
when negative

Here we consider elements of DX with fY¥(z) such that their non-Markovian

nature is shown only in a number m > 0 of time intervals TJ.‘ = (ti.i"), tE.f i) )
where it assumes negative values while being strictly decreasing, namely vio-
lating CM;(7) while being negative, as notified by the following negative gaps

oM = ng(zj.f "y - £y < 0. (6.48)

It is worth observing that under the above assumption fév M(#) cannot be positive
after that it becomes negative for the first time. Otherwise, for some time we
would have f2™(7) > 0 and fZ™(*) > 0, which contradicts our premise.
Therefore, we have that

Mo <o,  VexdM. (6.49)
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We shall see that in this scenario the measure of non-Markovianity (6.30)) re-
duces to

(DYM|DM) = —|®NM| (6.50)
PEc e = Thevm '
with
oMM = Z oM 6.51)

J=1

As in the previous section, to derive the above identity first we obtain a nec-
essary condition for fP)(f) to belong to %é” and then we provide an explicit
example that saturates this value. In this case however we find it useful to
treat separately the case of finite m from those where m is unbounded which
introduce some technicalities which have to be dealt carefully. The study for
unbounded values of m is given in Appendix

The m finite case

If m is finite the function £ (r) cannot exhibit infinite oscillations. Therefore,

lim f3¥(1) = £ (e0) 0. (6.52)

Define now T — ([(l”) (fm)

) to be the time intervals when fg NM() < 0 and

fév M(t*) > 0, namely the times when the Markovian condition CMy(7) is sat-

isfied while fé\' M(t) is negative. We notice that, since fév M(£) is continuous, for

any T there exists a T such that t(f n = (m)

happen is for tEf = co: accordmgly the total number 77 of the intervals T'; is

either equal to m or to m — 1 and is hence also finite by assumption.
We consider now the associated gaps of the functions f2™ (1), f(z), and

, the only case when it does not

Je » )(t), namely the quantities

6NM = f '(f”’l) fNM(t(m) (653)
M = fé”(t(.f "y~ UG, (6.54)
8V = [P - fPE) = - e+ pslt . (655)

By definition we have that the (53\’ M

be non-positive, namely

must be non-negative, while the 6?’1 must

M=o, <0, Vi (6.56)
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If fép )(t) is Markovian it has to be positive and non-increasing. Therefore, we
should also have

sV'<0, V) (6.57)

Therefore a necessary condition for the Markovianity of fép )(t) is given by the

following inequality

m
§P =" 60 = (1 - pe™ - pls™ <0, (6.58)
j=1
where 6 = Z,il 6?4 <0and 6" = 7:1 61ij > 0.

Observe that since f/(f) and fép )(£) are both elements of F¥ their limiting
values for + — oo exist and fulfill the following constraints

@) = M) 20, Pty 2 fP(e0) 20, (6.59)

for all #+ > 0. Notice finally that since fé” (#) is non increasing and upper
bounded by 1, its limiting value must fulfill the constraint

1> fM(c0) +16M] . (6.60)

Accordingly from (6.52)) we can write

fP(00) = (1= p)fEM(c0) + pf(e0) > 0, (6.61)

or equivalently
—(1 = p) ™™ + @) — pf(c0) <0, (6.62)

where we used
MM (o0) = 6V 4+ @M (6.63)

with @ as in Eq. (6.51). Summing up (6.62) with (6.58) term by term, the
following necessary constraint for p can finally be obtained

~(1 = p)O"M — p(fH(c0) +16M)) < 0, (6.64)

which implies

|®NM| |®NM|

P2 Fiy + oM + 1oV~ T+jen] P (6.65)
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where in the last passage we used the inequality (6.60). Accordingly we can
conclude that the quantity p,, is lower bound for the value p(DIC\’M |]Dé’[ ) associ-
ated with the evolutions DgM we are considering here.

In order to show that p,, does indeed correspond to p(DXMD) we now
present a example of fg’ () which makes fép )(t) an element of ‘{yé” for p = pp,.
To do so we define g% (1) € %g to be equal to

1 r< ™
= (M@ - M) e teT
1 - 6™ /0™ teT;
(1 - VM /j1@NM)) — (fNM(t) FIME™) [1OVM] 1eTy
(6.66)
g @) - (fNM(t) PG N e T
1- 37 VM /10| teTy,
1—-6"™/jeNM| t— oo
The temporal derivative of §g[ (t) assumes the simple form
Mo —fNME) VM) re T
8c ()= { 0 otherwise (6.67)

It is easy to show that f(p )(t) =(1-p) fé\’ M) + pggl () Markovian for p > py,.
Therefore, for any f. N (#) that shows a non-Markovian behavior while being
negative, we have that
NM IDM _ _ |®NM| 6.6
p(Dc™ c)—Pm—W, (6.68)
which proves (6.50). We study the cases where we have unbounded values of
m in Appendix

6.4.3 Multiple time intervals of non-Markovianity for continuous
characteristic functions: the general case

Building up from the previous sections here we compute p(DXM DY) for the
general case of a non-Markovian depolarizing processes with continuous char-
acteristic function fév M(t). At variance with the examples discussed before,
= (1 )
(ln) (f m))

now f2™ (1) may possess both a collection of time intervals T

where it is positive and increasing, and also time intervals T‘ = (t



6.4 Non-Markovianity measure for continuous depolarizing evolutions163

where instead it is negative and decreasing (namely it may exhibit all the non-
Markovian features detailed separately in Section [6.4.1]and Section [6.4.2)).

In this case we can show that Egs. (6.37) and (6.50) get replaced by the
more general formula

NMTyM v
p(Dc™IDc) = T > (6.69)
with TV™ being given by the expression
VM = ANM 4 1@NM) | (6.70)

where AN and ®Y, defined as in Eqs. and (6.51)), are the sums of the
non-Markovian increments the function fév M 1) experiences on the intervals T,:r
and Tj‘, respectively.

Since fév M(f) may not admit a limiting value for t — oo, to prove
we shall proceed as in Appendix [D.5] determining first the conditions under
which the associated fép )(t) is guaranteed to be Markovian at least in the time
interval [0, T'] with T finite. Under this condition the numbers L(T") and m(T) of
intervals T,:“ and Tj‘ of fév M (1) that fit on the considered domain, are both finite.
We introduce also the time intervals T'; = (iyn),i;f " of [0, T] where M)
is negative and non decreasing (their number m(7T) being finite too), and define
the gaps ANM(T), AM(T), AP(T), @M (T), $YM(T), 6*(T) and 5§P)(T) as in

Egs. (6.33), (D.21), (D.22), (6.48), m, (]G_SIZ[), and m By construction

we have the following conditions

AMM(Ty >0, eYM(r) <0, YTy >0,

AT <o, T <0,

APT) = (1= pAYMT) + pA(T) 6.71)
67(T) = (1= p)o}™(T) + ps(T) (6.72)

for all k and j. A necessary condition for f”)(¢) being Markovian on the con-
sidered domain is that all its gaps A,(f’ )(T) and 63” )(T) are non-positive, namely

IA

0, (6.73)
0. (6.74)

(1= p)AYM(T) + pAY(T)
(1= p)s¥™(T) + ps’(T)

IA

By summing up term by term, all contributions from and we get

(1 = p)AYM(T) + s"™(T)) = p(AM(T)| +16™(T)) <0, (6.75)
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where
L(T) L(T)
AMM(T) = Z AMMTy>0, AM(T) = Z AM(Ty <0,
k=1 k=1
m(T) m(T)
MMy = Y ayMay >0, M) = Y AT <0.
k=1 k=1

Suppose now that f2™(T) is a non-negative quantity, namely f2(T) > 0.
Under this condition it is easy to verify that the sum of gaps this function expe-
riences on the interval where it is negative must nullify, namely

sVM(Ty = 1M (1), (6.76)
with
m(T)
eoVM(T) = Z oM7) <0. (6.77)
j=1

Replacing this into (6.75) we hence get the condition

AMM(T) +10MM(T)|
IAM(T)| + 6™ (T)] + ANM(T) + |@NM(T))
AMM(T) +10MM(T)|
1 + ANM(T) + |@NM(T)| °

p

(6.78)

where in the second line we used the fact that the sum over the gaps of a con-
tinuous Markovian function cannot cannot be larger than 1, namely IAM(T)| +
loM(T)| < 1.

If fé\’ M(TY is negative, namely fév M(T) < 0, we can still show that (6.78)
holds, but we need to change the derivation. In this case we observe that
Eq. is substituted by the constraint

MMy = sVM(T) + @NM(T) (6.79)

(p)

which allows us to rewrite positivity of f,

for f(P)(f) to be Markovian on [0, T]) as

(t) for t = T (a necessary condition

(1 =)™y + "M (1) + pfAT) > 0. (6.80)

Together with the above expression finally leads to

(1 = p)AMM(T) = @M (T)) < p(AM(T)| + 16™(T) + fX1(T) < p, (6.81)
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Figure 6.3: Plots of fX™ (1) = 72/5 cos(t) (yellow), the corresponding optimal
Markovian characteristic function hé” (f) (blue) and fP)(¢) for different values
of p (dashed lines) in the time interval ¢ € [0,77/2]. The inset shows their
behavior for 7 > 5.90. In this example 7| =~ (7/2,2.76), T1+ ~ (37/2,5.90)
and T; =~ (57/2,9.04) are the time intervals of non-Markovianity of f~¥(r)
and G)IlVM ~ —0.31, AIIVM ~ 0.09 and ®12VM ~ —(0.02 are the correspond-
ing non-Markovian gaps. The value of the measure of non-Markovianity is
p(DXMDM) ~ 0.30. If p = 0.5 > p(DXMDM), fP)(r) € F¥ is monotonically
decreasing (green dashed line). If p = p(DXMDY) ~ 0.30, fP(1) € F¥ is
monotonically decreasing and constant when f¥™(r) > 0 (red dashed line). If
p=0.15< p(Dng]Dé”), P e 8’%”” is not monotonic nor positive in more
than one time interval (purple dashed line).



166 Non-Markovianity measure via mixing with Markovian dynamics

where in the last passage we used the fact that continuous Markovian charac-
teristic function cannot have drops larger than 1, namely |[AM(T)| + |6M(T)| +

fg’ () < 1. Eq. li coincides with |b which hence holds true inde-
pendently from the sign of fév M(T). Taking the limit T — oo we can finally

conclude that a necessary condition for » )(t) to be Markovian is

C
FNM
P2 (6.82)
with V™ as in (6.70) with AN and ®"M formally given by
AYM = 1im ANM(T) , O™ = lim @VM(T) . (6.83)

T— T—o

To show that the inequality (6.82) is also a sufficient condition for the Marko-
vianity of fép )(t) we now provide an explicit example that saturates it — in Ap-
pendix we also prove that the solution we present here is unique.

It is intuitive to understand that the function Y (1) € Y that we are looking
for must be a combination of gé” (1) (see Eq. 1) and ng[ (1) (see Eq. ).

In order to simplify its complicated formulation, we express hg’ (#) only through
its temporal derivative

_f‘éVM(ld:)/rNM te T]:-
W) =1 —f¥M@s v reT; (6.84)
0 otherwise

which can be rewritten in a particularly simple form

M) = { —fEM @) TNM i fEM (@) > 0

0 otherwise ’ (6.85)

(see Figure [6.3] for an example). After a long but straightforward calculation,
it is possible to show that fP(r) = (1 — p)fXM(t) + ph (1) belongs to the
Markovian set for all p fulfilling (6.82). Therefore, this proves that

I-‘NM

NM My _
P(Dc D )—m,

(6.86)

and therefore (6.69).
6.5 Continuity of the optimal characteristic functions
for continuous non-Markovian evolutions

In this section we prove the identities (6.29) showing that in the case of con-
tinuous characteristic functions f(f), non-continuous Markovian characteristic
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functions (1) ¢ 3%” cannot make their convex combination ) (r) Marko-
vian for values of p smaller than p(Dcl]Dg ). This is trivial if fc(¢) is already
Markovian as in this case p(Dclng ) saturates to the minimum allowed value
0. For characteristic functions which are explicitly non-Markovian in Sec-
tion [6.4.1] we analyze the simple scenario of positive functions which exhibit
non-Markovianity only in a single interval. Then in Section [6.5.2] we discuss
the case of functions that have non-Markovian behavior when negative, and
conclude in Section [6.5.3| with the general case.

6.5.1 Single non-Markovian time interval with /2" (r) > 0

We start by studying the cases discussed in Section where fé\’ M(#) has a
single time interval (¢, ) of non-Markovianity when f "(t) > 0 and fév M) >
0. In this case the optimal continuous Markovian function g% () which makes
the corresponding f)(f) Markovian for the smallest p is given in Eq.
and leads to

ANM

p > p(DXMDY) = :

T3 AN ° (6.87)

where AMM = fév M(ty) — fév M(t;) > 0. To show that Eq. 1| cannot be
improved by allowing £ () being non continuous, we start noticing that in this
scenario also fP)(t) will be non-continuous. We distinguish then six possible
cases:

i) fM(t)) > 0and fM(t,) > 0 with a discontinuity at T € (11, 1);
(i) f™M(t;) > 0and fM(t,) < 0 with a discontinuity at T € (¢, 12);
(i) fM(t1) < 0and fM(t,) < 0 with f™(¢) continuous in (1, 1);
(iv) fM(t;) < 0and fM(t,) < 0 with a discontinuity at T € (t1,1);
v) M) < 0and fM(t) > 0 with a discontinuity at T € (t1, #);
(vi) fM(t;) > 0and fM(1,) > 0 with f™(r) showing discontinuities before ;.

Notice that in the cases (iii) and (v) where f™(t;) < 0 implicitly imply a dis-
continuity &(fM(Ty)) € [-1/(d? - 1),0) at some Ty < t;.

In case (i) we have that at time T € (¢#1, t2) a discontinuity is shown such that
MT*y = fM(T7) = —e < 0, where € € (0, 1). Notice that € = 1 implies that
fM(T~) =1and fM(T*) = 0, and therefore this choice does not make sense if
our purpose is to make f”)(f) Markovian. Fixed this e-jump for f¥ (), we build
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the optimal behavior that makes () Markovian for the smallest p possible.
Using the same technique used to obtain Eq. (6.85)), we see that this function
is characterized by fM(t;) = 1 and fM(t) = —fNM(#)(1 = p)/p for t € (11, 12)
and the smallest value of » for which f¥(¢) is Markovian in (t1,#,). Indeed,
with this structure fP)(f) is non-increasing for any p > p and fP () = 0 for
t € (11, ). By studying the condition of Markovianity f™(t,) > 0, we obtain

AN (1 - €)
1+ AVM /(1 = ¢)

P> > p(D¢ Do),
where the last inequality holds for any € € (0, 1), namely for any discontinuity
of this type.

Cases (ii), (iii) and (iv) can be proven to be inefficient to make f([’)(t)
Markovian thanks to the following argument. Since f¥™(r) > 0 for 1 € (11, 1),
in order to make £”)(#) Markovian, we have to require that f P)(1,) < 0, namely
it has to assume the same sign of f¥(t,). It implies that

MMl A @6)
L+ fM@)/IfM @)l — 1+ ANM /| fM(1)]
(d2 _ I)ANM
1+ (@ — DAV

> p(Dc|DY), (6.88)

where we used VM (1) > AMM and |fM ()| < 1/(d* - 1).

For case (v) we start by noticing that the discontinuity at time 7 may lead
to a non-Markovian discontinuity for f7)(r). Therefore, we parameterize the
discontinuity of fY(¢) in the following way: fM(T*) = |fM(T7)| A/d* - 1),
where 1 € [0,1]. Moreover, in order for f™(f) to make ) (r) Markovian,
FP(T™) < 0. Hence, fP)(f) shows a Markovian discontinuity at time ¢t = T if
and only if £(fP/(T)) > -1 /(d?* - 1). This condition can be written as

_(=pd* M)

A<1 .
: p T

(6.89)

If we consider this bound for p = p(DgM |]Dg’ ), we have that the difference
hA(T) — fM(T*) becomes

W) = T s — 1D v 0 6.90
c (™) - f7( )‘M_MW+C(I1)>’ (6.90)
where hg(T) = 1-(f"™M(T) - f¥M(t1))/ANM (see Eq. li and we used that
in the optimal case fM(T~) = —1/(d* - 1). By considering the Markovianity
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of f(P)(r) in the time interval (T, 1,), the optimal strategy imposes that f¥(¢) =
—féVM(t)(l —p)/pforte (T,t) and some p < 1. In analogy to what we found
in case (i), Eq. implies that f(f) cannot make £ () Markovian for
p = p(D¥MDM),

The last case we need to check is (vi), where f™(f) is continuous (hence
non increasing) in (¢1, t,) but exhibits some discontinuities before #;. Since by
construction f' (P)(¢) is continuous in (71, 12), it can be Markovian only if it is non
increasing in this interval, which in particular implies

0

v

f(p)(l‘g) _ f(p)(t;r)
(1= p) ("™ (1) = "M (1)) — (M) - M @5))
(1 =A™ — p(M) - M @1)) (6.91)

that leads to
ANM

P2 P~ i) + AT >p(DeMIDE) 6.92)

where in the last passage we used the fact that () is positive, continuous in
(1, 1) and, since it shows discontinuities before ?;, fM (tf) < 1 and therefore

Mah - M) €10, 1).

6.5.2 Single non-Markovian time interval with /" (r) < 0

Let us consider a non-Markovian fé\’ M(t) such that it has a single time inter-
val of non-Markovianity (t1,7,) when fX(r) < 0 and f™(r) < 0. An im-
portant difference from discontinuous non-Markovian characteristic functions
is that fév M(#) can become negative if and only if it shows a time interval of
non-Markovianity of this type. Indeed, fév M(t;) = 0. Notice that in the non-
continuous case a characteristic function can change its sign without being non-
Markovian.

The optimal continuous Markovian characteristic function hé” (1) is constant
and equal to 1 for any ¢ € [0, #;] and it decreases depending on the behavior of
fév M(t) (see Eq. or 1D for t > t,. It can make the corresponding
fP(1) Markovian for p > p(DXM|DM) = |©¥M]/(1 + |@"M)]), where @M =
M () — fXM(12) < 0.

Now we consider non-continuous Markovian characteristic functions f¥(z)
and we study which scenarios could potentially make f)(f) Markovian for
some p < p(DXM|DY). We have to study the following scenarios:

(i) M) € (0,1);
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i) M) jumps at time 7 < #; to some negative value and M(ty) < 0;
(ii1) fM(t) jumps at time T € (1, t>) to negative values and fM(tz) < 0.

In case (i) we include all those situations where ™ () shows discontinuities
with or without changes of sign for one or more times prior to #; and such that
fM(t;) > 0. A necessary condition for f¥(¢) to make £P)(t) Markovian is
fP(t2) > 0. The non-negativity of f)(t,) holds if and only if

O™/ M (1)
P = T oM i)

Since fM(t;) = 1 if and only if f¥(¢t) = 1 for any ¢ € [0,#,] we have that all
the f M (t) with discontinuities of this type cannot perform better than hlg () in
making fP)(f) Markovian.

Considering case (ii), we start by noticing that, if fM(#;) < 0 and fM(¢) is
continuous for any ¢ € (t1,1,), the optimal fM(f) of this type can make f)(r)
Markovian for

1My M) @ - hie,
P= 100 M) = 1+ @ - DievH|

> p(DXMDY),

where p(Dg'MllDé”) = |®@MM|/(1+|®MM)). In the case of a discontinuity of f¥(z)
(without change of sign) during the time interval (¢, #;), in analogy with case (i)
of the previous section, we conclude that f¥(f) cannot make f' (P)(f) Markovian
for p < p(DXM|DY) also in this scenario.

In case (iii) fM(T~) > 0 and fM(T*) < O for some T € (t1,t). We have
to make f (P)(f) Markovian in (¢1, ;) and in order to obtain this result we need
that P (¢) and fM(r) have the same sign. As a consequence, f")(f) shows a
discontinuity at time T such that &(fP)(T)) < 0. If we study the condition of
Markovianity £(fP)(T)) > —1/(d*> — 1), we obtain

(1= p) ™1 + pfM(T)
(1= p)f"M(T) + pfM(T)

E(fPUT)) =

_ == pIfN™MD) - pAf™(T)/d* - 1) .l
~(1 = pf¥™M(D)| + pfM(T~) Td2-1
where we used fYM(T) = —|fNM(T)| and | fM(T)| = fM(T7)A/(d? - 1), where
A € (0,1). We can use Eq. (6.93) to find a p-dependent bound for the values
of A that make &(fP(T)) > —1/(d> — 1). By doing so we obtain 1 < 1 — (1 —
P fNM/(pfM(T)). Now we check if the fM(7) of this case can make

(6.93)



6.5 Continuity of the optimal characteristic functions for continuous
non-Markovian evolutions 171

fP)(1) Markovian for p = p(D}|DY) = |@"M|/(1 + |©@"M]). The optimal
scenario is obtained when fM(T~) = 1 and therefore we get

-A -1 "M ()|
M T+ — >
P = 1221 @-new’

where we used (1 — p(DnglDé’I))/p(DngIDél) = 1/|@"M|. The optimal be-
havior of £M(f) that makes the derivative f7)(r) > 0 for the smallest increase of
fM(#) in (T, 1) is achieved by considering () = —fNM(#)(1 — p)/Pp, for the
smallest p that allows a Markovian f™(r). Therefore, for p = p(DX D) =
1O¥M|/(1 +|1OM)), we get fM(1) = —f¥M(1)/|®@NM|. This implies that at time
t, we have

A2 M ()| 1 LM (1) — | NM(T))
M f—
f (IZ) 2 ((dz _ 1)|@NM| d2 _ 1) + |®NM|
d? 1 1
_ 1 ¢NM _ -
="M ((d2 e |®NM|) +1- >0, (6.94)

where we used fYM(1;) = O < 0. In summary, we proved that a fM(r)
that jumps at T € (¢1,%) to some negative value such that f(l’)(t) does not
show a non-Markovian jump at time ¢ = T, cannot make f)(f) Markovian
in the time interval (T,1;) for p = p(DgM |1D1g ). Indeed, the Markovianity
of f”(D ¢'Ib¢ )(7) in this time interval implies that fM(t,) > 0, namely f¥(r)
should change sign while being continuous (this behavior is not allowed for
Markovian characteristic functions). We underline that Markovian functions
of case (iii) can make fP)(r) Markovian but only for values of p larger than
p(DXMIDM), namely by imposing Y (t) = —f"M(#)(1 — p)/p in (T, 1) with
some p > p(DXM|DY) that allows f¥(t;) < 0.

From the results obtained in this section it is clear that, if we add to cases (i),
(ii) and (iii) any additional discontinuity in (¢, ), we cannot reduce the value
of p for which £”)(¢) can be made Markovian with a discontinuous (1) € M.

6.5.3 General case

In order to prove 1i for any D¢ € ]DIgM represented by a fév M) e ?ﬂgM ,
we notice that the same technique that we used to derive the optimal continuous
solution hg’ (t) given in Eq. l) can be generalized to the case where we
fix the discontinuities that the Markovian characteristic function has to show.
Indeed, the rules given in Eq. (6.85)) can be generalized to the cases where ¥ (f)
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jumps with or without a change of sign and we obtain

— M@y i M5 > 0 and AY(1) > 0
0 lffNM(t)<Oandh () >0

— M@ it féVM(t) <0and W (1) <0
0 1ffNM(t)>0andh (<0

hye(t) = (6.95)

where the sign of h (1) depends on the discontinuities f(h c(D) € Jp that we
impose and [V > 0 has to be chosen such that h (D) 1s Markov1an and fP)(f)
is made Markovian for the smallest possible p.

The main difference between hM (t) and h c(0) 1s that " NM g replaced
by I/, which in general depends on the partlcular jumps that h c(D) has to
show. Notice that in the previous two sections we used I” = p/(l - D).
Our goal is to prove that in every scenario I" > T'V¥_ Indeed, hM (1) makes
fP(¢) Markovian for p > I"/(1 +T’) = p and I” > T"M 1mphes that p >
p(DEMDY) = TNM /(1 + TNM),

We consider those cases where the discontinuities of h c(1) do not take
place during time intervals of non-Markovianity of f NM (), We show that, even
if we ignore possible non-Markovian discontinuities of f7)(¢) caused by the
discontinuities of h%(r) (Which may increase the minimum p for which ()
can be made Markov1an by h c®), " > I'"M We use the following notation
for the intervals of non-Markovianity of fY¥(1): the i-th interval (tl(.l"), l(.f MY can
either be a time interval where fév M (f) shows a non-Markovian behavior while
being positive or negative. The i-th gap I'VM = | f'M (t(f in)y _ oM (t(i”))l >0is
therefore the non-Markovian gap shown in the time interval (t(’") (f m)) Notice
that TV = =) FN M (see Eq. -) Let start with the case of a hM (1) that
shows a single discontinuity at time 7 < t( ") , where &) = f(h c(TD) € {Up \
1}. It is easy to prove that the minimum probablhty p for Wthh h c(1) can
make f7)(t) Markovian satisfies the following lower bound p > ('™ / |§1 D/(1+
I'M /|£,)). Therefore, in these cases

' =1"M))g| > VM, (6.96)

Now, suppose that a discontinuity characterized by &; = f(h (Tl)) e{/p\1}

is verified for t](({ n <1 < t,(("l"il, namely between the k;-th and the k; + 1-th
non-Markovian time interval. It is easy to show that in this case

NM

r!
Z AL Zi- k1|;| > VM (6.97)
1



6.6 A special subset of non-continuous depolarizing dynamics 173

where N (which may be infinite) is the number of non-Markovianity intervals
of fév M(#). In the case of an additional discontinuity & = §(h%C(T2)) e{Jp\1}

that is shown at time t]((f in < T, < t](f") , we have
2 2+1

ki Zkz M N M
I = Z FNM " i=ki+1 7 + i=kp+1 7§ S FNM (6 98)
el €11 €1 &2

We notice that, the presence of two Markovian discontinuities for h%’c(t) pro-
vides a value of I"” that is strictly larger than the value obtained with only
the first or the second discontinuity (see Eq. (6.97)). The generalization of
Eq. (6.98) to any number of this type of discontinuities is trivial. We conclude
that the h%c(t) obtained by any number of discontinuities {£;}; of this type are
always characterized by I'" > VM,

In the previous sections we proved that the presence of any discontinu-
ity that takes place during a single time interval of non-Markovianity (¢, #,)
does not allow making f%)(r) Markovian for p < p(D¥MD¥). 1t is clear
that Eq. provides an optimal non-continuous Markovian solution for
any set of discontinuities that takes place inside or outside the time intervals
(tgm), tgf m)). Moreover, combining the previous results together we obtain that
in every scenario I’ = p/(1 — p) is larger than T"M = p(D’é’MllDél)/(l +
p(Dlng]DgI)) hence proving Eq. (6.29).

6.6 A special subset of non-continuous depolarizing dy-
namics

As we shall see in details in the next section, computing our measure of non-
Markovianity for depolarizing trajectories which are explicitly non continuous
is rather demanding. For this reason we find it useful to remark that the con-
struction presented in Section [6.4] can however be shown to generalize beyond
the domain ]D]gM allowing us to compute p(DN MIDM DM) at least for some
non continuous elements DV In particular, following the same approach we
used in Section the function glg (1) of Eq. 1i can be shown to provide
the optimal choice for the computation of p(DV" |]Dé’1 ,DM) for the whole set
of non-Markovian evolutions DY € DVM with characteristic functions of the
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form

£ 2 0, M) < 0,6 (1) € 0,11 1< A"

M@ >0, M) > 0,6 (1) = 1 reT; (6.99)

“Markovian” t> t(lf .
Notice that differently from the case addressed in Eq. (6.38) this new set of
functions (i) can show Markovian discontinuities without changing their sign

for any ¢ < tﬁi"), and (ii) can follow any behavior allowed by the Markovian

conditions (see Eq. ), even changing sign, for ¢ > tif M Since DM is
non-convex (see Appendix , the mixture between fV™(r) and g (r) may
in principle make f”)(f) non-Markovian for one or more times when fN¥(r)
behaves as a Markovian characteristic function. Nonetheless, this is not the
case. Indeed, for r > t(lf i \we have g¥ (1) = 0 and therefore [P (1) = (1 -
p)fVM (1) is always Markovian. Instead, for ¢ < tﬁi"), since g (1) and "M (1) are
positive, f)(f) cannot behave as a non-Markovian characteristic function. As
a result of this observation one has that for the functions of the form (6.99) we
have
NM

A
DYMDM pMy = 1 6.100
p(DM| )= A (6.100)

with A?’M being the gap associated with the non-Markovian character of the
function on 7'

Analogously, the function gé” (t) given in Eq. can be shown to pro-
vide the value of p(DN M |1D]g’ ,IDM) also for the following class of not neces-
sarily continuous, non-Markovian characteristic functions fV™(¢) of the form

M) >0, FYM (1) < 0,6(f"M() € [0,1] t¢ TVM

"M@ >0, M) > 0,6("M@) = 1 teTVM 6.101)
“Markovian” t> tgi") ,

where, if tl(\{in) < 7 for some 7 > 0, the latter of Eq. (6.101) is the condition that

we consider for ¢ > tgi"). Therefore, also for the depolarizing evolutions DY
defined by Eq. (6.101)), we have

NM M M ANM
D'V DA, DY) = —— . 6.102
p(DY| )= (6.102)
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By the same token one can show that hé” (t) of Eq. 1' yields the measure
of non-Markovianity p(DVY I]Dg ,DM) also for the class of characteristic func-
tions of the form

"M@ >0, f"™M@1) <0,6("M@) € 10,11 1¢ TVM
VM@ <0, fYM(1) > 0,£("M (1) = 1 t¢ TNM
M5y >0, FNM(r) > 0,£(FVM (1) = 1 te T"M (6.103)

"M@ <0, fNM(1) <0,6("M@) = 1 teT"M

“Markovian” t > tfim

with TVM = (UkT]:r yu (U jTj‘) being the same intervals defined in Section
and where, if there exits a time /" such that f¥™(r) does not show any non-
Markovian behavior for ¢ > /i, the last condition replaces the first two for
t > Y™ TIn this case we get

FN M

p(DVMDY DM = . (6.104)

+ VM

where again I'VM is defined as in (6.70).

6.7 Non-continuous depolarizing evolutions

It is rather complex to extend the results of the previous sections to the general
case of non-Markovian depolarizing evolutions DM which are not necessarily
continuous. This has to due with the fact that in computing p(DVY|DM) we
have to perform an optimization with respect to all the elements of D™, which
as discussed in Section is not convex. As we shall see in Section
this introduces an ambiguity in the definition of the optimal Markovian element
which is hard to handle. Nonetheless, in Section [6.7.2] we propose a solution
to the problem which, even though it does not allow deriving a closed formula
for p(DVM|DM), it leads in principle to the exact results for any assigned non-
Markovian depolarizing evolution DV,

Before entering into the details of the analysis we define two sets of times:
W is the set of times when fNV¥(r) is continuous, namely &(f¥M(r)) = 1 if
and only if t € W and Wye = {tncili = R\ Wc is the discrete set of times
when VM (z) is discontinuous, namely &(fVM(f)) # 1 if and only if 1 € Wyc.

Moreover, we divide Wyc in War. and WYY, namely the times when V¥ (r)
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shows Markovian (£(fVM (t%cl.)) € Jp) and non-Markovian (£(f"M (t%g’l.)) ¢

Jp) discontinuities, respectively.

6.7.1 Ambiguity for the choice of the optimal Markovian evolution

In Section while evaluating p(DXM|D™) for continuous evolutions, we
never assumed any particular shape for fév M(f) and fé\’ M(#) in order to provide
the optimal fé” (1) needed to calculate this measure. In the following example,
instead, we show that for non-continuous evolutions there is an ambiguity for
the choice of the times when the optimal f™(f) shows discontinuities. This
ambiguity is solved only if we know exactly the shape of fN™(f). Moreover,
in these cases the value of the measure of non-Markovianity does not depend
solely from I'VM,

We consider the non-Markovian characteristic function for qubits fé)v Mty e
F'M with a single Markovian discontinuity at time y¢, namely Waw. = {tnc},
and a single time interval of non-Markovianity T~ = (¢, {/") when the char-
acteristic function and its time derivative are negative. More in details

1 t € [0,tnc]
-1/3 t— e
NM ‘NM (in)
n <0, ® =0 teltye, "]
My =1 T 0 S0, e 6a0s)
M@ <0, fiM@) <0 1€ @™, )
-1/3 t > (Uim

where ® € (0, 1/3]. It is clear that this function is characterized by a null pos-
itive non-Markovian gap AYY = 0 and a negative non-Markovian gap @™ =
—O that is shown in the time interval T~ = (¢, (/i) This example can
be easily generalized to the qudit case: if we have a d-dimensional system,
we have to replace the follpwing copditions fé)v M (tj{,c) =-1/d*-1), fg M) =
—1/(d*=1) forany t > (/™ M) = @—-1/(d*~1) and © € (0, 1/(d* - 1)].

We can adopt two non-equivalent M) and f™2(¢) in order to make
FP@ = A -p)fE™ @)+ pf™ (1) Markovian. We show that the form of the opti-
mal Markovian characteristic function needed for the evaluation of p(DgM DM)
depends on the particular value of ®. Indeed, consider

1 t € [0,tnc]
-1/3 1€ (inc, l(i"')]
M2 <0, 21 >0 re @@, Fimy >
0 > (i

M) = (6.106)
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or

1 t € [0, M)
20 = fM’i(t) >0, f:Msi(;) <0 te (t(m)(’ft-(fin)] , (6.107)
M0 >0, M@y =0 t > (Ui

where, when the time derivative of the characteristic function is different from
zero, we impose it to be equal to —f" (t)/A‘;f / and - M (t)/Agf !, respec-
tively. In Fig. [6.4)and [6.5] we provide an example of this situation. We find that
fP)(t) can be made Markovian for

* p> %, if we consider f*!(¢) with Aiff = 30;

°p> Lg:g, if we consider f(f) with A;ff =0+ 1.

It follows that, depending on the value of ® € (0, 1/3], the optimal Markovian
characteristic function needed to evaluate the measure of non-Markovianity is
different, namely it is f*!(¢), if ® € (0, 1/6] and fM’z(t), if ® € [1/6,1/3]. As
a consequence
30 1
e ©€0.¢]

p(DYM|D) = { 159

(6.108)
30 ©€ 53]

We notice that, differently from the continuous case, given the signs of
FNM () and fVM(¢), it is not possible to know a-priori which are the signs of the
optimal fM(f) and f™(¢) that make fP) Markovian for the smallest value of p.
Indeed, we have to consider all the possible alternatives for the optimal f¥(z)
and evaluate the minimum p for which each one make the corresponding f*(f)
Markovian. This ambiguity is generated by the sign that we decide to assign to
fM(#) during its evolution. Notice that in the continuous case fé"’ (#) could not
change its sign and we had no ambiguity in the definition of the optimal Marko-
vian characteristic function. For instance, as we concluded studying f(f)v M),
the difference between fM’l(t) and fM’Z(t) is obtained solely by the choice of
making the Markovian characteristic function change its sign at time #y¢c with
a discontinuity or not. The remaining part of their definitions are analogous to
the optimal solution obtained for continuous evolutions (see Eq. (6.95))

In the following, we describe how to evaluate the non-Markovianity mea-
sure for generic non-Markovian depolarizing evolutions, where we pay partic-
ular attention to all the possible choices for the signs of the Markovian charac-
teristic function during its evolution.
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Figure 6.4: Plots of flM(t), ng(t) and fP(f) for a non-Markovian gap
®=-0"M =01and p = p(DnglD) ~ 0.77. The time interval of non-
Markovianity 7~ = (2,3) of fM(1) is colored in purple. Since ® < 1/6, the
optimal Markovian characteristic function is flM (1).
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optimal Markovian characteristic function is fZM .
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6.7.2 Measure of non-Markovianity for non-continuous depolariz-
ing evolutions

In this section we propose a technique to evaluate the non-Markovianity mea-
sure for any non-Markovian depolarizing channel. For this purpose, we collect
the results of the previous sections in order to find a strategy that singles out the
optimal DM needed to evaluate this measure.

Given the previous results, we consider two rules

o If ' € Wc, the fM(¢) that are discontinuous at ¢ = ¢’ do not provide larger
values of p (if compared with the ™ (¢) that are continuous for ¢ = ¢');

e If ¢ € Wyc, the fM(¢) that are discontinuous at = ¢ may provide larger
values of p.

Therefore, the optimal Markovian evolution needed to evaluate p(DVY|DM) is
continuous at least for any ¢t € Wc.

Vector of signs

We define T¢; = (tnci-1,tnci) to be the time intervals defined between the
times in Wy¢ = {’NC,i}?i |» Where we fix tyco = 0 and, if N is finite, fycy+1 =
co. With this procedure we define N + 1 time intervals such that U;T¢; = Wc¢.

We consider a dichotomic variable o; € {—1, 1} that we attach to each time
interval T¢;. Therefore, we obtain a vector o = (01,07,...) of values equal
to +1 or -1. We have a countable number of combinations for this vector. We
label each combination o, = (07,1,04.2, - . . ) with a different value of an integer
number a = 1,2,.... We impose 0,9 = +1 for each combination and we fix a
labeling scheme, for instance

oy =H1,+1,+1,+1,...), os5=((1,+1,+1,-1,...

>

oy =(+1,-1,+1,+1,...), o0¢=(+1,-1,+1,-1,...),

oz =(+1,+1,—-1,+1,... s

, o7=(+1,+1,-1,-1,...

N~ N N

1
1
1
1

~— N N

oy=(+1,-1,-1,+1,...), og=(+1,-1,-1,-1,...),

We call each o, a vector of signs for the following reason. We call fM(¢)
the Markovian characteristic functions such that their sign is defined by o, as

follows
oa1 =+1  t€[0,tnc1]

. M _ Oap t € (tnc,1s Inc2]
sign(/fa (1)) = a3 t € (tncostnes]l (6.109)
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We underline that, as noticed in Section[6.2.1] a Markovian characteristic func-
tion can change its sign only with discontinuities such that £(fM(r)) € [-1/ (d*-
1),0). Indeed, we imposed that fj” () is continuous at least for any ¢t € W¢. In-
deed, £M(¢) can show a discontinuity only when fV¥(#) shows a discontinuity.
Therefore,

® U4 = Ogitl! fé” () can either be continuous or show a discontinuity at
I =INCis

o 0. =—04i1: [ (¢) must show a discontinuity &(f™ (tyc,)) € [1/(d*~
1), 0) while it changes sign.

The Markovian characteristic functions with these features define the set F.

Consider the convex sum fP () = (1 — p)f¥M(@) + pfM(r). First, it is
continuous for any ¢t € W¢. Second, if it is Markovian for some p and faM (1),
it also has to belong to 82” for some vector of signs o, namely such that
sign(fP (1)) = o, for any ¢t € T¢c;. Notice that o, may be different from o,.
Therefore, in order to obtain p(DVM|DM) we proceed as follows. We fix a
vector o7, for f() and we make f)(1) € F for the smallest p

Pap =min{p| A1 (1) € F st fPr) € F)Y, (6.110)

Therefore, we get
p(D™MDY) = min pq,. 6.111)
a,

The procedure to evaluate p,, is given in Section while the evaluation
of p,p for a # b is given in Appendix [D.7} In both cases, we simplify the
minimization over a functional space given in Eq. (6.110) with a minimization
over a discrete set of real parameters.

Optimal Markovian function for a generic vector of signs

In this section we evaluate p,,. We fix a vector of signs o, that describes the
signs of fcf"’ () and fP)(r), namely o,; = sign( fj” (1)) = sign( FP(1)) for any
t € Tc,. A generic f¥M(r) € VM is characterized by:

e Time intervals Tc; = (tnc,i-1,tnci) when fN M(1) is continuous, namely
UiTci = We.
e Discrete set of times W]]\‘,lc = {tﬁ,”cl.}i when fV™(¢) shows Markovian
discontinuities £(fN¥(¢)) € Jp for any t € Wf\‘,lc. We define Wye =
NM M
Wye YU Wye
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e Discrete set of times Wll\,vg” = {thMi}i when ™ (t) shows non-Markovian

discontinuities £(fN¥(t)) ¢ Jp for any t € Wxg’ .

Our goal is not only to make f")(f) Markovian during the times when fV(r)
behaves as a non-Markovian characteristic function, but we also have to take
care of the possible non-Markovianity generated from the convex sum of two
characteristic functions, namely f¥™(r) and faM (1), that for for some times be-
have as Markovian functions (see the example in Appendix [D.2.2)).

We adopt the following strategy. First, we generalize the technique intro-
duced in Section in order to make fP)(¢) behave as a Markovian character-
istic function for any r € W (Section[6.7.2). Second, we make sure not to gen-
erate non-Markovianity for those times ¢ € Wi.. when f¥¥(z) shows Marko-
vian discontinuities (Section [6.7.2)). Finally, we study the cases of those times

1 € WM when fNM (1) shows non-Markovian discontinuities (Section|6.7.2).

Times of continuity

Consider those times t € W¢e when fV¥(¢) is continuous. Following what we
saw in Section it is straightforward to obtain the behavior of the opti-
mal fM(¢) that allows obtaining p,,. The definition of £¥(¢) has to change
depending on (i) the Markovian/non-Markovian behavior of fN M(f) at time t,
(ii) the sign of fN™(¢) at time ¢ and (iii) the sign of £¥(¢) at time ¢. Therefore,
we focus on a generic Tc; = (tnc.i-1, Inci) When sign( faM ) = 04,;. Then, the
definition of the time derivative of £¥(z) is given in Table The adopted
strategy has the following purpose. We have fM(t) = 0 for all those times
when a non-zero derivative is not needed to make () Markovian. This strat-
egy cannot be used when the sign of the time derivative of fM™(z) is such
that sign(F¥™(1)sign(£" (1)) = +1. Indeed, if we have fM(r) = 0, then
sign( £ (¢))sign( fép )(t)) = +1 and fP)(r) would not satisfy the first Markovian
condition . The condition f*)(f) = 0 is given in analogy to the contin-
uous case. In order to apply it, we introduce a parameter A > 0 as follows:
f;f"’(t) = —f"M(1)/A'| which indeed makes f")(f) Markovian in these time in-
tervals for p > A/(1 + A). We notice that not all values of A > 0 are allowed.
Indeed, if A is not large enough, £M(¢) could violate the Markovian conditions
of Eq. . The introduction of this parameter imposes to consider £(z) as
a function of ¢ and A:

o= 110, (6.112)

If not necessary, we omit this dependence on A.

! We introduce this parameter in analogy with Eq. (6.84). If () does not show any
discontinuity, A = TN M.
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tGTC,,' HIETM ‘ZETNM

sign(f ") =owi | S0 =0 | fP=0
sign(f"(1) = -0 | f P =0 ] [ 0)=0

Table 6.1: The conditions for time derivative of the optimal fM(¢) for t € T¢;
depends on o, fNM(t) and fNM(t). TM (TNM) is the set of times when fNM(t)
behaves as a Markovian (non-Markovian) characteristic function.
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Table 6.2: Discontinuities of f‘ﬁ” (t) depending of o, 04i+1, sign( fM (tye )
and sign(fN(r},.)) in the case that tyc; is a Markovian discontinuity for

FNM(1). The remaining combinations are obtained by flipping all the signs of
this table, where the optimal strategies are the same.

Markovian discontinuities

In this section we define the behavior of the optimal f(f” (?) for those times when
FNM (1) shows Markovian discontinuities, namely we consider times INci €
WI{‘,”C such that &(fNM (tnci)) € Jp. Having fixed the vector of signs o, =
(Tals---+0aisTaitl,---), we know the sign of fo” (1) and fcfp )(t) before and
after tyc;. Moreover, we need to decide what value has to assume flf” (tX,C’ D
while we consider fM (Tne.
(INC.i-15INC)-

If oy; = 04441, for f,f” (t) the time t = tyc; can be either (i) a time of
continuity &( f(f” (1)) = 1 or (i1) a time of discontinuity when it does not change
its sign, namely &( fcﬁ” (tnci)) € [0, lﬂ Instead, if o7y; = —04i+1, for ff/[ (1) the

) fixed by its behavior in the time interval T¢; =

*We remember that £(fY (tyc;)) if and only if fM(r5-) = 0 and fM(r) = 0 for any ¢ >
tnc,- Therefore, we can pick this value if and only if f¥¥ () does not show any non-Markovian
behavior for # > tyc;.



6.7 Non-continuous depolarizing evolutions 183

time ¢ = tyc; is a time of (Markovian) discontinuity &( M (1)) e [-1/(d*-1),0)
when its sign changes.

Straightforward calculations show that, if the starting sign of fV¥(¢) and
faM (#) are the same and they are both showing a Markovian discontinuity, f ®)(r)
shows a Markovian discontinuity independently from their final signs. In order
to illustrate the discontinuities that £™(f) has to show for any combination of
Tais Taitl, S1gN( M (IIT/C,i)) and sign(f"Y (t;{,ai)), we follow the scheme of
Table

(a) fM(t) preserves its sign and, independently from the final value and sign
of fNM (t]T,Cl.), the time #yc; is not a non-Markovian discontinuity for
f (P)(¢). Therefore, the best strategy is to consider fcf"’ (tnc,i) continuous:

EfM(tney)) = 1.

(b) Similarly to (a), tyc,; is never a non-Markovian discontinuity for f P)().
Since £M(t) has to change sign, the best strategy is to maximize the final
distance from zero. Therefore, we impose &( ftf” (tnei) = -1/ (d* - 1).

(c) From &( faM (tnci)) = 1 it follows a non-Markovian discontinuity for

FP(tyc,) for any p < 1. Since &(fM(tyc,)) < 1 makes fM(tyc;) and
f (P)(th’,-) closer to zero, we need the minimal intervention to make f()
Markovian and positive. Due to this ambiguity, we introduce the param-

eter Z; = EY(fM(tnc)) € [0, 1f

(d) &M @) = =1/(d* - 1) implies £(fP(tyci)) < —1/(d* - 1) for any
p < 1. In this case, we define the parameter Z; = &M(fM(tyc,)) €
(-1/(d* - 1),0].

Therefore, these conditions fix the behavior of f[f” (f) when f¥M(r) shows a
Markovian discontinuity.
Non-Markovian discontinuities

In this section we define the behavior of the optimal f¥(¢) for those times when
f NM (1) shows non-Markovian discontinuities, namely we consider times fyc; €
WY when £(f"M(tyc,)) ¢ Jp. Having fixed 07y = (00 15- - ., 0y Taisls - - ),

3For each value of Z; we have a different interval of p such that f (P)(¢) is Markovian and with
the same sign of fM(r). If £&(f"(tyc,)) > 0, the choice Z; = &(fM™(tyc,)) allows the largest
value of p for which we can make () Markovian and with the same sign of £M(z), but it
implies that f)(r};-,) = 0 and it denies any further possibility to make f(r) Markovian for
t > tyc,;- Therefore, chosen a value of E;, we obtain some conditions p < p(E;) for which baklo)
is Markovian and with the same sign of £¥ (7).
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Table 6.3: Discontinuities of fcf"’ (t) depending of o, 04i+1, sign( fN M (t;,cl.))
and sign(fNM (tyc ) in the case that fyc,; is a non-Markovian discontinuity for

fNM(£). The remaining combinations are obtained by flipping all the signs of
this table, where the optimal strategies are the same.

we know the sign of fcf” (1) and fép ) (1) before and after #yc ;. Moreover, we need
to decide what value has to assume f(f” (t;\r,c -

In order to illustrate the discontinuities that £¥(¢) has to show for any com-
bination of 07qi, 0 ir1, sign(f¥™ (1)) and sign(fN™(15;.,)), we follow the
scheme of Table

(e) Similarly to case (c), we define the parameter Z; = &( f[f” (tnci)) € [0, 1).

(f) Calculations show that the optimal faM (¢) is obtained when f(f” (1) is con-
tinuous at time ¢ = fyc;, namely by imposing &( ff” (tnei)) = 1.

(g) Calculations show that the optimal f;” (?) is obtained for &( fj” (tnci)) =
—-1/(d@* - 1).

(h) Similarly to case (d), we define parameters E; = &( fj” (tnci)) € (—1/ (d*-
1),0].

Therefore, these conditions fix the behavior of fY(f) when fN™(f) shows a
non-Markovian discontinuity.

Evaluation of p, ,

We show the procedure to define the optimal £M(¢) until ¢ = tyc;.



6.8 Dephasing evolutions 185

o First interval of continuity [0, tyc,1): we start by imposing the condition
M) = 1. We have sign(fM(1)) = sign(fP)(¢)) = +1. The evolution of
FM(t) for t € T, = (0, tyc,1) is given in Table[6.1}

o First time of discontinuity #yc: the behavior of fé” () for t = tyc1 1
given by Table if tyc.1 is a Markovian discontinuity for f¥™ () and
by Table[6.3]if tyc,1 is a non-Markovian discontinuity for V¥ (r);

e Second interval of continuity Tc» = (tyc,1,tnc2): We have sign( f;” (1) =
sign(fP)(1)) = o742. The evolution of £M(r) is given in Table

The definition of this characteristic function for any ¢ > tyc2 is now obvious.
We saw that in order to define fM(t) for t € (tyci-1,tnc,) it may be nec-
essary to introduce a parameter A > 0 that allows making fP)(r) = 0 when
the cross-diagonal conditions of Table [6.1] occur (see Eq. (6.112))). Moreover,
for each time of discontinuity tyc; € Wyc we have to define &( fj” (tnc.i)). For
each discontinuity of type (a) or (f), we impose &( fé"’ (tnci)) = 1. For each dis-
continuity of type (b) or (g), we impose &( fcf” (tnci) = -1/ (d* - 1). For each
discontinuity of type (e) or (c), we introduce a parameter Z; € [0, 1). For each
discontinuity of type (d) or (h), we introduce a parameter Z; = &( faM (tnci)) €
(=1/(d* - 1),0]. Therefore, in general, we introduce a set of parameters that
defines faM (1):
0 = £ AAEN) - (6.113)

We seek a combination of A and {Z;}; that minimizes the value of p for
which fP)(r) € M. Eq. (6.110) becomes

Poa = min (P10 A (E) and fP0 €Y. (6.114)
This relation provides a drastic simplification of the minimization required in
Eq. (6.110). Indeed, to calculate p, 4, we formally need to perform a minimiza-
tion over the elements of 82” , which have infinite degrees of freedom. Instead,
thanks to this procedure, we only need to perform a minimization over A and
{E:}i. Notice that, if the discontinuities of type (c), (d), (¢) and (h) are finite, the
total number of parameters over which we need to optimize p,, is finite.

6.8 Dephasing evolutions

In this section we show that the class of dephasing evolutions for qubits Z
requires a method to evaluate the corresponding non-Markovianity measure
p(ZNM|ZM) similar to the depolarizing case. A dephasing evolution Z =
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{Z;};>0 € 7Z corresponds to a family of dynamical maps Z; that at any time
t > 0 assumes the form

Z() =0 1Is() + (1 - ()0 - 07, (6.115)

with o, = diag(1, —1) being the diagonal z-Pauli matrix . We have that ¢(f) €
[0, 1] is a necessary and sufficient condition to ensure Z; to be CPTP. We rewrite
Eq. (6:1T3)) making use of ¢(r) = 2¢(f) — 1, namely considering

=@
2 Z s

1+ (2
Z() = 2¢( L1+ (6.116)
where ¢(f) belonging to

Jz = [-1,1], (6.117)

is the necessary and sufficient condition to ensure Z; to be CPTP.

In order to characterize Markovian dephasing evolutions, similarly to the
case of depolarizing channels, if ¢(s) = O for some s > 0, then the intermediate
map Z;; from s to t > s of a dephasing channel can be CPTP if and only if
¢(t) = 0 for any ¢ > s, namely Z; () = Is(:) for any ¢ > s. In the case of a
non-zero value of ¢(s), the parameterization given in Eq. (6.118)) allows us to
write the intermediate map Z; ; for ¢ > s in the following convenient form

L+e0/6) ,

(0 ¢ Lo g0/e

> > 0,0, (6.118)

Zt,s(') =

which is a dephasing channel characterized by the value of ¢(#)/¢(s). As a
consequence, Z; ; is CPTP if and only if ¢(f)/¢(s) € Jz.

From Eq. (6.118) it is clear that we can use ¢(7) to uniquely characterize Z.
We define the set of dephasing characteristic functions & by requiring the same
conditions of regularity considered in Section [6.2] for depolarizing evolutions.
As a result, we have a one-to-one correspondence between dephasing evolu-
tions Z € 7 and “regular” (in general non-continuous) characteristic functions
that take values in Jgz, namely ¢(7) € G.

In analogy to Eq. (6.4), the non-continuous behavior of ¢(r) can be studied
by considering the quantity

o(t)

= _ 6.119
£p(0) o) (6.119)

Similarly to the depolarizing case, we have a Markovian discontinuity when
&(p(t)) € Jz \ 1, a non-Markovian discontinuity when &(¢(¢)) ¢ Jz and a time
of continuity when &(¢(7)) = 1.
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The similarities between the CPTP conditions for dephasing and depolariz-
ing channels and the role of the corresponding characteristic functions allow us
to conclude that a dephasing evolution Z with characteristic function ¢(¢) ex-
hibits a Markovian behavior at time T > 0 if one of the two conditions applies

CM(7): &) =1and Lp(7)| < 0;

CMy(1): &) €z \1; (6.120)

where CM1(7) has to be replaced by ¢(7%)¢(7) < 0 when ¢(1) is non-continuous,
namely ¢(t7) # ¢(1+). We define the set of Markovian dephasing characteristic
functions as

&M = {p(r) € S| CMy(7) or CMy(7) = TRUE, V7 > 0} , (6.121)

which involves only local properties of ¢(f). Consequently, we can define
VM = g\ &M, ZM and ZNM.

We can summarize the behavior of Markovian dephasing functions as fol-
lows. ¢M(t) € S, when continuous (£(¢(f)) = 1), does not increase its dis-
tance from zero, namely its modulus is non-increasing. Therefore, in the time
intervals where it is positive (negative) and it is continuous, it is monotonically
non-increasing (non-decreasing). As a consequence, ¢ (f) cannot change sign
while being continuous, namely if ¢*(s) = 0 for some s > 0, then ¢ (¢) = 0 for
any ¢ > s. Discontinuities of Markovian characteristic functions cannot make
oM (1) increase its modulus. Therefore, " (f) can change its sign at a generic
time 7 (only) with a discontinuity, where | (77)| < [¢™(77)|. Non-Markovian
characteristic functions ¢V (r) € G"M, instead, can show any discontinuity
and non-monotonic behavior, with the only constraint of assuming values in
Jz = [-1, 1] at any time.

We notice that the characterizations of Markovian dephasing evolutions
and depolarizing evolutions are analogous. Given the similarities between the
Markovian conditions (6.10)) and (6.120)) and the dependence of the intermedi-
ate maps (6.6) and (6.119) from the respective characteristic functions f(r) and
©(t), we obtain a very similar procedure needed to evaluate the measure of non-
Markovianity p(ZVY|ZM). Indeed, in this case we need to find a Z¥ € ZM that
allows making Z?) = (1 — p)Z™™ + pZM Markovian for the smallest value of
p € [0, 1], where the Markovian condition for Z) can be studied by imposing
go(I’) =(1- p)(pN M) + ptpM (#) to satisfy the Markovian conditions .
The main difference between the evaluations of p(Z¥M|ZM) and p(DVM|DM)
for generic ZVY € Z"M and DM ¢ DM is given by the fact that Jp # Jz,
which in particular implies that Markovian and non-Markovian characteristic
functions of dephasing and depolarizing evolutions have different freedoms to
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assume values and show discontinuities (compare Eqs. (6.3) and (6.117) for
the values of physicality of characteristic functions and CM»(7) of Egs. (6.10)
and (6.120) for the definition of Markovian discontinuities). Nonetheless, the
evaluation of p(ZV¥M|ZM) does not require any particular additional technique
compared to the depolarizing case.

Generalizing this approach to convex set of dynamics of similar forms
is straightforward. Some examples are (i) X and Y obtained by replacing
in Eq. (6.1T5) o, with the Pauli matrix, respectively, o, and o, and, more
in general, (ii) AV obtained by replacing in Eq. (6.115) o, with any o, =
nyoy + nyoy, + n,o, where (n,, ny, n;) is a unit real vector.

Finally, we discuss the option of evaluating p(Z¥M|D¥, [EM), namely the
minimum value of p in Eq. (6.23) for which it is possible to make a non-
Markovian dephasing evolution a Markovian evolution through the incoherent
mixing with a Markovian depolarizing evolution. We notice that while Z and
ID are convex sets, this is not the case for Z U ID. Indeed, it is easy to check
that (1 — p)Z™ + pD" is neither a dephasing nor a depolarizing evolution.
Studying the Markovian conditions that apply to the evolutions coming from
convex sums of this type, namely the evolutions in the convex hull of Z U D, is
beyond the scope of this chapter.

6.9 Discussion

We introduced a non-Markovianity measure inspired by the intuitive concept
for which, in order to consider an evolution highly non-Markovian, it has to be
difficult to make it Markovian via incoherent mixing with Markovian dynamics.
We showed how to evaluate this measure in the case of depolarizing evolutions
in arbitrary dimensions and we discussed the case of dephasing evolutions for
qubits.

Analytical results are derived for evolutions that satisfy precise continuity
and regularity criteria, while we proposed a numerical approach for generic
depolarizing evolutions. In particular, in case of a continuous non-Markovian
depolarizing evolution Dg’M with characteristic function fév M1y

e The measure of non-Markovianity p(D¥"|D¥) can be obtained by only
considering continuous Markovian depolarizing evolutions, namely

p(DMDY) = p(DEMIDE) ;

e There is an analytical relation between p(D’é’M [IDM) and TNM = ANM
|©MM| where AN and @M are the sums of the non-Markovian gaps



6.9 Discussion 189

that fév M(f) shows while being, respectively, positive and negative. We

showed that
FN M

NM My _ .
P(Dc DY) = W >
o We derived the form of the optimal Markovian characteristic function
h¥ (1) that makes the incoherent mix f(1) = (1 — p)f¥™(1) + p k()
Markovian for p = p(DXM|DM) (see Eqs. (6.84) and (6.85)).

In case of non-continuous depolarizing evolutions DVM:

o We identified a class of non-continuous depolarizing evolutions for which
p(DNYMDM) is given by the same relation derived in the continuous case
(see Section [6.6));

e We provided a numerical procedure that allows to evaluate p(DVM DY)
for any non-continuous depolarizing evolution DY (see Section [6.7.2).

Finally, we studied dephasing evolutions for qubits and showed that the evalu-
ation of our non-Markovianity measure is similar to the depolarizing case (see
Section[6.8).

It would be interesting to generalize this analysis to other (even non-convex)
classes of evolutions with particular symmetries, e.g. generalized amplitude
damping channels, higher-dimensional dephasing evolutions and non-unital evo-
lutions. Moreover, a proof for conjecture (6.26) is missing. In this direction,
it would be interesting to study the value of p(Z¥M|DVY EM) for generic de-
phasing non-Markovian evolutions and compare it with p(ZVM|ZM).
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Chapter 7

Conclusions and outlook

A realistic approach to the description of evolving quantum systems has to
include the interaction with the corresponding surrounding environment. We
saw that there exist two dynamical regimes for open quantum systems (OQS),
namely Markovian and non-Markovian. Differently from the Markovian regime,
non-Markovian evolutions allow obtaining a variety of information backflows,
where we put particular emphasis on the possibility to witness bipartite corre-
lation backflows. The study of these phenomena is fundamental for different
reasons. From a theoretical point of view, it is needed to understand the precise
relation between observables and initializations, e.g. particular initial states
or ancillary systems, that have to be considered in order to obtain backflows
whenever a generic class of non-Markovian evolutions is studied. Moreover,
also the advantages that can be obtained in experimental setups are relevant.
Indeed, non-Markovian effects can be particularly useful in many branches of
quantum information technologies, from the possibility to achieve longer co-
herence times to the formulation of security protocols. Hence, the possibility
to precisely engineer environments and the corresponding interactions with our
quantum systems is a major challenge that needs to be tackled.

We analyzed a technique to quantify the potential of non-Markovian evolu-
tions to provide different information backflows, namely through the introduc-
tion of non-Markovianity measures. As we saw, this technique can be also used
to study other features, such as the non-convex geometries of Markovian and
non-Markovian evolutions.

While in this thesis we contributed to the study of non-Markovian evolu-
tions defined over finite-dimensional quantum systems, we did not consider
infinite-dimensional cases. The study of generic non-Markovian evolutions for
continuous variable systems results particularly difficult to approach. Neverthe-
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less, the relevant subset of Gaussian evolutions recently proved to be a promins-
ing and prolific starting point to tackle this topic.

In this chapter we review our main contributions to these topics and we
individuate possible future research lines.

Witnessing non-Markovianity through correlations

We addressed the characterization of non-Markovian backflows from the point
of view of correlation measures revivals in bipartite systems. The bipartition
considered throughout this analysis consisted in the evolving OQS and an an-
cillary system. We approached this topic by deriving properties common to
a vast class of measures. We showed that non-Markovian effects in single-
parameter evolutions, e.g. depolarization, dephasing or amplitude damping,
always provide backflows for continuously differentiable correlations that are
not time-independent on the image of the preceding evolution.

We followed by focusing on two of the mostly used quantum correlations:
entanglement and quantum mutual information (QMI). We started by showing
that a class of entanglement breaking evolutions do not allow entanglement
backflows and we provided a corresponding dynamical example. For what
concerns QMI, we showed that we can always obtain QMI backflows when
the qubit evolution is essentially non-Markovian, namely not even P-divisible.
Then, we followed by studying the relation between entanglement in the ini-
tial bipartition and the potential of QMI to provide backflows and we proved
that maximally entangled states are not always optimal. Finally, we showed
in which cases non-Markovian evolutions cannot be witnessed through back-
flows of QMI and we gave an explicit example of such an evolution. Among
the different evolutions studied, we made use of the newly introduced quasi-
eternal non-Markovian evolutions, which generalize the well-known eternal
non-Markovian model.

There are many possible paths that could lead to interesting extensions of
our results. A first interesting topic consists in studying the witnessing potential
of correlations when the ancilla has a dimension larger than the OQS. While
this approach cannot lead to any improvement when entanglement measures
are studied, QMI may provide backflows for a wider class of non-Markovian
evolutions.

A final goal is to exploit these correlation backflows in computational and/or
communication quantum protocols and quantify the advantages over the Marko-
vian strategies. Indeed, one of the major recent lines of research is given by the
formulation of quantum protocols where backflows are exploited to obtain per-
formance advantages.
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A correlation measure witnessing almost-all non-Markovian evolutions

We introduced a new correlation measure that provides backflows for almost-all
non-Markovian evolutions. The definition of this measure enforces the intuitive
idea that, if Alice an Bob share a poorly correlated state, the former can only
induce scarcely distinguishable effects on the latter system and vice-versa. We
show that maximally entangled states are maximally correlated also with re-
spect to this measure and at the same time classically correlated systems do not
necessarily show minimal values. The actions allowed by one party to influ-
ence the second share of the bipartition are the newly introduced maximally
entropic measurements, where each outcome has the same occurrence proba-
bility. We showed that this measure is able to provide backflows for almost-all
non-Markovian evolutions, where Alice owns an ancillary qubit and Bob’s sys-
tem consists in the evolving OQS and an ancilla. In order to do so, we also
showed how to construct the initial probe states that have to be considered in
this witnessing process. Interestingly, these initial states are separable and as
close an needed to uncorrelated states. Finally, we showed how to apply our
technique to a quasi-eternal non-Markovian evolution.

A major challenge is to explore the non-Markovian witnessing potential of
other correlation measures when two ancillas are deployed together with the
0QS, namely as we did in this work. Recently, it has been shown that this set-
ting allows entanglement to witness almost-all non-Markovian evolutions and
all qubit non-Markovian evolutions [KRS20]. Since QMI quantifies both clas-
sical and quantum correlations, we expect that similar results can be obtained
also with this measure. Moreover, whether these correlations are able to wit-
ness all non-Markovian evolutions is still unknown.

In the case we choose our probe states as initializations of the bipartite
system, the computation of our correlation measure is straightforward. Hence,
interesting goals consist in finding: (i) other classes of states for which our
measure is easily computable and (ii) an efficient algorithm for generic states.

A second interesting question is whether this correlation measure can be
considered as a figure of merit in an information protocol. Our interest in its
usability come from the similarities between our correlation measure and a
form of quantum correlations called steering.

Equivalence between non-Markovianity and correlation backflows

We presented the first one-to-one relation between backflows of correlations
and non-Markovian evolutions. In other words, for every time interval where
the evolution cannot be formulated as the action of a CPTP map, there exist
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initial states and at least one correlation measure for which it is possible to
observe a correlation revival in the same time interval. In many cases this
result can be obtained by considering correlations such as QMI, entanglement
or our previously introduced measure. Nonetheless, in case of generic non-
bijective evolutions, there is no proof that these measures are able to provide
backflows. Hence, we introduced a new set of correlations that succeed also
in the non-bijective case. In order to prove their potential to witness all non-
Markovian evolutions, we formulate a class of initial states that can be used in
this procedure. We exploited a bipartition where the first share consists in the
evolving OQS and an ancilla and the second share is another ancilla.

We proved the existence of initial states that, together with our correlation
measures, are able to show backflows for any non-Markovian evolutions. Nev-
ertheless, we could not provide a constructive procedure to prepare these states.
Once we attain their form, we could understand how hard is to compute these
backflows and how we can experimentally implement this technique.

A future goal could be to extend this approach to other information quan-
tifiers. The observables that should receive the main attention are those easy
to compute and with intuitive and feasible physical realizations. An interesting
example that goes in this direction is the quantum Fisher information.

Measuring non-Markovianity via incoherent mixing with Markovian dy-
namics

In this work we showed how to measure non-Markovianity through the minimal
amount of Markovian noise that needs to be incoherently mixed with an evolu-
tion in order to make it Markovian. While this approach mimics the concept of
robustness used to measure entanglement, in this case the non-convexity of the
Markovian set makes this approach more intricate. Indeed, whenever we add
some Markovian noise to an evolution that is Markovian in a particular time in-
terval, we have to take care not to generate new non-Markovian features in the
same time interval. Notice that the non-convexity of this set is also the reason
why a resource theory of non-Markovian evolutions cannot be formulated as
for other resources, e.g. entanglement.

We focused on the study of depolarizing evolutions and we showed how
to evaluate our measure by making the assumption that the Markovian depo-
larizing evolutions are those that can make Markovian a non-Markovian de-
polarizing evolution with the highest efficiency. We obtained analytical results
for all continuous (or with discontinuities of a certain class) depolarizing evolu-
tions, where the value of the measure assumes an intuitive meaning. We tackled
the generic case of non-continuous depolarizing evolutions and we provided a
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computational procedure that reduces a minimization problem defined over an,
in general, infinite dimensional set into a minimization over a finite number of
parameters. Finally, we discussed the dephasing case in order to show how to
generalize our approach to other classes of evolutions.

In this work we studied how to make a non-Markovian evolution belong-
ing to a well-structured set Markovian via incoherent mixing with Markovian
evolutions. We conjectured that in different instances the Markovian evolution
that accomplishes this task with the maximum efficiency belongs to the same
structured set. A first interesting goal would be to prove our conjecture, namely
understand for which classes of evolutions it can be considered valid. It is in-
tuitive that non-convex sets of evolutions, such as amplitude damping, cannot
satisfy this conjecture. Moreover, it is also plausible that the convexity of a
given set of evolutions cannot be enough to consider this conjecture true. For
instance, by considering a convex subset inside the depolarizing evolutions it
seems intuitive that our conjecture would not hold true. Hence, it would be
interesting to find minimal conditions for convex sets of evolutions for which
this conjecture can be confirmed.

The measure of non-Markovianity that we introduced is not a proper dis-
tance in the set of evolutions. Indeed, instead of finding the minimal distance
between our non-Markovian evolution and Markovian evolutions, we look for
the Markovian evolution that has the largest distance from our non-Markovian
evolution which at the same time makes it Markovian through a minimal mix-
ing. Hence, an interesting approach would be to formulate a non-Markovianity
measure that is purely geometrical in the set of evolutions.
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Appendix A

Appendix of Chapter 3

A.1 Nonzero time derivatives of initially zero eigenval-
ues of rank one matrices for non-unitary single pa-
rameter maps

Let p(¢) be a positive semidefinite Hermitian matrix. Consider an eigenvalue
Ax(2) of p(¢) and its corresponding normalized eigenvector ui(¢) in a scenario
where p(f) evolves in time. In order to make the notation lighter, the time-
dependence of these quantities will not be made explicit in the following equa-
tions. By definition it holds that 4; = uZpuk. The time derivative of A is

= ——pug + U p—— + U — U = A | —uy + ”kzuk'

dAx d“/t v duy  4dp d“it +dug 4 +dp
— u —
dt dt dt dt dt k- dt

(A1)

Since u is normalized, namely uZuk = 1 for all ¢, it follows that dd—u}uk +
u}{% = 0. If the evolution of p is described by a continuously differentiable
family of dynamical maps so that ‘;—f = %Vt,s(p)lsz, = L,(p) it follows that
% = uZL,(p)uk.

Next consider the special case where p is a rank one positive semidefinite
trace one n X n matrix and consider its block diagonal form.

10
p:(o 0), (A2)
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where 1 represents the 1 X 1 block corresponding to the nonzero eigenvalue 1
and 0 represents the n X 1, 1 X n, and n X n zero blocks. We want to investigate
%V,, s(0)s=¢ = Ls(p) for the case of single parameter evolution. In particular we
want to study the projection of L,(p) onto the zero-eigenspace of p.

First we consider the unitary part of L,. Let Py be the projector onto the
zero eigenspace of p. One easily finds that Py[H, p]Pg = O for any H.

Then we consider (kaG]t - %{G;;Gk, p}) and express the matrix G¢ on the
same block form as p, namely

[ Ax By
Gk—( Ce Dy ), (A.3)

where Ay is the 1 X 1 block. The projection of (kaGZ - %{G,tGk, p}) onto the
zero eigenspace of p is then

1 4
Py (kaG,i - 51GiGr. p}) Py = CiC]. (A4)
The matrix C kCZ is clearly Hermitian and positive semidefinite. It follows that

PoLiPo = y(1) ) CiC}, (A5)
k

is also a positive semidefinite matrix if y(z) > 0 and negative semidefinite if
y(t) < 0. Moreover, PyL,Py is zero if and only if Cy, is zero for every k. Hence,
if and only if for each k the lower off-diagonal n X 1 block of G is zero in every
basis will there be no rank one p such that PyL;Py is nonzero. In this case Gy, is
proportional to the identity which implies (kaGZ - %{GZGk, p}) = 0 for every
p. Thus, for any L, with non-zero dissipative part there exist at least one rank
one p such that the time derivative of the initial zero-eigenspace is nonzero.

To analyze the special case when pap = ¢7 , wWhere ¢, is the maximally
entangled state on Hy ® Hp and dim(H,) = dim(Hp) = n we note that the
condition Cy = 0 can be formulated as Gypoap = papGrpap. In the following,
in order to make the notation lighter, we simply write p and ¢*. We write
¢t =(1/n) 2ij Eij ® E;j where E;; is the matrix with the ij-th element equal to
1 and all other elements equal to zero. We write G, = 1 ® Fy where Fy is any
matrix. Then

1
G = ;IZEij@’FkEij
ij
1 Tr(Fy)
,,TZZEHEU@EliFkEij = T ZEZj@EU'
il 7l

pGip

(A.6)
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These two expressions are equal if and only if FiE;; = Tr(Fy)/nE;; for each
ij. Since the matrices E;; form a basis for the matrix space it follows that this
relation is satisfied for all E;; if and only if F oc 1. Thus, Gypo = pGyp if and
only if Gy o« 1 ® 1. As noted before this implies (Gk,oG}(r - %{GZGk,p}) =0
for every p. Considering V; (¢)) we can now conclude that for any L, with
non-zero dissipative part there is an eigenvalue of V; ((¢*) that is zero for s = ¢
but has a non-zero time derivative.

A.2 Proof of Proposition [9]

Let M(a) be a correlation measure that is an analytic function of the coordinates
a; in a point a corresponding to a state that at time ¢ is in a product state ps 4 and
let V; ; be a continuously differentiable intermediate map for all s < ¢. In order
to make the notation lighter, we simply write p. Consider a family of states
Pe = p + €y where y is Hermitian. The Taylor expansion of M(p.) in € around
e=0is

> M(pe)

OM(pe) N
20€?

Je

2

M(pe) =

e=0 e=0

(A7)

where we have used that M(p.)|e=o = 0. Since M > 0 on S (Hs 4) it follows that
the first order term of the expansion must be zero if p € int[S (Hs4)]. Otherwise
there would be a sufficiently small € for which both p,, p_ € int[S(Hs4)] and
either M(p.) or M(p—_¢) was negative. Note that if p is not in int[S (Hg4)] this
argument cannot be made since M could be negative outside S (Hsa).

Assume that p € int[S (Hs4)] and consider the Taylor expansion of M[V; ,®
I(pe)] in € around € = 0

MIVis @ 10l MV, ® I(pe)]

2
..., (A8
Oe 20€? €r (A8)

e=0

M[Vis ®I(pe)] =

=0

where we have used that M(V; ; ® I(p¢))le=0 = 0. Since M > 0 it follows again
OM[(V:s®1(pe)] _

Oe e=0
0 for all s. Next, consider the Taylor expansion of the derivative %M [Vis®

that the first order term of the expansion must be zero. Thus
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I(pe)“s:t ine

d 0 d
— MV, ® I(pe =e——M[V;s ® I(p,
ds [Vt, ® I(pe)] 6(96 ds [Vt, ® 1(pe)]

s=t s=tle=0

2

o0° d
+€ ———M[V,; ® I(pc)]

20€2 ds T

e=0

s=t

(A9)

where we have used that %M(Vm ® I(pg))’E=0 =0.
From the analyticity of M and the continuous differentiability of A; it fol-
lows that %M , d%M and % %M exist and that d% %M is continuous as a function

of € and r. Therefore, it holds that died%M exist and %%M = %%M [Rud76].
It follows that the first order term in the Taylor expansion is zero. Since this
holds for every y, it follows that every product state in int[S (s 4)] is a critical

point of M.

A.3 Proof of Proposition 10|

We begin by considering the following two propositions.

Proposition 11. Let A be a qubit evolution. If the set of stationary states in
S (Hs) is of non-zero dimension, A is unital.

Proof. Assume that A;(lg) = 1s + 6 and A,(01) = p1, Ai(p2) = p2 where
p1 # p2 belong to S (Hy). Tt follows that A;(1s +x(01—02)) = Ls+x(01 —p2)+6.
Note that x can be chosen such that Ty + x(o; — py) are rank one. Since these
rank one qubit states are antipodal points on the Bloch ball S (Hy) it follows
that unless 8 = 0 at least one of 1g +x(0; —p2)+6 and 15 — x(p; —p2) + 6 is not
positive semidefinite. Thus if the set of stationary states has dimension greater
than zero, it follows that A, is unital. |

Proposition 12. The set of stationary states of any qubit evolution A has a
dimension different from 2.

Proof. Assume that the dimension of the set of stationary states in S(Hs)
is 2. From Prop. [IT] follows that A, is unital. Without losing generality
we assume that A,(o;) = o, and Ai(oy) = oy and Ai(oy) = aoy + boy +
co.. The Choi matrix of A, has eigenvalues + V1 —2a + a? + b? + ¢2 and
2 + V1 +2a+a®+b2+c2. Therefore, A; is CP if and only if @ = 1 and
b = ¢ = 0, namely if an only if A; = Is. In this case the set of stationary states
has dimension 3, contradicting the assumption. O
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Next, consider a family of continuously differentiable dynamical qubit maps
A and a correlation measure M. If the set of stationary states in S () is non-
empty its dimension is either zero or non-zero. If the dimension is zero, the set
of stationary states in S (Hs4) is a set of product states. Then it follows from
Prop. [0 that such a stationary state is a critical point if M is analytical at the
state and the state is in the interior of S (Hs ). If the dimension is 3 all states
are stationary points and ddif = 0 on all of S(Hs,). Thus all states are critical
points. Moreover, by Prop. [I2] the dimension is never 2. The remaining case
is a one-dimensional set of stationary states. Without loss of generality, we can
express any state in this set as pg4 = 1s®pa+0,Qxa for some pa, ya € B(Ha).

Now, assume that pg 4 is in the interior of S(#Hs4) and that the correlation
measure M is an analytic function at ps4. Then consider the family of states
Pe = PsA + €xa ® ys parameterized by €, where ys, x4 are Hermitian and
Tr(ys ® ya) = 0. If ys = 0 or ys = 1g, it follows that p is also a stationary
state and thus %%M(pe, t)|6:0 = 0. If ys = o or ys = oy there exists a local
unitary operation, o, ® 14, that commutes with pg4 but anticommutes with
Xs ® xa. Since M(a,t) is invariant under local unitary operations it follows
that M(pe) = M(p—¢). Thus M(p¢) is an even analytic function in € and it
follows that %M(ps, t)|e:o = 0. Since the oy, 07y, 0; and 1 span B(Hs) we can
conclude that %M(pe, t)|€=O = 0 for every ys ® y4. Moreover, (%M(pg, t)|E=0 =
0 holds for any ¢. Therefore, we can conclude that %(%M(pg, t)’e=0 = 0. By
the analyticity of M and the continuous differentiability of A;, it follows that

%M , diEM and % diEM exist and that d% diEM is continuous as a function of € and
t. Therefore, it follows that die%M exist and %%M = %dieM [Rud76]. We

can conclude that all first derivatives of d%M (a, t) with respect to a equal zero
for states in the interior of S(#Hs,4) that are stationary under a continuously
differentiable A.
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Appendix B

Appendix of Chapter 4

B.1 The set of maximally entropic measurements is non-
empty

We explicitly construct an element {P;}; of II(p) for an arbitrary state p. The
method that we use should convince the reader that there are innumerable other
ways to construct a ME-POVM with any number of outputs.

By definition {P;}!_, € Tl(p) if the output ensemble &E(p, {Pi}i) = {pi,piti
is characterized by p; = 1/n. In general, we have that p; = Tr[pP;]. Using
an orthogonal decomposition of p, we can always write it as p = Zf’zl mliXil,
where {|i)}; is an orthonormal basis of the Hilbert space /. The condition
Z?:I m; = 1 implies that there exist an i, such that S (i) = Zle m; > 1/2 and
SG-1)= i;} m; < 1/2. We consider the following class of 2-output POVM
that depends on a real parameter w € [0, 1]: Pi(w) = i;i |iXi|+wI?X?I , Pr(w) =
(1-w)|iXil+ Z?:QH liXi] . We evaluate p; for a general value of w and we obtain:

i) = Y mi+wn; = S@i—1)+wn;. Itis clear that, since p(0) = S(i—1) <
1/2 and pi(1) = S(i) > 1/2, the value w = @ = (1/2 = S (i — 1))/x;, gives the
uniform distribution p;2(w) = 1/2 and consequently {P;(w)}; € I1(p), i.e,, is a
ME-POVM for p.

Finally, we point out that in Appendix [C.I| we tackle this problem by con-
sidering a different approach that allows to obtain the same result. In particular,
we show that for any p and n there always exist a mapping that allows to obtain
a n-output ME-POVM from a generic n-output POVM.
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B.2 Monotonic behavior of C and C™ under local op-
erations

Firstly, we prove that C4 is monotone under local operations of the form Ay ®
I g, and secondly we consider the case where the local operation is 74 ® Ap,
where A4 (Ap) is a CPTP map on A (B) and 7 4 (I p) is the identity map on A
(B). The proof for C4 easily generalizes to Cp and C. Finally, we prove that
the same monotonicity property holds for C™ for any n > 2. We denote the set
of ME-POVMs acting on A for the state psp by [14(04p) and similarly for B.

In order to show the effect of the application of a local operation of the form
Aa®7I g on Cy(pap), we look at I14(04p) in a different way. Each element of this
collection is a ME-POVM for p4p, namely they generate sets of equiprobable
ensembles of states (EES) from psp. In fact

(B.1)

N —

Calpap) = {PA,iI}I,.leElli)Z@A) P, (8 (PAB, {PA,i}i)) -

is a maximization over all the possible EES that we can generate from p4p with
a measurement procedure on A.

The effect of the first local operation that we consider is: pap = Asg ®
T5(oap) = i (Ex®1p) - pap - (Ex®1p)" , where {Ej}; is the set of the
Kraus operators that defines A4. What is the relation between [14(p45) and
I14(Dap)? Given an n-output ME-POVM for pap, namely {Pa;}; € Ia(DaB),
the probabilities and the states of the output ensemble & (045, {Pai}i) are p; =
Tr [ﬁAB . PAJ'] =1/nand Ppi=Tra [ﬁAB . PA,i] /pi- Now we look at the term

Tra [PapPa,i] = Tr[Aa ® T (0aB)Pa,i] = Tra

D (Ex® 1p)pan(E] ® 1p)Pa,
k

= Try [PABA:(PAJ)] =Try [PABPAJ] ,

= Tra |pan Z(Ez ® 1p)Pai(Ex ® 1p)
X

and we rewrite the output ensemble elements as: p; = Tr[pABPA,i] = 1/n
and pp; = TrA[pABIN’A,i] /pi. This ensemble is an EES. Next we show that:
{Paihi = {AL(Pa)}i = {Xi ELPa;Ex}i is a POVM. The elements of {Py);
sum up to the identity: Y,; Pa; = Dk E,L PoiEx = Yx E,i (XiPay) Ex =
Dk Ez Ey = 1p, and they are positive operators: PA,,- = D EZ Py Ep =
Sk EZ ML My, E; = MLMAJ, where the decomposition Py; = MZJ.MA,Z-
exists since Py4; is positive-semidefinite and M4; = >y Ma,; Ex. It follows
that, {P,;}; is a ME-POVM for pap, namely {P4;}; € Ma(pap). Thus, for
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every ME-POVM {Pg4;}; € I1a(Pap) for pap, there is a ME-POVM {PA,,'}Z' €
I4(pap) for pap, such that the output ensembles are identical: E(Pap, {Pa,i}i) =
E(pap, {PA’,-},'). Thus, any EES that can be generated from p4p, is obtainable
from pap as well

U E(Pag, {Pa,iti) C U E(pag, {Pai}i) - (B.2)

{Pa.iti€lla(PaB) {Pa.ili€la(paB)

Finally, because C4(p4p) could be thought as the maximum guessing probabil-
ity of the EESs that can be generated from p4p (see Eq. (B.I)), we conclude
that
Ca(pap) =2 Ca (Aa ® T5(paB)) , (B.3)
for any state psp and CPTP map Ay4.
Fixing the number n of outputs of the ME-POVM:s considered in (B.I)), Eq.
becomes:

U E(Pag, {Pa,ili) C U E(pas, {Pai}i) - (B.4)

{Pai}i, €a(Pan) {Pai}i, €a(pan)

Therefore, it follows that:

C (pag) = C% (As ® T3 (paB)) » (B.5)

for any integer n > 2, state pap and CPTP map A4.

Next we show the property of monotonicity of C4(p4p) under the action of
local operations of the form 74 ® Apg. We find that the collection of the ME-
POVMs for pap = T4 ® Ap (0ap), namely TT4(54p), coincides with TT4(pap).

In order to prove this, we apply a general POVM {P4, ;}; on both psp and pap
and we show that the respective output ensembles are defined by the same prob-
abilities. We can write p; = Tr[papPa,;] and p; = Tr[Za ® Ap(paB)Pa] =
Tr[papPa.i], where the last step uses the trace-preserving property of the su-
peroperator 74 ® Ag. Consequently, p; = 1/n if and only if p; = 1/n and
{Pa.i}i € Ha(pap) if and only if {Py;}; € a(Oap)

Ha(pas) = Ha(Pas) - (B.6)
Given a ME-POVM for both psp and pap, we relate the output states
PB.i = AsTra [papPail /pi = Ap(ppi) - B.7)
From Eq. and the definition of the guessing probability, it follows that

Py ({pi, PB,i},') > P, ({Pi, AB(PB,i)}[) , (B.3)
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and, considering Eq. (C.7), Eq. (C.8) and Eq. (C.9)
Ca(pap) 2 Ca (T4 ® Ap(paB)) , (B.9)

that is true for any state p4p and CPTP map Ap.

From Eq. it follows the collection of the n-output ME-POVMs does
not change if we apply a CPTP map Ap on psp. Therefore, since Eq. (C.9) is
true for any number of outputs:

CP (pan) = CW (T4 ® Ag (pan) (B.10)

for any integer n > 2, state pap and CPTP map Ap.
We underline that from this proof we automatically obtain the invariance
under local unitary transformations of C and C?™ for any n > 2.

B.3  Proof that C4(0'[)) > C (o)

In this appendix (where from now on we omit the time dependence of p(T) ),
PP(1) and p (1)) we show that Ca(p()) = C2 (o)), where c<2)(p‘7)) is
deﬁned by
1
P ,® () . - -
v e <r’]))g (Bleki Pask)) - 5
where H(z)(p(T)) is the set of the 2-output ME-POVMs acting on B. In Ap-
pendix we show that C 5;2)0053;) =C B(p%) and this completes the proof that
CaoS) = Cotols)
We apply a general but fixed 2-output ME-POVM for pﬂ,, where now the
measured system is B: {P(Z)}l = {Pg, Pp} € HB(p,(chz)s)’ where Pg = 1 — Pg.
The output ensemble S(p(f) P(z)} i) = {Ppa.i> pa,i}i 1S composed by an uniform

ap
distribution (by definition of ME-POVM) and states in the following form

pay = —TrB (05" + 057 Ps| = % (B.11)
paz = 3T |(p7 + o3 Po] = 3. (B.12)
par = 10X0ITrg [p” Py + 11)(11aTrs [0 " Ps] , (B.13)

paz = 100 Trg [0 Ps] + (AkTrs [0} VP| . (B.14)
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Since 8(p£39, {P(2)} ;) 1s an equiprobable ensemble of two states, we obtaln that

Po(&(p§y, (P1)) = 2+ llpa1 — paalli)/4. Hence, with Eqs.

we can write lt as
[ 10X01Trs [oif” APg) + 11X11Tes [0 ™ AP |
= [Trg [p”APs] | + Tra [0V APs
where APg = Pg — ﬁg. Hence
lloa,1 = pazlli = max |Tr3[ o +PB(T))AP ]|
Using Eq. 1i and Eq. || we see that |Trp [(pgT) +pB(T))AP ]l =
Trs [0 + Py ™ )Ps| = Trg (o + 5 )P | = 2Ipas = pasl = 0. Hence,

we have that [|p4,1 — pa2ll1 is equal to

[ Tea (517 - 0™)2Ps - 1] = 2[Tea 0 - oy

from which follows that

@, ® |TrB (03" = 5P BH
Cy'(oup) = max . (B.15)
(P20 2

To compare Cg)(p%) with CA(le)g), we write

Ca(eT)) = Pe(l{paiz = 1/2)i 07, 1) - 3
Tep 0" Ps + 0, "P| 1 Teg | (" — o ")Ps]

= max — — = max
{Pg.ili 2 2 {Pg) 2

‘TYB [(P;;T) - p;’(’))PB]’

= max
{Pg.i}i 2

The only difference between C(z)(p(T)) and CA(p(T)) is in the maximization

procedure in the former we maximize only over the 2-output ME-POVMs

HB(p ) while in the latter we can pick any 2-output POVM: C A(p(T) @) =

Cg)(p%(t)) follows as a natural consequence.
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B.4 Proof that C3(0\[)) = CY(0")

In this Appendix, in contrast to Appendix [B.3] we consider the action of any
ME-POVM over B for p . We want to show that for each ME-POVM {P (”)}l

that we can consider in CB(p%), where i runs from 1 to n > 2, we can al-
ways find at least one 2-output ME-POVM acting on B, namely {Pp 1, P2} €
I1 B(p(T) ), that provides an ensemble with a higher value of Py(-). We recall that,
if & = {p;, pi}i is a generic ensemble of n states defined on S (H), where H is a
generic finite dimensional Hilbert space, the guessing probability of & is

P,(E) = max T |piP;| , B.16
«(©) {p,.},;" [oiP] (B.16)

where the maximization is performed over the space of the n-output POVMs

{P;}; on S(H). Starting from a general n-output ME-POVM { g‘z}l, we con-

struct the corresponding 2-output ME-POVM {Pp 1, Pp>} € HB(p(T)) that ac-
complishes this task.
For every given n-output ME-POVM {P(")} for p N B, we can generate an

equiprobable ensemble of states (EES) of the form S(p%, P(")} ) = {{pi =

1/n},{pa.it}i- The guessing probability of this ensemble, which we denote by
Py = Po(Eply, (PG )0), s

(n) _
P = , (B.17)

(@) M o pn)
Tr|pup (Z Pyi®P B,i)

where {ﬁfﬂ}[ is a POVM that provides the maximum in Eq. (B.16)). If n is even
we consider the following 2-output POVM

(2) _ (1) 2) _ (n)
Pp1= Z Ppi» Ppy= Z Ppis (B.18)
ieE icEy

where E| and E; are any two sets of n/2 indices such that E{UE, = {1,2,...,n}.
This structure guarantees that Eq. is a 2-output ME-POVM for p(T) We
compare Eq. (B.17) with the guessing probablhty of the output ensemble that

we obtain applylng Eq. |i on p(T)

(2
pAB(ZP i ® Py ]

i=1

PP = max Tr > Trp , (B.19)

{Paili=12

2
(T) (2) (2)
i=1
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where the POVM {Pf;},’ is defined by

2) _ =™ (2) _ =™
PO = Pei, PO =) Py (B.20)

i€k i€Ey

P > Tr[pl (PO @ P + PO, @ Py))] = Tr

o' (Z (® P+ P%C]

= Py +Tr [p[yPhi| = PY, (B.21)

where P is a sum of mixed terms of the form ﬁA, P(") with i # j, and it
provides a non-negative contribution.
On the other hand, if » is odd, we define

2 (n) (1) —
P}, = 2ng+ PP k=12 (B.22)
€0y
PP = —Pﬁfi PPN k=12 (B.23)
€0y

where O} and O; are any two sets of (n — 1)/2 indices such that Oy U O3 =
{1,2,. }\x (the value of x will be fixed later). We consider again Eq -
where {P( :}i is now given by Eq. (B.22) and and P(z) is now glven by Eq.

(B.23). Slnce sz. is not necessarily a POVM that maximizes Eq. ( D we
have the following inequality for Pg,z)

(”) 1 (n) .
sa[Srers « e r 4[N eri - i

i#x i#x

PO > Tr >

>Tr

n
1 —(n) 1
(1) (1) (n) (n) (n) ) || _
pAB{E‘PA,i@’PB,i ZPAx PB,x+§[§‘PA,i}®PB,x] =

i=1 i#x

=Py +Tr

- (n)
-P DT
() Ax o pln) XA o p(n)
pAB [ 2 ® PB,x + 2 ® PB,xJ

_ pn)
= Pg + Tr

—(n)
14 —2P
() Ax ()
PaB 3 ®P B,x] ’
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where PZ:? represents terms that provide positive contributions to P(gz). We have
to find a value of x that makes the second term of the last relation positive. Let

a, and b, be the diagonal elements of I_DXL in the orthonormal basis {|0)4, [1)4}.
We recall that p\7), = (J0XO0l4 ® p” + [1X1]4 ® p;s”)/2 and we obtain

AB B
1-2 1-2b, ,,
P((g,z) > P((g,n) + Trp (Tax.o};m + Txp B(T)) P Ean,l]’ (B.24)

where the second term on the right-hand side of the inequality is definitely
positive when a,, b, < 1/2. From Ziﬁ?} = 1, follows that 377, a; = 1 and

© bi = 1. Therefore, if a, > 1/2 (b, > 1/2), then a, < 1/2 (b, < 1/2)
for any y # x. In order to fix the value of x, we must consider that a, and b,
could be bigger than 1/2 for two different values of x: let’s say x, and x,. Even
in this “worst-case” scenario we still have n — 2 other possible choices for x
such that (1 — 2a,), (1 —2b,) > 0. We pick one of these values, and we call
itx € {1,...,n}\ {x4, xp}. Finally, if we use x in the definition of the POVMs
{Pfj.}i and {Pg.}l-, from Eq. we obtain

(2) (n)
PO > Py (B.25)

Egs. (jB.ZlI) and (]B.ZSI) show that, when we evaluate CB(p%), the guess-
ing probability of the ensembles generated by the n-output ME-POVMs is
never bigger than the one that we obtain if we only consider the 2-output ME-

POVMs: Cg)(p%) =C B(pi(l);). Thanks to this result we can finally say that
Ca@h(0) = Crp'h(0) and CE\[4(1) = Ca(p'{4(1)). This result is valid if we
consider pgl)g, but in general it is not true.

B.5 Proof that C,(p()) = C2 (")

When we considered CA(p;TI);), we have seen that if the maximization over the

ME-POVMs is considered only over the 2-output ones, the maximum is ob-
tained for {Pf\flf’] }i = {I0X0l4, [1X1[4}. In order to complete the proof, we need
to show that even if we consider general n-output ME-POVMs (as in the def-
inition (B.I))), we don’t get higher guessing probabilities of the corresponding
output ensembles. In other words, if we use the definition

1
@, Oy _ (1) AN =
CA (pAB){IZU}?l?[?)(pZ{;g (8 (PAB, {PA,I}I)) 5
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where Hf)(pgl)g) contains only the 2-output ME-POVMs of pf:;, then C4(p
C(z) (p(T) )
A \Pap):

To see this we can make the same analysis as done in Appendix [B.4] for
CB(pﬂ,) but we switch the role of A and B in Eq. lb and Eq. lb when n
is even and Eq. 1| and Eq. 1} when n is odd. The definitions for Pg,”),
P;Z), Eq, and 0’1"2 are preserved.

The guessing probability of an EES generated by a ME-POVM {leg}i with
an even number of outputs is

(™
AB

’

Py =Tr

n
) ) o W
Pap (Z Py ® PB,i)
i=1

where {Fg’j}i is a POVM that maximizes the guessing probability in Eq. (B.16).
The 2-output ME-POVM that provides a higher guessing probability is

2) _ (n) (2) _ (n)
PA’I_ZP:J., PA’Z_ZPA"J.. (B.26)

i€E; i€ky

We define the following POVM on the system B
2 =™ 2 =
P(B,)l = Z PB,l N PE‘?,)Z = Z PB,l . (B.27)
i€E; i€k
Consequently, we consider the following inequality

(1) (2) (2)
Pap Z P, ®Pg;
=12

2 i,jeEy

() n o p™
pABZ Z P,i®Pp;

k=1 i#j

PP > Tr =P +Tr

B

which shows that Pi,z) > Pi,"). If n is odd, we use again the technique from
Appendix where we switch the role of A and B, to obtain the inequality

(n)
() Iy —-2P Ax _ 5®

PP > P+ Tr Par—— ® PB’X} :

where the right-hand side is greater than Pg,") if x is suitably chosen. We under-
line that the results given in this section and Appendix @ suffice to state that
C(Z)(p(T)) — C(z)(p(T)) > C(Z)(p(T))

AB A WPap) =%~ p Pyp)-



212 Appendix of ChapterlZl




Appendix C

Appendix of Chapter

C.1 The set of P-POVMs is non-empty

In this section we prove that IIp(p) # 0 for all states p and distributions .
First, we notice that the POVM {1, m1,..., 7,1} is a P-POVM for all p.
Nonetheless, we can prove this result also by realizing a mapping that provides
a P-POVM from any given POVM {P;}_, outside Ilp(p), where in general the
outcome is different from {m 1, 751, ..., 7,1}

We start by fixing the generic distribution studied as # = {m;}? . Hence,
suppose that p; = Tr[pP;] # n; for two or more values of i = 1,...n. We
can always consider a n X n left-stochastic matrix M;; that maps the probability
distribution {p;}!" | into # = {m;}!", through the relation

n
7= Miyp; fori=1,....n. (C.1)
j=1
Since M;; is a left-stochastic matrix, M;; € [0,1] for all i,j = 1,...,n and
2.iM;j = 1forall j =1,...,n, where the latter implies that M;; has columns
that sum up to 1. Hence, if we use M;; to map the POVM {P,~};’=1 into the set of
operators {P;}! | through the relation

[N’I:ZM,JPJ fori=1,...,n, (C2)
j=1

we can verify that it is a POVM. Indeed, from the property 3", M;; = 1 for all
j=1,...,n,itfollows that 37" | P; = 2., Pi = 1. Moreover, form M;; € [0, 1]

it follows that the operators P; are positive semi-definite. Now, if the left-
stochastic matrix used in Eq. (C.2) is the same that appears in Eq. (C.I)), we
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can also prove that {Pi};’zl € Ilp(p), namely that it is a P-POVM. We can show
this result by noticing that

PiMiij

J=1

Tr [pf’,-] =Tr

n n
= Z M;;Tr [PPj] = Z M;jpj=m. (C3)
J=1 j=1

Hence, we proved that the POVM {I3i}l’.’=1 obtained from a generic POVM {P;}_
through the combinations given by the left-stochastic matrix M;; satisfying Eq.
(C1) is a P-POVM.

Notice that the approach shown here can be used to generate ME-POVMs
(see Chapter E]) Just by considering {m; = 1/n};_, for some n > 2. Therefore,
this section generalizes the results of Appendix

In general, this procedure allows to obtain P-POVMs different from the
trivial measurement {71, 7,1,...,m,1}. Notice that the transformation that
maps any n-output POVM into the P-POVM {m1,n,1,...,m,1} through Eq.

(C2) is given by the M;; having columns equal to {r;}}_,, namely
T ... m
Tp T ... T
Tpn Tp .. T

Example We apply this technique to the following example. We consider the
qubit state p € S(H) that with respect to the basis {|0), |1)} of H assumes the

following matrix form
12
P32 1)

Consider the POVM {Pi}?:l which, in the same basis, is given by

1/2 1/2
Pl:( (/) 8)’ PF( (/) 1(/)4)’ P3=(8 3(/)4)'

The output probabilities p; = Tr[pP;] that we obtain by measuring p with
{Pi}?=1 are { Pi}?zl = {1/4,3/8,3/8}. Now, imagine that our target probability
distribution is {rr;}>_ | = {1/ V5,1/ V5,1 -2/ V5}. A 3x 3 left-stochastic matrix

M;; mapping {p[}?zl into {m;}3 , through Eq. (C.1) is given by

i=

a b 0
M=]10 1-b ¢ ,

0 0 1-c
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where @ = 1, b = (8V5 - 10)/15 = 0.52590 and ¢ = (16 — 5V5)/(3V53) =
0.71847 (the property of left-stochastic matrices for which columns sum up to
1 is particularly evident in this case). If we use the matrix M;; and the POVM
{P;}}_, of this example in Eq. we obtain the P-POVM {P;}3_ given by

131 = P1 +bP2, 132 = (1 —b)P2 +CP3, P3 = (1 —C)P3.

We can verify that Tr [pf)i] = m; and that {P;}7 | is different from the trivial -
POVM {1, 7,1, m31}. For instance, we have that P; = diag((1 + b)/2,b/4) =
diag(0.76295,0.13148) # mdiag(1, 1), where m; = 1/V5 = 0.44721. The
technique used to construct the matrix M of this example is inspired by the
results explained in Appendix [B.1|for ME-POVMs.

C.2 Monotonic behavior of Cf under local operations

We consider a general bipartite finite-dimensional quantum system with Hilbert
space Hap = Ha ® Hp. Therefore, the states that we consider are pap €
S (Hap). We consider a generic finite probability distribution £ = { pi};_, and
we prove that CZ‘) is monotone under local operations of the form A4 ® Ip and
I4 ® Ap on pap, where Ay (Ap) is a CPTP map on A (B) and I4 (Ip) is the
identity map on S (Hy4) (S (Hp)).

In order to show the effect of the application of a local operation of the form
Ag ®Igon Cf(pAB), we look at Hf(pAB) in a different way. Each element of
this collection is a P-POVM for p4p, namely they generate output ensembles
where the output probability distribution is = {p;};. In fact, we can consider
Cf(p 4p) as the maximization over all the possible output ensembles with output
probability distribution # that we can generate measuring the subsystem A of
PAB-

The effect of the first local operation that we consider is: pap = As ®
Ig(paB) = 2k (Ex® 1) pap (Er ® 1p)", where {E}; 1s a set of Kraus oper-
ators that corresponds to A4. Now we analyze the relation between Hf(pA B)
and 115 (Bap). Given a P-POVM for pap, namely {Py;}; € 1T (Bap), the out-
put ensemble & (Dap, {Pa}i) is defined by Tr [papPa;® 1p| = p; and pp; =
Trp [0apPai ® 1] /pi. Now we write the i-th element of the output probabil-
ity distribution that we obtain applying {P4 ;}; on pap, namely the probabilities



216 Appendix of Chapter|§|

pi = Tr[As ® Ig (pap) Pa; ® 1], as follows

Tr

pi

D (Ec® 1p)pas(E] ® 15)Pa,; ® Lp
k

Tr

=Tr [PABAZ(PAJ) ® ]lB]

pan ) (E{ & 1p)Pi(E® 1p)
k

Tr [,OABPA,i ® ILB] 5 (C4)

where we have defined PA’I' = AN\ (Pay) = Zk(EZ ® 1p)P4 i(Er® 1p). Similarly,
we can write pp; = TralpapPa.il/pi = TralpapPa.il/ pi. Therefore, since p; =
TrlpapPa,] and pg; = TralpasPa,l/pi, if we apply {P4;}; on pap we obtain the
same P-distributed output ensemble {p;, pp;}; that we obtain applying {P4 ;}; on
pap. Next we show that: {Py}; = {A: (PA’i)}i = {34 EZPA,iEk}i, is a proper
n-output POVM. First, the elements of {PA,i}i sum up to the identity: > ; PA,i =
Dk EZ PaiEr = X Ez (XiPai) Ex = Xx EZ E; = 1p. Moreover, we show
that they are positive semi-definite operators. Indeed, for any |y)4 € Hy, we
have

WaPailya = Z(('MAEZ) Pai (Exl)a) = Z(l!/klAPA,iW/k)A >0,
k k

where each element of the last sum is non-negative because P4 ; is positive
semi-definite. It follows that {PA,i}i is a POVM and in particular a $-POVM for
PAB, namely {PA’,-}I- € Hf(pAB). Thus, for every P-POVM (P4 ;}; € Hf(ﬁAB) for
PaBs, there is a P-POVM {PA,i}i € Hf(pAB) for p4p, such that the output ensem-
bles are identical: E(Pap, {Pa.i}i) = E(pap, (Pa.i}i). Hence, any P-distributed
ensemble of B that can be generated from p4p can also be obtained from p4p.
Therefore, we obtain the following inclusion

U E(Pap, (Pajiti) € U E(pas, {Pai}i) - (C5)

{Paiyi€; (Bap) {Pa}i€lT; (paB)

Finally, since as we said above Cf(pA p) is the maximum guessing probability
of the P-distributed output ensembles that can be generated from p4p, from
Eq. we conclude that Cf(pAB) is defined as a maximization over a set
that includes the set over which maximization defines Cf(ﬁA p)- Hence, for any
state psp and CPTP map A4, we obtain

C% (pap) = C¥ (As ® I (0aB)) - (C.6)
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Next we show that Cf(pAB) is monotonic under local operations of the
form I, ® Ag. We find that the collection of the P-POVMs for pap = I4 ®
Ap (paB), namely Hf(ﬁAB), coincides with Hf(pAB). In order to prove this,
we apply a general POVM (P, ;}; both on psp and pap and we show that
the respective output ensembles are defined by the same probability distribu-
tion. Indeed, being Tr[papPa;] (Tr[ls ® Ap(pap)Pa;]) the probability for
the i-th output of the POVM considered when it is applied on pap (Dap), we
have Tr Iy ® A (0ap)Pai] = Tr[papPa.], where this identity uses the trace-
preserving property of the superoperator Iy ® Ap. Consequently, if {Pg4;}; is
a P-POVM for psp, which means that Tr[pspPa;] = pi, in the same way
Tr[Ia ® Ap (0aB)Pa.i] = pi. Hence, {P4;};i € Hf(pAB) if and only if {P4,}; €
Hf(f)AB), namely

T} (paB) = T4 (Pas) - (C.7)
Given a P-POVM {P, ;}; both for psp and p4p, we compare the corresponding
output states

P = Ap(Tra [papPa; ® 1s]/pi) = Ap(ps.) - (C.8)
From Eq. (C.8) and the definition of the guessing probability, it follows that
Py ({pi- psaki) = Pe ({pis As(o);) - (C9)

The consequence of the last relation is that for any #-distributed output en-
semble ensemble that we can generate from p4p there exists at least one P-
distributed output ensemble that we can generate from p4p for which the guess-
ing probability is equal or greater. Hence, considering the definition of C*¥, Eqgs.

(C7) and (C.9), we conclude that
C (pa) 2 CF 1y ® A (paB)) - (C.10)
for any state psp and CPTP map Ap.

C.3 Performing P-POVMs on the probe state

In this section we prove that, if we apply the projective P-POVM {|iXi|4}; on A
for pxg(t), we obtain

Py (05 AliXilak) = 1+ (1 = 1) Py (Esa (1)) (C.11)

(D)

Moreover, for a general P-POVM on A for p B

have

Py (05530 APaiki) = AP (1P i) + (1 = DP (1B Py 4 (O)),  (C.12)

(1) different from {|iXi|s};, we



218 Appendix of Chapter|§|

for some {p+ e }; and {pg A (1)}; that we define. First, we notice that the projec-
tive measurement {1iXi]a }7 is a P-POVM on A for pu) (#) for any ¢ and 1. We
consider S(p (t) {liXila};), namely the ensemble of B that we obtain measuring

plp(0) with {JiXila):

PO iXila) = (P A s @ liXilar + (1= Dpg 0} . (C13)

where pg; = psar; ® [+ 1Xn + 1|47 We evaluate the guessing probability of
this ensemble and we obtain

(Pl (0): liXila}) = max Z P; Tra| (Aos o (1) ® liXilar

Btt i=1

+(1 = Dpsa (0 ® 70+ 171 + 1|av) Py

= max Zl P (A Trg[ s a(1) ® liXila P

+(1 = D)Trg [Bsp () @+ 1XA + 1ar Pp,]).  (C.14)

We notice that, for any i = 1,...,n, every state that belongs to the set
{osa(2) ®|iXila~}i is orthogonal to every state of the set {pg 4 (1) ® [n + 1Xn +
1|a~};. It follows that, for any i = 1,...,7n, Trg[osa () ® liXila» Pp,;] depends
only on the components of Pg; that belong to span({|iX jlg}i;), where [i)p and
|jyp belong to the tensor product between the elements of Mg/, namely an
orthonormal basis of Hg ® Hy, and {|k)a~ }Zzl (notice that dim(Hy~) = n+ 1).
Similarly, for any i = 1,....,7, the value of Trg [ps 4 /(1) ® |11 + 1X7i + 1|4~ P,
depends only on the components of Pg; that belong to span({|i"X j’|g}i j»), where
li’)p and |j’)p belong to the tensor product between the elements of Mg, and
the vector [n+1)4~. We further note that no operator defined on span({|iX jlg}; ;) )®
span({|i’X j’|z}# ) that is not positive semidefinite can be made positive semidef-
inite by adding something outside span({[iXjlg};j))®span({|i"Xj’|s} ). There-
fore, we can limit the maximization in Eq. @) to be over POVMs Ppg; that
are defined on span({[iX jlg};j))®span({[i"X j’|g}# ), without affecting the optimal
value. Since span({[iXjlg}i;) is orthogonal to span({[i"Xj’|s};), the maximiza-
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tion in Eq. (C.I4) can be divided in two independent maximizations

n

Po(pSdAliXila) = Amax > 5Trp [os (1) @ iXilar P,]

Bl}l i=1

+(1 = ) max ZplTrB [Psari(0) @ 7+ 1X7 + 114 P, |

= AP,({p;, O'SA'(I) ® [iXilar}i)
+(1 = VP ({Pi P ar () ® 11 + 1X71 + 1]ar )
= AP,({p;, liXilar}) + (1 = DPo({Drs Ps ar /(D))
= A+ (1= DPy(Esa (1), (C.15)

where we have used Py({p;,liXila~};) = 1, namely the possibility to perfectly
distinguish orthonormal states, Po({p;, osa/(?) ® [iXila}i) = Pg({p;, liXilar}i)
and Po({p;, ps o (D) @ [n + 1Xn + 1|ar}i) = Pe({pjs psar (D)) = Po(Esar ().

The output ensemble that we obtain applying a generic P-POVM {Pa}i on
A for p(¢) different from {|iXila}; is E(o\a(®), (Pa,)i). The k-th state of this
ensemble is

(D
W Tra [PAB(f)PA,k ® ]lB]

Pp, k(t) = i
=) ]1_:; Tra [iXilaPa] (Aosa () ® liXilar + (1 = D 1)
i=1 Fk
S (Pat).
_ Z bi (ﬁA,k)u (/10'3A'(t) ® |iXi|ar + (1 — /DﬁB,i(t)) s (C.16)
i=1 k

where (P4 )i = (ilaPaxli)a = 0 is the i-th diagonal element of P4 in the basis
My = {li)a }lﬁ |- Keeping in mind that P is a finite probability distribution and
Pi > 0 for any k, we define the parameters ej; = (Pax)iip;/Pr = 0. Since pu) @)
and the states Aoga (1) ® |iXila» + (1 — A)pp;(?) are trace one operators for any
i =1,...,n, we conclude that }};e;x = 1 for any k = 1,...,n. Therefore,
{e,-k}l.ﬁ= | is an n-element probability distribution for any value of k = 1, ...,n. We



220 Appendix of Chapter|§|

write:

M:\

0

P ek (A0s (1) ® liXilar + (1 = Vg (1))

i=1

n n
= A euTsp O @iilar + (1 =) Y eappi(0)

i=1 i=1
A0, (1) + (1 = Doy (o), (C.17)

where we have used the definitions

n

T = Tsa(D)® (Z eikliXilA'/} = a5a/(D) ® Py » (C.18)

i=1

n

SROE [Z eix s A,,i(t)]®|ﬁ+ 1XA+1lar = pf .  (O@[+1X7+ 1gr. (C.19)
i=1

Each state oy, , (,05 (D) is a convex combination of the states {liXilar Y2,

(ps A’,i(t)}l’;) that does not depend on A but depends on the P-POVM (P ;};

chosen. From Egq. lb it follows that, if we consider a generic P-POVM
{Pa); for p'{(1), we obtain

EP GO AP = (Pin ATh (1) + (1 = D (D). (C.20)
and therefore, similarly to Eq. (C.15]), now we can write

Pe(pS{ 30 APai}) = APo((Bi. oo }i) + (1 = VPB4 (D)) . (C21)

C.4 Analysis of case (A)

Let assume that for some a € [0, 1) we have that {P(“)} {liXila};, namely

this projective measurement is one of the optimal P-POVM that accomplishes

the maximization for C’D(p(“) (1)), and that for some 8 > « instead we have

that {|iXi]4}; is not optimal. In this section we show that these two assump-

tions are incompatible and lead to a contradiction. The first condition implies

that when 4 = « the optimal P-POVM that provides the greatest value of
o (030, 1Pai}) is {P)); = {liXil4); and therefore

@+ (1= @)Py(Esa (1) 2 aP(E*P) + (1 — )P (E'P),
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(1= Py&D)) + (1 - ) (Py(Esar (1) — P1P)) 2 0, (C.22)

where we also considered the cases where {P(B)} is optimal both for 4 = @ and
A = B. On the other hand, for 4 = 8 > a we have that {liXila}; is not an optimal

P-POVM for the maximization needed for Cp(p 5(1) and

BPEP) + (1 = BPEP) > B+ (1 = B)Py(Es (7)), (C.23)
which can be written as
B(P(EP) = 1+ Py(Esa (1)) = Py(ED)) > Py(Esa (1) - Po(E1P), (C.24)

and therefore, by subtracting a (Pg(é]l(ﬂ)) — 1+ Py(Esar (1)) - Pg(S”(ﬁ))) from
each side of inequality (C.24), we obtain
B = @) (PyEP) = 1+ Py(Esa (1) — Po(ElP))
> (1= Py(E*P)) + (1 - @) (Py(Esa (1) - Po(EP)).  (C25)

If inequality holds, then Pg(8”(ﬁ)) > Pg(gs 4(1)). Therefore, we have
Py(Esa (1)) — Po(EP®) < 0 and we conclude that the left-hand side of in-
equality (C.25) is negative. The right-hand side of the same inequality is in-
stead non-negative for inequality (C.22). This contradiction shows that if for
some value of the parameter A the orthogonal measurement {|iXi|4}; maximizes
P, (’l) (1), {Pa.i}i), then it is also the case for any greater value of A. In conclu-
sion, 1f one of the optimal measurement is {|iXi|4}; for A = a, the same is true
for any S8 € [a, 1).

C.5 Study of the limit 4 — 1 in case (B)

First, we notice that the set of P-POVMs on A for p « (t) is a set that does not
depend on A and ¢. Indeed, we use the notation Hp Hp(pu) (1)). Now we
prove that the only optimal P-POVM for CP(p(l) (7)) is the projective measure-

ment {|iXi|l4};- In the case of an optimal {P,4;}; € H’D for pAB(T) we obtain the
output ensemble (see Eq. (C.18))

EQl (D, Paib) = (P osa (@ ® ) el iXjlarhi, (C.26)
J

where Zje], = 1forany i = 1,...,n. Since Pg(p(l)(r) {liXila};) = 1, an
optimal P-POVM different from {|th| 4}; must provide an output ensemble of
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orthogonal states S(p(l)(r) {P4.}i). Given the identity P (S(p(l)(‘r) {Paili) =
Py({p;» 2 ejiliXjlar}i), we have to check if, for some ¢;;, the following ensem-
ble {p;, X.;ejiljXjlar}i can be an orthogonal ensemble of states different from
{p; liXila~}i. Each state pj,,’l. = Y jejiljXjlar is defined as a convex combination
of the states {|iXila~};. Two such states are orthogonal only if the respective
convex combinations do not have any element |iXi|4» in common. Therefore,
the only way to have 7 orthogonal output states is if for each i the state is of
the form pj{,,,i = |jXjla» for some j = j(i) exclusively assigned to i. Thus,
each P4 ; has only one nonzero diagonal element (P4 ;);; = {jlaPa.ilj>a. Since
2.i Pai = 14 this is only possible if {Py4;}; = {|iXila};i.
We proved that {|iXil4}; € HP is the only optimal P-POVM for the evalu-
ation of C¥(p'\)(7)). Therefore, for any P-POVM {P4;}; # {liXila}; we have

that P (p(l)(T) {P4,}i) < 1. We notice that the set HP is closed and bounded,
namely it is compact. Indeed, it is a subset of B(H,) that is defined through lin-
ear constraints involving identities and relations of semi-positivity. The guess-
ing probability Pg(p(l) (1), {Pa4,};) 1s a continuous function on this compact set
of P-POVMs.

We now show that P (p(’l) (1), {Pa.i};) is Lipschitz continuous in A. In other
words we construct a bound on the change of the guessing probability for a
given change in A. To do so we first show that Pg(pag,{Pa,}i) is Lipschitz
continuous on the set of states. Consider Pg(oap,{Pa,}i) as a function of p4p.
We consider a pair p/L B pf‘ 5 and observe that

maxZTr[PA,@)PB,pAB] maxZTr Pai® Pgi(p%p + (0hs — Pop)]

{PBll . BII

< max ZTr[PAl ® PB,pAB] + max ZTr[PA, ® PB,(pAB pAB)]

{PBzz i Bll

(C.27

Let A be a diagonal matrix such that A = U (pl‘ B pi U T for a unitary U.
Let A, and A_ be the two diagonal positive semidefinite matrices such that
A = A, — A_. Note that U'A,U and UTA_U are positive semidefinite. This
implies

maxZTr[PA,@JPB,(pAB Papl = maxZTrPA,®PBLU’(A+ AU

PBI! i Btt

< max Z Tr[Pa; ® Pg (UTAL U] + max Z Tr[Pa; ® P (UTA_U)]. (C.28)

PBll n Bll
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Since POVM elements are positive semidefinite Tr[P4 ;® Pp j(U TALU)]is posi-
tive for each pair Py ;, Pp ;. Therefore Tr[}; PA7I'®PB,I'(UTA+ U)] < Tr[Y; Pai®
> Pej(UTALU)] = Tr[UTAL U] = Tr[A.]. Likewise, we have }; Tr[Pa; ®
Pp(UTA_U)] < Tr[A_]. Thus,

max Z Tr[Pa; ® Ppi(php — pap)] < TrlAL + A1 = llohs — piglh. (C29)
Biiji

Considering Egs. (C.27) and (C.29)) we can now conclude that

Po(ph g APai}) = Po(Pigs {1Pai})) < llokg — Paglh- (C.30)

By exchanging the 1 and 2 in the above derivation we obtain

g(pAB, {Paiti) — Pg(pAB, {Pa,ii) < ||pAB PABHI (C.31)

Thus,
|Po(0kps (Pai}) = Po(0% g (PaD| < lI0k 5 — P2 5ll1- (C.32)

Note that this bound is independent of {P,;};. Thus we see that Pg(pap, {Pa,i}i)
1s Llpschltz continuous on the set of states. Next we consider the pair of states

')(T) p(’b)(r) and note that the trace norm ||pffl‘;)(‘r) - pﬁflg) Ol = 2|11 = Al
Therefore

P02 (1), {Pai}i) = Po(02(0), (Pai})l < 211 = Aal. (C.33)

Thus we see that Pg(p(/l) (1), {Pa.i}i) is Lipschitz continuous in A.

We next consider how the set of optimal P-POVMs converges to {|iXi|4};
as 4 — 1 using the bound in Eq. (C.33). Consider a semi-open neighbor-
hood O; of the projective P-POVM {liXila}; such that the set S| = Hf -0
of P-POVMs not in 0, is closed. Since the set S is closed and bounded and

g(p(l) (1), {P4,i};) is a continuous function on HP there exists a maximum value
my < 1 of Pg(p{ )(v), {P4;};) on S 1, namely

= Po(0\ 2(0), (Paih) < 1.
mi {PE\I}??& ¢(045(T)> {Paiti)

Then, due to Eq. ( ,fore >0and 1 =1 - € we get Pg(pggf)(r), {Pa;}i) <
my; +2eonS; and the maximum value of Pg(p(1 E)(T), {Pa,;}i) on O is larger
or equal to 1 — 2¢. There exists a sufficiently small €; > 0 such that 1 — 2¢; =
my + 2¢;. For all € < €] the set of optimal P-POVMs belongs to O;.

We next consider a sequence of semi-open sets O; which all contain {|iXi[4};
and are such that O;.; C O;. There is a corresponding sequence of closed sets
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S H’D — O; and non-decreasing sequence of maximal values m; < 1 of

P, 1(41;(7) {P4,;};) on S;. For each m; there is an ¢; such that for all € < ¢ the

optimal P- POVMs, namely the $-POVMs that maximize Pg(png ©) (1), {Pa.i}i),
belong to O;. The sequence of ¢ is non-increasing since the sequence of m; is
non-decreasing.

Let us consider a distance measure d(-,-) on B(H,) and define a sequence
0(6;) of semi-open sets as the P-POVMs {Pa,}i such that we get d(Pa , [iXila) <
o; forany i = 1, ..., 7, for a strictly decreasing sequence ;.1 < 0; where §; — 0
asi — oo,

Then from the above argument we can conclude that, for any 6 > O there
exists a value As € (0, 1) such that, if 1 € (45, 1), any optimal P-POVM {sz},-
for this A is such that d(P{), liXila) < 6 forany i = 1,....7

Next we show that P,(pap, {Pa,};) is Lipschitz continuous as a function of
{P4,}i- In other words, we construct a bound on the change of the guessing
probability proportional to a distance measure quantifying the change of the
POVM {P, ;};, valid for any pap € S (Ha ® Hp). We select a pair {P,14,i}i’ {szl,i}"
and observe that

max Tr[P: . @ P
o Z [ A B,iPAB]

= max ZTr PA. i ®Ppipap + (PA, P; ) ® Ppipag]

{PBI i
1 2
< max Z TP, ® Piipas] + max Z Trl(Py; - PA,) ® Ppipas). (C.34)

Let A; be a diagonal matrix such that A; = U; (P1 - P2 DU, " fora unitary
U;. Let A;; and A;_ be the two diagonal posmve semldeﬁmte matrices such that
A; = Ajy — A;i_. Note that U A+ U; and U A;_U; are positive semidefinite. This
implies

maxZTr(Pgl P2 ) ® Ppipapl= maxZTrU(A,+ Ai-)U; ® Py ipa]

PBI!. BII.

<maxZ Te{U (Ais)U; ®PBlpAB]+maxZ Tt[U] (Ai-)U; ® P pap]. (C.35)

Bll< Bzz.

Since POVM elements are positive semidefinite Tr[Ul.T(A,-Jr)U i®PpipaB] 1s pos-
itive for each Pp ;. Therefore, Tr[U, (Ais)U; ® Pgipagl < Tr{U] (A)U; ®
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2 PBjpagl = Tr[Uj(AH)U,@ 1pap]. Likewise, we can write Tr[U;((Ai_)Ui@)
Pgipag] < Tr[U] (Ai)U; ® Lgpap]. Using this we find that

s Z Trl(Py; = P3.) ® Ppipas] <
Nl l.

< D MU iv + Ai)Ui @ Tppagl < ) THU] (A + A )U; © L]
l l

= 1+ Ddg D TrlAw + A ] = @+ dg Y IPy,—Pi i (C36)

where we used that Tr[1z] = (n + l)d_% and for the second inequality we have
used von Neumann’s trace inequality and that the largest eigenvalue of p4p is
smaller or equal to 1. By combining Eq. (C.34) and Eq. (C.36) we can now
conclude that

Py(pan, (Py 30 = Pelpan, {PA J) < 1+ 1)d§ Y IIPy; = P5 I (C.37)

By exchanging the {P}& ;}i and {Pf" ;}i in the above derivation we obtain
Pelpan, (P4 1) = Pelpas, {P4 )) < i+ Dd3 > 1Py, = P5 Il (C.38)
i

Therefore

IPe(pan, (Ph }) = Pe(pan, IP3 )01 < G+ D3 D IIPy; = P4 Il (C.39)

Thus we have shown that Py(pap, {Pa,};) is Lipschitz continuous as a function
of {P4;}; for any pap € S(Ha ® Hp).

We now study the guessing probability of the ensemble that we obtain ap-
plying {Pa}i € Hf on leI)g(t) given by

Py (0530 APa ki) = AP (1P o i) + (1 = DPg (1B Py 40 (D)) . (C40)

We consider Eq. ll when an optimal {PE‘A?},- is chosen. We define the
corresponding ensembles that appear in this expression 8l({P£fl).},-) = {Pi. oy i
and EI{PEN) = (P, 0 4 ,(D}i» s0 that

Py (0S50 AP ) = APE-(P ) + (1 = DP(EV (PN . (Ca1)
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The ensembles SL({PI(Q},') and 8”({P1(4’2}i) are functions on the set of optimal
P-POVMs {sz?} i for a given A. Thus the image of the function Pg(SL({PXl}}[))
over the set of optimal P-POVMs {sz},- for a given A, denoted Im(Pi,/l)(Sl)) =
{Pg(SL({P%},-)) : {Pﬁ}i is optimal}, is a subset of the interval [0, 1], namely
Im(Pg)(SL)) C [0, 1]. Likewise, the function Pg(S”({PXl}}i)) takes values in a
set Im(P}" (&) < [0, 1] for a given A.

Using Eq. we can construct bounds on Im(Pg,A)(SL)) and Im(Pz(f) (&)
for a given A. First, based on the above argument we make the following ob-
servation: for any n > 0 there exists a value 4, € (0, 1) such that, if 2 € (4, 1),

any optimal $-POVM {PX?}Z' for this A is such that ||PX2 — |iXilall1 < n for any
i = 1,...,n. Thus, by Eq. the values in the image of Pg(SL({PXl}}[))
for 4 € (4,,1) differ from Pg(SL({IiXiIA},-)) = 1 by less than n(n + l)dgn,
namely [Pg(E*((P{))) — 1| < A + 1)d3n for all optimal {P{)}; : A € (4, 1)
. Likewise, the values in the range of PAS”({PX?}J) for A € (4, 1) differ from
Po(El({liXila}i)) = Pg(Esar (7)) by less than the quantity 7i(7 + 1)d21, namely
1Po(EV(P ) - Py(Esa (1)) < (i + 1)d2n for all optimal {P{)}; : X € (4, ).
Using this we can state the following

¥6>0, A15>0: Py(E'(PN)) = PoEsa () <8, V{P))i 1 1€ (A5, 1).
(C.42)

C.6 Lipschitz continuity of Cf on the set of states

Consider a POVM {P,;}; and two states pap, pap. Let p; = Tr[Pa pap] and
Pi = Tr[P4 ipap]. Let A be a diagonal matrix such that A = U(pPap —pAB)UJf for
a unitary U. Let A, and A_ be the two diagonal positive semidefinite matrices
such that A = A, —A_. Note that UTA, U and UTA_U are positive semidefinite.
Then

Pi = pi = Tt[Pai(Pag — pap)l = Tt[P4(UTALU - UTA_U)]
< Tr[Pa;UT AU+ Te[Po,UTA_U).  (C43)

Since POVM elements are positive semidefinite Tr[P4 ;U AL U]is positive for
each Py j. Therefore Tr[Py;UTAL U] < Tr[Y; P4 UTALU] = TH{UTALU] =
Tr[A,]. Likewise Tr[PA,i(UTA_ U)] < Tr[A_]. Thus,

Tr[Pa;UTALUI+Ti[Pa;,UTA_UI<STr[A, + A=|pag — pasli.  (C.44)
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It follows that

Pi — Pi < lpa — paslli- (C.45)

By exchanging p; and p; in the above derivation we obtain

pi — Pi < lIpas — paslh. (C.46)

From this we can conclude that

|pi — pil <11PaB — paslli- (C.47)

Assume now that {Py ;}; is a P-POVM for p4p but not necessarily for pp.
We can create a P-POVM for psp from {P4 ;}; in the following way. If p; — p; >
0 we subtract (1 — p;/p;)Pa,; from P4 ; to create a new element PA,i = pi/ DiPa.i-
Let P, = Yieqivy(1 - pi/ Pi)Pa,i where the {i+} is the set of all i such that p; - p; >
Oandlet p, = Tr[P/pagl = Lie(i+) Pi — pi- If pi—pi < 0 we add (pi = pi)/(pr) Py
to P4 ; to create a new element Py ; = Pa; + (pi — pi)/(pr)Pr.

Next consider the trace distance between {f’A,,-},- and {Py4};.

pbi—Pp pPi—Pp
D WPas = Pal = j§]| L + jg]' PP p,)

i¢{i+}

_ Z’pz pi

lE l+

IPaillt + 1P, (C.48)

where we used that 344y pi — Pi = pr. Since each P, is positive semidefi-
nite with all eigenvalues less or equal to 1 it follows that ||[P4;|l1 < ns where
ng = dim(Hy). Moreover, [|P/lli = || Xiei+)(1 = pi/ PdPailll < Xietin 11 -
pil PilllPa,ill1. Therefore,

ZMPmQZ”ﬂMMmZ

ie{i+} ie{i+}

P ‘ . (C49)

We further note that p; > p; for i € {i+} and thus if p,,;, = min; p; we have that

Di > Pmin for i € {i+}. It follows that |(p; — p;)/ pil <|(Pi — pi)/ Pmin| for i € {i+}.
Hence,

Z |pi = pil < Z 1PaB = paslls

le i+} m e {i+}

2nA|50|

pmm

D P -
i

loaB — paslls (C.50)
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where || is the number of elements of $ and we have used Eq. (C.47). Thus
if {Pa,}; is a P-POVM for psp the minimum trace distance between {P4;};
and a P-POVM for p4p is upper bounded by 2n4|P|||oas — paslli/ Pmin- By an
analogous argument if {P4 ;}; is a P-POVM for p4p the minimum trace distance
between {IN’A,,-},- and a P-POVM for pup is upper bounded by 2n4|P|||oap —
0Bl Pmin

We now recall Eq. (C.32) and Eq. (C.39) from|[C.5|showing that the guess-
ing probability Pg(paBp, {Pa,};) is Lipschitz continuous on the set of states for a

fixed {PA,,'},'

|Pe(PaB, {Pa,i}i) — Po(paiPai})| < IPaB — paslli, (C.51)
and Lipschitz continuous on the set of POVMs for a fixed pap

IPo(pan, APai)) = Pelpan, (Paidd) < g ) IPai=Pailh,  (C.52)

where ng = dim(Hp).

We are now ready to show Lipschitz continuity of Cf on the set of states.
When p4p changes to pap the minimum trace distance between any £-POVM
for psp and a P-POVM for pap is upper bounded by 2n4|Pl||oas — pasll1/ Pmin-
From this and Eq. (C.52)) follows that the difference between the maximum
of Py(pap, {Pa,}i) evaluated on the set Hf(ﬁAB) of P-POVMs for pap and the
maximum of Pg(pap,{Pa,}i) evaluated on the set Hf;(pAB) of P-POVMs for
pag 1s upper bounded by 2nng|P||6as — pasll1 / Pmin- Moreover, by Eq.
the difference between Pg(pap, {Pa,i}i) and Py(pap, {Pa,}i) for any given {Pj ;};
in the union 1% (p4) U T1% (pa) of the set of P-POVMs for pp and the set of
P-POVMs for p4p is upper bounded by ||545 — paglli- In conclusion the change
of Cf when p4p changes to g4p is upper bounded by (1 + 2nng|P|/ pmin)|lOas —
paslli , namely

2
N nang|P|

IC% (aB) — C%(0aB)] < (1 )uﬁAB — paslli, (C.53)

min

Thus Cf is Lipschitz continuous on the set of states.

Using Eq. (C.53) we can make some observations about the robustness of
correlation backflows. If we have a backflow in the interval [, 7+ A7] for an ini-
tial state p4p(0), namely Cf(pA g(T+ A1) — Cf;(pA (1)) > 0, any state p/, , such
that the quantity [0’ o5 — PaB(T + ADII1 < Ppin/ Pmin + 20anpIPDICY (Pap(T +
A7) = C¥(pap(1))| satisfies C% (0, ) — C¥(pap(7)) > 0. Likewise, if we have
Cf(pAB(T +AT1)) — Cf(pAB(T)) > 0 any state p’} , such that the quantity ||p’f AB—
PaBOI < Pmin/ (Pmin + 2nansPHICY (pap(T + AT)) = Cf(pap(D))] satisfies
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C(pap(r+AT))—C¥ (0!l p) > 0. Moreover, if C% (pap(t+ A7)~ C¥ (pap(7)) > 0
any pair of states p/, , and p{p such that [|o"4p — pap(t + ADIl1 + ||0” 45 —
PaB < Pimin/ Pmin + 2nan8IPNICY (0ap(T + AT)) = C{(pap(0))| satisfies
o) = Chely) > 0.

Thus a backflow can be seen also for evolution of a perturbed initial state
p48(0) + y where y is traceless Hermitian if ||A(7 + A7, 0) @ Lg(Y)ll1 + |A(T,0)®
Lg0OI < Pmin/ (Pmin + 2nangIPDICY (pap(T+A7) = CY (pap(D). Since A(z,0)
is CPTP for every ¢ it holds that [|A(T + A1,0) @ 1(x)ll < |yl and [|A(7,0) ®
100!l < llxll. Thus there is a neighborhood of p45(0) such that all states in
this neighborhood show a backflow in the interval [7, T + At] and it includes all
states pap(0) + y such that 2|lylli < pmin/(Pmin + 2nanglPDICE (oas(t + AT)) —
Cf(pAB(T))I. Hence, this neighborhood has the same dimension as S (H4 ®H3p).

C.7 The non-differentiable case

Here we discuss the non-Markovianity measure

d
Np(A) = sup f d—Cf(pAsw))dz, (C.54)
pasar (0 J LT (pa54(1)>0 A1

and how it can be extended to work for almost-everywhere differentiable func-
tions Cf(pAS 4(1)). We also comment on how one may construct measures of
non-Markovianity based on Cf(pAS (1)) using finite differences.

First we consider the case where Cf(pAS 4(?)) is differentiable. Consider
the non-Markovianity measure introduced in Eq. (C.54) and let [71,1,] be a
closed time interval for which it holds that %Cf(pAS (1) > 0. In Eq. (C.54)
the type of integration used is not specified, but if the Henstock-Kurzweil inte-
gral is used it holds that

5}
L %Cﬁ(msw»dt = Cl(pasa (12) = Ch(pasar (1)), (C.55)
if Cf(pA sa(1)) is differentiable in [71, f,]. If the Riemann or Lebesgue integral
is used there would be the additional request that %Cf(pAS (1)) is Riemann or
Lebesgue integrable, respectively.

Next we consider the case where Cf(pAS 4(1)) is almost everywhere differ-
entiable, namely Cf(pAs (1)) 1s non-differentiable for at most a countable set
of times #;. At the times where Cf;(pAS (1)) fails to be differentiable, it is either
non-differentiable but continuous or has a discontinuity. Since Cf(pA sar(®) is
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a continuous function on the set of states it has a discontinuity only if the evolu-
tion of pag 4/ (¢) is discontinuous. To deal with these non-differentiability points,
we can define a function %Cf;(pAS 4(1))" that is equal to d%Cf(pAS (1)) for all
t for which Cf(pAs (1)) is differentiable, and is equal to zero otherwise. If we
use the Henstock-Kurzweil integral in the definition of the measure Np(A) it
is insensitive to how we define %Cf(pAg A(1))* in the countable set of #; where
CAP(pAS (1)) is not differentiable. Thus, we can define the measure

d .
Np(A) = sup f d_CZ;(PASA’(I)) dt+ZA+(ti), (C.56)
Pasar (0) J L (pasar ()*>0 41 i

where A, (t;) is the value of a discontinuous increase of CZ‘)(pA sar()) at a time ¢;.
This definition reduces to that of Eq. when CAP(pAS (1)) is differentiable.

For the case when Cf(pA sa/()) is not almost everywhere differentiable the
measure in Eq. (C.50) is not well defined. In this case one can resort to fi-
nite difference methods to estimate the amount of non-Markovianity in a given
interval. A simple measure of this kind is

Np finieA) = sup {0, Ch(pasa (t7)) — Ch (pasar (), (C.57)
PasarO) i<ty

where #; and 7y and belong to the interval of interest. We know that if the
evolution is non-Markovian there always exists at least one ¥, some ancil-
las A and A’, an initial state pss4-(0) and a pair of times #; and ¢y such that
Ch(pasar(tp) = Ch(pasa (1)) > O (see Theorem|14). Therefore, Np,finire(A) >
0 if and only if the evolution A is non-Markovian.

C.8 Problems to witness any non-Markovian dynamics

In Section @] we shgwed that for any non CP-divisible intermediate map V; g
an ensemble of states Eg4 = {pi, Psa.i} exists such that the guessing probability
Pg(ag 4) increases in the time interval [s, f]. A natural question is therefore if
a correlation measure of the type defined in Eq. , namely C¥ can show
revivals when Pg(gs A) Increases.

A first attempt in this direction could go as follows. The idea would be to
mimic the previous results for Cf) by using as initial probe a state consisting
of the ensemble states gs A = {pi,psa.i}i for systems S and A’ correlated with
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orthogonal states on A according to the probabilities in the ensemble. Unfor-
tunately, this approach does not work. In fact, we show that for a classical-
quantum state pp of the type

PAB = Z piliXila ® psai. (C.58)

the ensemble that maximizes Pg(pap,{Pa,}i) is not defined by the projection
{liXila}; in system A. We show this by constructing a counterexample. Consider
the state

pag = pill)\1|®p1 + p2l2)2| ® p2 + p3I3)(3| ® p3, (C.59)

where 2p3 > p; > 2p, and

L9 10 00
_ 2 _ _

=)

For this example we can directly find P,. To do so, we use that P, is the
solution to a convex optimization problem where strong duality holds, namely
P, is the solution to the dual optimization problem [YKL75, [EMVO3]. The
dual formulation of P, is

P, = n}gnTrK s.t. K> pp; Vi. (C.61)

For the output ensemble & = {{p1, p2, p3}, {01, 02, p3}}, achieved by the P-
POVM {|1)(11,12)¢2|, [3){3}, it can be seen that P, = p1/2 + p3 by directly con-
structing the optimal K. However, for the output ensemble {{p;, p2, p3}, {(1 —
P2/ p1)p1+p2/p1p2, P1,p3}} achieved by a non-projective P-POVM of the form
{(1 = pa/pD)IYA] +12)¢2|, p2/p111){1], |3){3]} the construction of the optimal K
gives P, = p1/2 + p2/2 + p3. Thus, in general the maximization of P, over
Hf\(pA) does not produce the desired ensemble for systems S and A”.
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Appendix D

Appendix of Chapter [6

D.1 Derivation of Eq. (6.8)

To cast inequality into the equivalent form (6.8)) let us first consider the
case where f(s) > 0. Under this condition forces f(¢) to belong to the

interval [— dfz(f)l , f(s)] which is centred on the point
1 £(s) > -2
=_ - = , D.1
fu =3 (f(s) i 1) TS (D.1)
and has width
_ fls) &
W=f(s)+ 5o = = f(s). (D.2)
Accordingly imposing f(¢) € [— j;(f)l , f(s5)] is equivalent to require
() = ful < W/2, (D.3)
that is
2(d® = Df @) = (@ =D f ()] < (), (D4)
which corresponds to (6.8). Similarly if f(s) < 0, Eq. forces f(1) to

belong to the interval [ f(s), — L{z(f)l] which can still be expressed as in |i by

observing that fj, is still as in while W becomes

f(s) &
-1 MY TTE

In this case hence we get
2(d* - D) - (d* = 2)f(s)] < =d*£(s), (D.6)

which corresponds to (6.8) for nonpositive values of f(s).

f(s) . (D.5)
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D.2 Non-convex geometries of the Markovian and non-
Markovian sets

From the results of Ref. [WECCOS]] it follows that neither the Markovian sub-
set IEM nor its complement IEV™ are convex (or equivalently that IE¥ is neither
convex nor concave). In Sections and [D.2.2)we show that the same prop-
erty holds also for the Markovian and non-Markovian parts of the depolarizing
trajectories D.

D.2.1 Non-convexity of DV

Consider the pair of non-Markovian depolarizing evolutions DV*:! and DVM-2
with characteristic functions
FYMYG) =041 — 1) + Oyt — 1) cos2(t — 1), (D.7)
M2y =01 — 1) + Ot — D sin®(t - 1), (D.8)

where 0y(t) = 1 for 7 > 0 and 0y(7) = 0 for 7 < 0. The characteristic func-
tions fNM1(r) and f¥™2(t) belong to §F but fail to fulfill the conditions
for all ¢, hence they are elements of FVM . Interestingly these two evolutions are
maximally non-Markovian. Indeed, they show infinitely many non-Markovian
gaps AP = 1 while being positive and continuous. fV™!(r) is continuous
at any time and f¥™2(¢), even if it is not continuous at ¢t = I, belongs to
the family described in Eq. (6.101). Hence, since for both of them we have
ANM = AkN M = 4o, they assume the maximal value for the measure of non-
Markovianity p(D¥™!|DM) = p(DVM2|DM) = 1 (see Eq. (D.28))). Nonethe-
less, the convex combination f(f’)(t) =(1-p) fN M)+ p fN M.2(¢) is Markovian
for p = 1/2. Indeed, we have

1 te][0,1],
Op(t—1
f(l/Z)(t) =01 —1)+ —H(2 ) = (D.9)
Iot>1,
which is an element of ¥ with a Markovian discontinuity at ¢+ = 1 (indeed
§(f(1/2)(1)) = 1/2 € Jp). Accordingly the process (DNM:1 4 pNM.2y /3 g an
element of DY proving that DV is not closed under convex combination.

D.2.2 Non-convexity of DY

Focusing on the qubit case d = 2, we show an example where any non-trivial
convex combination of two Markovian depolarizing evolutions provide a non-
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Markovian depolarizing evolution, with the generalization for d > 2 being triv-
ial. Therefore, this proves that the Markovian set of depolarizing channels is
non-convex and that the two Markovian evolutions used in this example belong
to the border of the Markovian set E.

Consider two Markovian qubit evolutions D*! and DV defined by the
characteristic functions f™!(r) and f™-%(¢), respectively. First, we fix f*1(¢) =
1 for all # > 0. Notice that Dﬁw’l(-) = Ig(-) is the identical map for any ¢t > 0.
Secondly we take

1 t < Inci
Miey={ ~1/3 r€(tvertncal s (D.10)
1/9 > 1Incp

which exhibits Markovian discontinuities

1

1
ES M aven) = €M ineo) = - = -3 (DD

The convex combination D = (1 — p)DM! + pDM? is characterized by
P = (1 = p) M) + pfM2(r). While the discontinuity that f%)(r) shows
att = tyc,1 is always Markovian, at ¢ = fyc we have

9-8p
9-12p

EfPAtycn)) = ¢Jp, Ype(0,1). (D.12)

Indeed, £(fP(tyc2)) > 1 for any p € (0,3/4), £(fP(tncp)) < —1/3 for any
p € (3/4,1) and it diverges for p = 3/4: lim,_,3/4+ f(f(p)(th,z)) = 00 (see
Fig. [D.1). Therefore, any depolarizing evolution D obtained by the non-
trivial convex combination of the Markovian depolarizing evolutions D™:! and
DM? is non-Markovian.

D.3 Markovian and non-Markovian positive depolariz-
ing evolutions

We define D, c D to be the class of positive depolarizing evolutions which is
defined by non-negative characteristic functions, namely the set ;. C § made
by the elements of § that are non-negative for any ¢ > 0. Given the defining
feature of the elements of the &, it is clear that the positive depolarizing evo-
lutions form a convex set. We define DY to be the Markovian subset of D,
which is in one-to-one correspondence with the set of characteristic functions
M < M. Similarly, we define DY and FYM.
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Figure D.1: Plots of flM (1) = 1 (orange), sz () (purple) and P =p flM (1) +
(1 = p)fM() for p = 0.75 (red), where tyc,; = 1 and tycp = 2. While [ (1)
satisfy the conditions (6.10) at any time, this is not the case for fO73(r): it

shows a non-Markovian discontinuity at tyc2 = 2 when CM2(2) is violated.
Indeed, fO79(27) = 0, FO79(2%) > 0 and £(f©7(2)) = +co.

The characteristic functions of . are in general non-continuous. Indeed,
we require that &( fM () € [0, 1] for any ff” (1) € iﬂ” and t > 0. Analogously,
E(FMM(1)) € [0, +oo] for any VM () € F¥M and t > 0. A negative value of
&(f (1)) implies that f(f) changes sign at time ¢ and this circumstance cannot
occur for positive f(f). A straightforward calculation shows that P () = (1 —
12 ff’l’l(t) +p ff“(t) cannot show non-Markovian discontinuities and more in
general cannot be non-Markovian. Hence,

e DD, is convex,
e D is closed and convex,
e DYM is open and non-convex.

We remember that the set of continuous depolarizing evolutions D¢ has a
convex Markovian subset that we called ]Dé” . The set of characteristic func-
tions that corresponds to D is F¥, which is the collection of non-increasing
continuous non-negative functions fé"’ (7). Therefore, we can conclude that

DY c DY, (D.13)

where DY \ ]Dé’l is given by those evolutions of DY that show at least one
(Markovian) discontinuity. Moreover, since no fN™ () € F¥M can assume
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negative values, it is easy to see that IDgM ¢ DYM DM ¢ ]DgM and DYM n
]D]C\fM # (0, namely the intersection is not empty.

D.3.1 Positive non-Markovian characteristic functions

We study the value of p(DYM|DY) when DY € DY, namely a non-Markovian
depolarizing evolution with a positive characteristic function f¥™(¢) € VM.
Therefore we have to consider the convex combination () = (1-p) ¥ (t)+
pfM(#) and evaluate the smallest p for which there exists a fM(r) € F that
makes fP)(f) Markovian, more precisely an element of .

Similarly to the previous sections, we define T¥ and AMM exactly as in the
continuous case, namely the collection of the time intervals T,: = (t](f"), t]({f i"))
where a non-Markovian gap AkN M > 0 is shown while the non-negative £ (1)

is continuous. Analogously to Appendix we introduce

L
AY e[-1,0], AM = ZA,’(” €[-1,0], (D.14)
k=1

A

0 is the gap that fM(f) describes when

where AM = fM@I™y — My <
FNM(1) is increasing.

Moreover, we introduce Wfrv M {tr;}; as the discrete set of times when
FNM(£) shows a non-Markovian discontinuity, namely such that £(fM(1;)) €

(1, co] (remember that &(f fr\’ M (1)) and ff] M(t) itself cannot be negative). Analo-

gously to AYM we introduce the quantities
VM= fMMEty - (MM >0, (D.15)
= fMah - @) <o, (D.16)

respectively the non-Markovian gaps shown by ¥ (t) and the Markovian gaps
shown by f f” (7) at the times when ffrv M (t) has non-Markovian discontinuities.
Moreover,

M anw >0, (D.17)
M= M e[-1,0], (D.18)

are respectively the sum of all the non-Markovian jumps shown by f¥¥(t) and
all the Markovian jumps shown by fM(r). Notice that, since f™(t) is non-
increasing, AM 4 M ¢ [—1,0 Indeed, it is easy to show that, in order to

I'This quantity can be equal to -1 if and only if £ (f) is constant for those times when f¥¥(¢)
behaves as a Markovian characteristic function.
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calculate p(DﬂY M |]Df’ ), by considering ff” () with (Markovian) discontinuities
for some ¢t ¢ WM we do not obtain an advantage. More precisely, we have to
consider fM(t) that show Markovian discontinuities if and only if € WM.

A necessary condition to make f")(f) Markovian is that p > p, = (AMM +
avMy /(1 + ANM + 7NM) This relation is obtained as Eq., where we also
require that ﬂgp ) = - p)ﬂ'?/ My piTlM < 0, namely that the discontinuities of
£P)(t) are Markovian.

In order to evaluate the measure of non-Markovianity of fV¥(z), we adapt
the tools introduced in Appendix (where we studied non-negative contin-
uous non-Markovian characteristic functions) to implement the cases where
FNM(£) shows non-Markovian discontinuities. We define g¥(¢) as the follow-
ing function

1 t<t,
gl (@) = (VM (1) = PYME™)) J(ANM + 2N e Ty (D.19)
g+M(Ti_)—7r§VM/(ANM+7rNM) t=1;.

where t; = min{Tl,t(li") }. It is easy to see that Eq. is obtained from
Eq. by replacing AV with AN 4+ 7¥M and by implementing the Marko-
vian gaps M = —gVM J(ANM 1 7NM) that g} (r) shows when fM (1) shows a
non-Markovian discontinuity. Moreover, we notice that by considering g (¢)
we have AY + 7 = —1. The function fP(t) = (1 - p)fNM(t) + pgM(t) be-
longs to Y for any p > p,, where fP+)(¢) is constant for any t € T and
continuous for any t € W¥M_ Finally, we can state that

ANM | NM
p(DYM DY) = T3 ANM 5 7N (D.20)
and therefore this measure of non-Markovianity depends on the non-Markovian
gaps shown by the non-Markovian characteristic function (in this case AVY +
VM) as in the continuous case.

We notice that, while for continuous depolarizing evolutions p(DIgM DMy =
p(DXMDY) (see Section , in the case of positive depolarizing evolutions
we have p(DﬂY MDM) < p(D M |1Dﬂf[ ). We present a simple example that shows
this feature. Consider f¥(r) with (i) a single non-Markovian discontinu-
ity WfrVM = {r}, (ii) no non-Markovian intervals of non-Markovianity T]iVM
and (iii) such that ffrVM (t) = 0 for any ¢+ > 7. In this case we have that

gM(t) = 1 for any ¢t < 7 and g(t) = O for any ¢ > 7. Therefore, we obtain
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p(DYMIDMy = 7VM /(1 + 7¥M), where x"M = fNM(7*) — f¥M(z7). By con-
sidering the non-positive Markovian characteristic function gM M=1fort<r
and gM(r) = —1/(d> - 1) for ¢ > 7 we havef]

7TNM

NM M
—— < p(DYMDY).

p(DYMDM) =
1+ dz_—l + 7

D.4 Multiple non-Markovianity time intervals for pos-
itive characteristic functions

Here we extend the construction of Section [6.4.1]to address the general case of
continuous non-Markovian characteristic functions of the form (6.38), namely
which are positive and which have an arbitrary (possibly infinite) number L > 0
of intervals 7, = (tl(:"), t](cf m)) of non-Markovianity. As in the previous section
for each of the intervals 7, we introduce the gaps

A= ™) - ;. (D.21)
AP = PG - (PG = (1 - paAV 4 pAl . (D22)

with A;{V M the positive quantities defined in li Observe that, due to the fact
that f2(r) is in ', the A} are all non-positive while their global sum is larger
than —1, namely

L
AMel[-1,01, AM= ZA,i” e[-1,0]. (D.23)
k=1

This is just a consequence of the fact that the maximum gap of a continuous
Markovian characteristic function is at most equal to —1. A necessary condition
for the Markovianity of 1{5 )(t) can then be obtained by imposing that A,ip ) <0
for all k, which in turn implies

L
02 Y AP = (1-pa+patM (D.24)
k=1
ANM ANM

= p> > = s D.25
P2 M AN Z T = Pee (D)

2 We think that it is not necessary to prove that there are no f¥(¢) € ¥ that are able to make
fP(f) Markovian for smaller values of p.



240 Appendix of Chapter|€|

where [D.25| we used (6.36) and (D.23).

Now we show that a g M) € 8M that makes f(p )(t) Markovian for any
p > pr exists. We consider the following monotonically decreasing function

(in)

1 t<[
1—(fNM(t) fNM(r(""))) AN eT
(fin) (m) +

(l(fm) (fNM(l) fNM(t(m))) /ANM te T]:—

that we define constant and equal to g~ (t (fim) | ) in the intervals [z (fin) (i")] for

k=1 °
k=1,..., L. Therefore, the temporal derlvatlve of g M(t) is particularly 51mple
— MM IV re T
gl () = (D.27)
0 otherwise.

As a consequence, for t € T,", the function g’ M) decreases by a factor pro-
portional to the increase of fN M(#) in the same time interval, namely A =
—AkN M/ANM < 0. An intuitive explanation for the form of g M) is the fol-
lowing. The “resource” of a continuous Markovian characteristic function
to contrast the non-Markovianity of fév M(#) is its distance from zero. Once
that fév M(t) decreases, it cannot increase again. Therefore, to efficiently use
the maximum available gap allowed for Markovian characteristic functions,
namely AM = —1, gé” (?) is constant whenever fé\’ M (t) behaves as a Markovian
characteristic function. Instead, when this behavior is non-Markovian, glgM @)
decreases accordingly to the increase of fN M(t) in order to make their convex

sum £ )(t) =({1-p) fév M) + pgg () constant for the smallest value of p. This
proves that for the continuous depolarizing evolutions defined as in Eq. (6.38)),
p(DXMDY) = p;. Therefore, the corresponding non-Markovianity measure

(6-30) is equal to
ANM
p(DMDE) = pr =

which corresponds to Eq. (6.37).

—_—, D.28
1 + ANM (D-28)

D.5 Removing the finite 7 constraint

In Section [6.4.2] we have assumed m to be explicitly finite, a useful hypothesis
which allowed us to assume the existence of (6.52) and to express its value
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as in (6.63). It turns out however that this assumption is not fundamental and
that Eq. (6.50) holds true also if we drop it. In order to show this, instead of
studying the Markovian character of ép )(t) for all # > 0, we limit the analysis
for just all # < T with T being finite quantity. Observe then that the number
m(T) of time intervals TJ.‘ = (t;i") , tj.f m)) contained into domain [0, T'], where
the characteristic function fév M(t) is negative and decreasing, is by construction
finite. Same considerations holds for the total number 72(T) of the time intervals
T; = @".%/™) when fYM(r) < 0 and fY¥(r*) > 0 and which fit on [0, 7.
Following the same reasoning we adopted in the previous section, the following
relations can then be derived

My = MMy +0MM(T) (D.29)
1> AT+ 1M, (D.30)
with
SM(T) = 27:(? sM<o0, o"M(T)= 27:(? s >0,
ONM(T) = z’;’z({) @M <0. (D.31)

Furthermore Eqgs. (6.58)) and (6.62) get replaced by

(1= p)s"™(T) - pls™(T) < 0, (D.32)
~(1 = p)( "™y + O"M(T)) - pf(T) < 0, (D.33)
that summed up term by term lead to
NM
0"~ (D)l (D.34)

> - 7
P = ey’

which is a necessary condition to have fép )(t) Markovian at least on [0, T].
Following then a construction which is analogous to the one given in (6.66) we
can also show that indeed the right-hand-side term of (D.34) is the minimum
value for p to ensure the Markovianity of fép )(t) on [0, T']. The final result thus
can be derived by taking the limit 7 — oo which leads to (6.50) where now
O™ is properly computed as VM = limy_,., ®V¥(T). Notice in particular
that having extend to the case of infinite m it is now possible that |@"|
will diverge (a case that for instance happen whenever fév M(#) has infinitely
many — not properly dumped — oscillations) leading to the maximum value for
the measure of non-Markovianity, namely p(DX|DY) = 1.
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D.6 Uniqueness of the optimal continuous Markovian
characteristic function

We consider the evaluation of p(DgM |]D’g ) when DgM € ]DgM and fév 0
is the corresponding continuous characteristic function. For the purpose of
evaluating this quantity, in Section we saw that its value is given by
I'M /(1 + TNM) and a continuous characteristic function that makes the cor-
responding f(f’)(t) Markovian for p = p(ngMl]Dé”) is hé”(t) (see Eq. ). In
this section we show that hg (¢) is the only continuous Markovian characteristic
function that makes f”)(t) Markovian for any p > p(Dé’M |1Dg4 ).

Any continuous Markovian characteristic function fg” (t) assumes values in
[0,1] and is non-increasing. Let start noticing that, if f¥(f) decreases while
hg () is constant, given what we discussed in Section we conclude that the
former has no chance to perform better than the latter. Therefore, consider a
time interval (f1,17,) of non-Markovianity where 2)(r) < 0 and f¥™(r) > 0.
If for some ¢ € (#1,1,) we have hg’ (1 < fé” (f) < 0, the fP)(¢) obtained with
fé” (#) has a time derivative that can be made non-positive for larger values of
p if compared with the f)(¢) obtained with hlg (1). Therefore, in this situation
fg’ (?) is less efficient than hé” (f) to make f”)(r) Markovian.

Consider a time interval of non-Markovianity (t(i"), tl(cf m)) where we have

fCM (1) < hé” (1) < O for some ¢ € (tl(:") , t,(f .i")) and fé"’ 1 < hé” () < 0 for every
t e (@™, t,Ef My, Assume that f¥(f) > 0 and therefore lim,_c (0 = 0.
Using the notation introduced in Egs. (6.33)), (D.21)) and (D.22)), we see that by
using h¥ (¢) all the A/((p ) are non-positive for p > p(DXM D), while they are all
positive for p < p(Dé’M |1D[g[ ). In the case of the fé” (#) described above, we may

have that someA(kp )(t) can be made non-positive for some p < p(DIgM I]ng ).
Since }}; AQ’[ € [-1,0] and by considering that with hg[ (r) we have ) A]k” =
—1, there must be a kK’ # k such that the value of |A}/| obtained with fX(z) is
smaller than the one obtained with hg (). Hence, while hé’l (t) can make f(p)(t)
Markovian for p = p(DgM De), fé” (t) cannot do the same. A similar argument
can be used for fVM(f) that assume positive and negative values.

Finally, since any characteristic function £¥(z) that makes f(r) Marko-
vian for p = p(D"M IIDg ) cannot have a time derivative different from hé” (1),
h% (7) is the only continuous Markovian characteristic function that is opti-
mal to make f(”)(t) Markovian, namely f(”)(t) can be made Markovian for
p = p(DXM|D¢) with a continuous characteristic function if and only if we
consider hg (#). In particular, given the results of Section we can state that
the optimal Markovian evolution needed to evaluate p(DY"|DM) is unique and
defined by A (1).

c |
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D.7 Different vectors of signs for () and f(z)

We consider () € Ty for some oy, where £ (1) € Y for some o # 0.
In the following, b is always the index attached to f)(r) and a is always the
index attached to £M(1).

First, we make the following consideration. In the case that f¥(¢) violates
the conditions of Markovianity given in Eq. (6.10) in a time interval in T¢;,
then we must consider 0,; = op;. Indeed, if sign( M) = —sign(fMM(1))
and VM (1) shows a non-Markovian behavior while being continuous at time z,
f (P)(£) can be made Markovian at time # if and only if sign(f (1)) = sign(f M(1)).
Therefore:

(A) If T, is a time interval when fN M (f) behaves as a non-Markovian char-
acteristic function, then o ; = 07 ;.

Therefore, if o, and o, do not satisfy (A) for at least one time interval Tc; we
set pap» = 1 because fj” (f) cannot make P (1) e &f” .

D.7.1 Times of continuity

Let us consider o, and o, that satisfy (A) for each T¢; and define the optimal
fcf” (¢) for a generic time interval Tc; when o,; # 07p;. During this time interval
F¥M(f) behaves as a continuous Markovian characteristic function and there-
fore cannot change its sign. As a consequence, we must be in a situation where
ai = ~0p,; while sign(£2(1)) = o7, and sign(fM (1)) = sign(fP(1) = 0.
Therefore, with opposite signs, £ (¢) and V¥ (t) are approaching continuously
zero and we need to make their convex combination be of the same sign of
FYM@).

We study the scenario where 0, ; = +1 and o,; = —1, where sign( ff” () =
+1 and sign(fN™ (1)) = sign(fP(¢t)) = -1 for any ¢ € [tyci-1,tnc] (the same
results can be derived for sign( fj” ()) = —1 and sign(fV™ (1)) = sign( FfP1) =
+1). We write fM(tyc) = 1fM(tne)l = 1fM(tnci-1)| — da; and moreover we
have f"M(inci) = —If"M(inea)l = =1 (tnei-)l + 6V, where 67,6V >
0. Indeed, between tyc;—1 and tyci, fM(t) > 0 decreases and f¥™(r) < 0
increases. Therefore, if we consider the value of fcf” (tnc,i-1) fixed by the study
of the time interval [fyci-2,fnc,i-1], We have to study for which values of p
the function f(f’)(t) in negative and non-decreasing in [fyci-1,¢nc,i], When 65”
varies. These two conditions can be respectively written as:

p< LM (tne )l <1 (D.35)
T M) + MM vl - oM T '
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p < 5£VM N 5?4 <1, (D.36)
which are upper bounds for p. This is the first time that we obtain upper bounds
on p rather than lower bounds. The reason of this new situation is given by the
fact that we impose FP(1) to have the same sign of f¥M(¢) and the opposite
sign of £M(r). Hence, this condition cannot be satisfied if p is too large and it is
surely verified when p is small enough. Notice that (D.35) provides the largest
interval of validity when 6/ is as large as possible, namely | V™ (tyc,)| - 6¥ =
0, while for (D.36) we have the opposite situation. Since they are both upper
bounds, 65"1 = 0 may seem the best choice. Nonetheless, we have to consider
that (D.35) have to be consistent with the lower bounds on p that we obtain
when we impose Markovianity for f”)(¢) in the other time intervals and times
of discontinuity. As a consequence, the choice of (55"1 is not obvious, and we
have to implement a variable 6?4 that we fix when we calculate p, ;. Therefore,
for each time interval where o, ; # 0,; we introduce a parameter 51M and fé"’ ()

has to be parameterized by this set, namely £ (1) = fM(t,{6¥};).
Notice that, for the time intervals when instead we have o,; = 07 ;, we use
the conditions introduced in Table Therefore, we defined the behavior of

"M () for all the times ¢ € Wc.

D.7.2 Discontinuities

Let us consider those discontinuities that cannot be described by Tables[6.2]and
[6.3] namely those times #yc,; such that:

Oai-1= —0pj-1 and o4 = Op;
Oai-1~= Tpi-1 and Oai= —O0p; . (D.37)
Oai-1 = —0Opi-1 and 04 = —0p;

These discontinuities, analogously to and (D.36), often provide upper-
bounds for p. Consider that, if there is just one time interval where the cross-
diagonal conditions of Table @ occur, we obtain a lower-bound p > p,, =
A/(1 + A). Moreover, lower-bound conditions are obtained when we consider
Tables [6.2] and [6.3] (while does not apply). Moreover we notice that
we must have at least one lower-bound condition, otherwise p = 0 would be
consistent with fP)(7) being Markovian, which is a contradiction. Therefore,
we may be interested to maximize py;,, as a function of &( f[f” (1)) in order to
make it compatible with one or more lower-bound conditions. In several cases
given by Eq. this result is obtained for &( faM (1)) = 0. Therefore, there is
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a trade-off between p;;;,, and the ability of f‘f” (f) to make fP)(¢) for later times.
We conclude that, for each Markovian and non-Markovian discontinuity of type
|i we introduce a parameter E; that defines the value of (£ (tyc ).

D.7.3 Evaluation of p,,

Therefore, having 0'a # o0 such that condition (A) is satisfied, in general we

need to consider an £ (¢) that de ends on the pararneters A (see Sectlon
{Z;}; (see Sections [6. 7 2 and 6M (see Section and { _.,} (see Sec—
tion[D.7.2)) and p, is obtained by the optimization

pap= min _ ApLATAG: i () € 8ol £V € B (D3B)

107 B (Eii

It is plausible that, even if condition (A) holds, the maximization required for
Da.p has no solution. Indeed, the upper-bound and lower-bound conditions dis-
cussed above may not be made compatible for any fM(r) € M.
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