UCA

Université A

THESE Grenoble Alpes

Pour obtenir le grade de

DOCTEUR DE L'UNIVERSITE GRENOBLE ALPES

Spécialité : Physique Théorique
Arrété ministériel : 25 mai 2016

Présentée par

Julian WECHS

Thése dirigée par Cyril BRANCIARD, Chargé de Recherche,
Université Grenoble Alpes

et codirigée par Alexia AUFFEVES, Université Grenoble Alpes
et Mehdi MHALLA, CNRS

préparée au sein du Laboratoire Institut Néel
dans I'Ecole Doctorale Physique

Relations causales multipartites en théorie
quantique

Multipartite causal relations in quantum
theory

These soutenue publiqguement le 9 mars 2020,
devant le jury composeé de :

Monsieur CASLAV BRUKNER

PROFESSEUR, UNIVERSITE DE VIENNE - AUTRICHE, Rapporteur
Monsieur PABLO ARRIGHI

PROFESSEUR, UNIVERSITE AIX-MARSEILLE, Président, Rapporteur
Monsieur NICOLAS BRUNNER

PROFESSEUR ASSOCIE, UNIVERSITE DE GENEVE - SUISSE,
Examinateur

Monsieur SIMON PERDRIX

CHARGE DE RECHERCHE HDR, CNRS DELEGATION CENTRE-EST,
Examinateur

Monsieur AURELIEN DREZET

CHARGE DE RECHERCHE HDR, CNRS DELEGATION ALPES,
Examinateur






Abstract

In recent years, the investigation of causal relations in quantum theory has attracted a lot of
interest. In particular, it has been found that it is possible to conceive of scenarios where some
parties perform operations that are compatible with quantum theory locally, but that cannot be
embedded into a global background causal structure. Such indefinite causal structures are of
interest from a fundamental point of view, but also from the perspective of quantum information
processing, since they do not fit into the usual paradigm of quantum circuits, which assumes a
definite causal order. The main aim of this thesis is to study indefinite quantum causal relations
involving more than two parties. Compared to the bipartite case, there are many new aspects
and complications that arise in multipartite situations, which need to be clarified in order to
fundamentally understand quantum causal structures, and to shed light on their implications

and potential usefulness for quantum information processing.

A suitable mathematical framework for the investigation of quantum causal relations is the
process matriz formalism. In this framework, the notion of causal nonseparability was introduced
in order to qualify scenarios that are incompatible with a definite causal order. In Chapter 2, we
study how to generalise this concept to the multipartite case, how to characterise multipartite
causally (non)separable quantum processes, and how to certify multipartite causal nonseparability.
Another important topic is to determine which quantum scenarios with indefinite causal order are
physically implementable, and how they can be realised concretely. In Chapter 3, we introduce
two new classes of physically realisable multipartite quantum processes, and characterise them
in terms of their process matrix descriptions. In particular, we define the class of quantum
circuits with quantum control of causal order. The simplest example of such a circuit is the
quantum switch, a protocol in which the order between two operations is controlled by a qubit
in a superposition state, and which defines a causally nonseparable process. The class we
introduce also contains more general examples of causally nonseparable processes with new
features. We then show how the process matrix characterisation of this class allows us to search
for new quantum information processing applications of causal nonseparability. In Chapter 4, we
investigate a particular quantum communication effect in a scenario involving coherent control
between two quantum channels. This leads us to a more general analysis of the notion of a
coherently controlled channel, which involves certain subtilities. In Chapter 5, we turn to another
problem that arises in multipartite scenarios, namely whether a given phenomenon is genuinely
multipartite or not. More particularly, we study genuinely multipartite (non)causal correlations.
In Chapter 6, we show that anomalous weak values are possible without post-selection. In
Chapter 7, we show that certain tripartite process matrices, namely those that are unitarily
extensible, have a realisation on so-called time-delocalised subsystems, i.e., quantum subsystems
that are not associated with a definite time. The class of unitarily extensible tripartite process
matrices is larger than the class of quantum circuits with quantum control, and in particular

contains processes that violate so-called causal inequalities.



Résumé

Ces dernieres années, une grande attention a été portée a I’étude des relations causales en théorie
quantique. Plus particulierement, il a été montré qu’il est possible de concevoir des scénarios
dans lesquelles des parties réalisent des opérations qui sont compatibles avec la théorie quantique,
mais qui ne peuvent pas étre intégrées dans une structure causale globale. De tels ordres causaux
indéfinis sont intéressants d’un point de vue fondamental, mais aussi sous I’angle de 'informatique
quantique, étant donné qu’ils sortent du paradigme habituel des circuits quantiques, dans lequel
on présuppose un ordre causal bien défini. L’objectif principal de cette theése est d’étudier des
relations causales indéfinies dans des scénarios comportant plus de deux parties. Comparées
au cas bipartite, les situations multipartites font apparaitre des aspects et problemes nouveaux
qui nécessitent d’étre clarifiés afin de comprendre fondamentalement les structures causales
quantiques indéfinies, et de mettre en évidence leurs implications et leur utilité potentielle pour

I'informatique quantique.

Une approche particuliere pour étudier des relations causales quantiques est le formalisme
des matrices de processus. Dans ce formalisme, le concept de la non-séparabilité causale a
été introduit afin de qualifier des scénarios qui ne sont pas compatibles avec un ordre causal.
Dans le chapitre 2, nous étudions comment généraliser ce concept au cas multipartite, comment
caractériser des processus multipartites causalement (non)-séparables, et comment certifier la
non-séparabilité causale multipartite. Un autre sujet important est de déterminer quels scénarios
quantiques avec un ordre causal indéfini sont physiquement réalisables, et comment ils peuvent
étre réalisés concretement. Dans le chapitre 3, nous introduisons deux nouvelles classes de
processus quantiques multipartites qui sont réalisables en pratique et nous caractérisons les
matrices de processus correspondantes. En particulier, nous définissons la classe des circuits
quantiques avec un ordre causal controlé de maniére quantique. L’exemple le plus simple d’'un
tel circuit est le quantum switch : un protocole dans lequel 'ordre entre deux opérations est
contrélé par un qubit dans un état de superposition, et qui définit un processus causalement
non-séparable. La classe que nous introduisons contient des exemples plus généraux de processus
causalement non-séparables avec de nouvelles propriétés. Nous montrons ensuite comment la
caractérisation des processus de cette classe nous permet d’étudier de nouvelles applications de la
non-séparabilité causale. Dans le chapitre 4, nous étudions un effet particulier de communication
quantique dans un scénario avec un contréle cohérent entre deux canaux quantiques. Ceci
nous conduit a une analyse plus générale de la notion de canal quantique controlé de facon
cohérente, qui implique certaines subtilités. Dans le chapitre 5, nous abordons un autre probleme
inhérent aux scénarios multipartites, qui est de savoir si un phénomene donné est véritablement
multipartite (« genuinely multipartite ») ou non. Plus particulierement, nous étudions des
corrélations (non)-causales « véritablement multipartites ». Dans le chapitre 6, nous mettons
en évidence que des valeurs faibles anormales sont possibles sans post-sélection. Enfin, dans
le chapitre 7, nous montrons qu'une certaine classe de matrices de processus tripartites, a

savoir celles qui sont unitairement extensibles, ont une réalisation sur des sous-systémes dits



temporellement délocalisés, c’est-a-dire des sous-systemes quantiques qui ne sont pas associés
a un temps bien défini. Cette classe est plus grande que la classe des circuits quantiques avec
un ordre causal contrélé de maniere quantique. Un point intéressant est qu’elle contient des

processus qui violent des inégalités causales.
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Introduction

The concept of causality is essential to physics, and to our perception of the world in general.
Our usual understanding is that events are embedded into a definite causal order. That is, they
are ordered according to some time parameter, such that the events in the past can influence
the events in the future, but not vice versa. We are all familiar with this idea from everyday
experience. For example, the rising of the sun causes the rooster to crow, but whether the rooster

crows or not does not have any influence on the sun.

One may now wonder whether this concept is really fundamental, or whether one could think of
some scenario which is not compatible with such an underlying background causal structure.
This question is particularly interesting when we turn to the quantum world, where many things
are strange and counterintuitive—for instance, physical quantities can be subject to uncertainty
and in superposition states, which leads to phenomena fundamentally different from classical
physics. This raises the question of whether the causal structure between events can itself be

subject to quantum effects in a similar way.

On the one hand, these issues are relevant for the foundations of physics. Questions of that
kind arise, for instance, at the interface of quantum theory and gravity, where situations like a
“quantum superposition of spacetime geometries” that lead to indefinite causal relations could
appear [1]. One of the motivations for studying indefinite causal structures is therefore the
hope for new conceptual insights into the relationship between general relativity and quantum
theory, which could lead to progress in the attempts of combining both to a quantum theory of

gravity [2].

On the other hand, these questions have implications for quantum information theory. The
standard paradigm in quantum computation is that of quantum circuits, which assumes a definite
causal structure. In this framework, one considers sequences of transformations (“quantum
gates”) that are applied to quantum systems in a causally ordered way—a certain quantum
gate is applied either before or after the others. An interesting perspective, motivating the
investigation of quantum causal relations from a more applied point of view, is whether relaxing
this assumption of a predefined causal order could lead to new resources for quantum information

processing, and allow for new protocols or computational advantages to be realised [3].

Due to their importance from these different perspectives, there has recently been a lot of interest

from the quantum foundations and quantum information community in these questions revolving
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around the role of time and causality in quantum theory, and a variety of different frameworks
and approaches have been proposed to study them [4-10]. In this thesis, we mainly use the
process matriz formalism, which was introduced in Ref. [4]. In this framework, one assumes
multiple parties that perform quantum operations, but without any a priori causal order into
which they are embedded, and one considers the most general correlations that the parties
can establish in such a situation. Through this “top-down” approach, one recovers standard
quantum scenarios, for instance quantum states shared between the parties, or causally ordered
quantum circuits in which the parties are connected. However, one also finds scenarios that are

incompatible with any definite causal order [4, 11, 12].

The central object of this formalism that relates the parties, and encodes the causal relations
between them, is the process matriz, which can be understood as a generalisation of a multipartite
density matrix that allows for the description of signalling and non-signalling scenarios in a
unified way. Process matrices that are incompatible with any definite causal order are called
causally nonseparable [4]. This terminology suggests that there is some analogy with the concept
of entanglement (as opposed to separability) for quantum states. Indeed, this analogy exists, and
it extends further. Some causally nonseparable process matrices are able to generate noncausal
correlations, and to violate causal inequalities [4, 12], which are device-independent constraints
similar in concept to Bell inequalities. Furthermore, one can construct witnesses of causal

nonseparability [11, 13], in analogy to entanglement witnesses.

This mathematical and conceptual apparatus to analyse scenarios with indefinite causal order
has been developed mainly for the case of two parties. Some initial multipartite generalisations
have been studied [11, 14, 15], but many open questions remain. A central goal of this thesis is
to gain a comprehensive understanding of multipartite causal relations in quantum mechanics,

and to further develop the theoretical tools needed for their investigation.

Another open question of crucial importance is which process matrices with indefinite causal
order have an operational interpretation or physical realisation. Up to the present, it is not
known whether all process matrices can be implemented physically. An example of a physically
realisable situation that can be described in terms of a causally nonseparable process matrix
is the quantum switch [3], a protocol in which the order between two quantum operations is
controlled by a quantum bit that is itself in a superposition. This leads to a “superposition
of causal orders”, in which one cannot say which operation is applied first. Such protocols
have indeed been realised in practical experiments [16-22], and their incompatibility with a
definite causal order has been certified experimentally. The quantum switch has also been
shown to enable various computational and communication advantages over causally ordered
configurations [23-29]. Another aim of this thesis is to find new examples of physically realisable
processes with an indefinite causal order, beyond the quantum switch, and to study their potential

usefulness for quantum information processing tasks.

It is assumed that the reader is familiar with the basic formalism of quantum theory, including

the treatment of open quantum systems (as presented, for instance, in Chapters 2 and 8 of [30] or



part IT of [31]). In Chapter 1, we introduce the process matrix framework, as well as the notions
of causal (non)separability and (non)causal correlations in the bipartite case. We also outline
some of the generalisations to multiple parties that have been carried out in the past, and we
discuss the example of the quantum switch, as well as some information processing applications

of indefinite causal orders that have been identified in earlier works.
The two core parts of this thesis are presented in Chapter 2 and Chapter 3.

In Chapter 2, we present the results of Ref. [32], where we investigate the concept of causal
(non)separability in the multipartite case. The first step is to define multipartite causal
(non)separability, which is already not so clear. We compare several different definitions that
have been proposed previously in the literature, and we identify an incompatibility between
them. We resolve this issue by proposing our own definition, which we argue is the most
natural one for multipartite scenarios. We then derive conditions to characterise multipartite
causally (non)separability in practice, and we generalise the technique of witnesses of causal

nonseparability.

In Chapter 3 (which will be published as part of an upcoming paper Ref. [33]), we then explore
new examples of physically realisable quantum processes with an indefinite causal order. Through
a constructive, “bottom-up approach” we first define a class of quantum circuits with classical
control of causal order, which are still compatible with a definite causal order, established
dynamically during the protocol. Building on this, we then introduce quantum circuits with
quantum control of causal order, which generalise the quantum switch, and which define causally
nonseparable processes in general. Extending similar results for quantum circuits with a fixed
causal order (“quantum combs”), we characterise the sets of process matrices that these protocols
correspond to. We furthermore generalise our analysis to probabilistic, post-selected circuits,
which define quantum superinstruments, and we show how our characterisations allow for a
systematic study of possible quantum information processing applications through semidefinite

optimisation.
Three additional projects are presented in Chapters 4-6.

In Chapter 4, we present the results from Ref. [34]. We study a particularly interesting quantum
communication effect identified in a previous work [29], where it has been shown that the quantum
switch allows for information to be transmitted through certain noisy quantum channels. We
show this feature to be present also in an even simpler scenario where one coherently controls
between applying one channel or the other (rather than between the two possible orders). Based
on this result, we argue that this effect should be attributed to the presence of this coherent
control, rather than indefinite causal order. Our analysis of this example leads us to a closer
inspection of the concept of a “coherently controlled quantum operation”, which we find to be

ill-defined in general.

A further question that arises in multipartite scenarios is whether a given phenomenon is

“genuinely multipartite”, in the sense that it cannot be reduced to a phenomenon involving only



a subset of parties. In Chapter 5 (which is based on Ref. [35]) we study how to define and
characterise genuinely multipartite noncausal correlations, which cannot arise in multipartite
scenarios where there exists no definite causal order between all parties, but still some “coarse-

grained” causal order between certain subsets of parties.

In Chapter 6, we present a further result (presented in Ref. [36]) which was obtained when
studying certain questions about the relation between the process matrix formalism and the
framework of multiple-time states. We show that it is possible to obtain an anomalous weak
value, a counterintuitive phenomenon that can arise in weak measurements, in scenarios where

there is no post-selection.

In the final Chapter 7, we present another project in progress. The above-mentioned experiments
realising the quantum switch have been accompanied by some debate about their interpretation,
in particular whether they can really be considered “realisations” of processes with an indefinite
causal order, or whether they are just “simulations” of such processes [37-39]. In Ref. [38], it
has been argued that these experiments can indeed be considered actual realisations, with the
parties acting on time-delocalised subsystems, which are concrete, physical quantum systems
associated with multiple times. In Chapter 7, we first show how this argument applies to the
quantum circuits with quantum control of order that we introduced. Based on our results from
Chapter 3, we then extend a proof from Ref. [38] to the tripartite case, which shows that there
are even more general processes that have a realisation on time-delocalised subsystems, including

certain processes violating causal inequalities.

The format of this thesis is paper-based. It comprises literal excerpts from the following works

that have already been published or submitted for publication:

Julian Wechs, Alastair A. Abbott, and Cyril Branciard. On the definition and characterisa-
tion of multipartite causal (non)separability, New J. Phys. 21 013027 (2019) (Chapter 2).

o Alastair A. Abbott, Julian Wechs, Dominic Horsman, Mehdi Mhalla, and Cyril Branciard.
Communication through coherent control of quantum channels, arXiv:1810.09826 [quant-
ph] (Chapter 4).

o Alastair A. Abbott, Julian Wechs, Fabio Costa, and Cyril Branciard. Genuinely multipartite
noncausality, Quantum 1, 39 (2017) (Chapter 5).

o Alastair A. Abbott, Ralph Silva, Julian Wechs, Nicolas Brunner, and Cyril Branciard.
Anomalous Weak Values Without Post-Selection, Quantum 3, 194 (2019) (Chapter 6).

These manuscripts have been reworked to a varying extent, in order to embed them into a
coherent whole. That is, some modifications have been made in order to avoid repetitions, to
make notations consistent, and to add relevant details or explanations where appropriate. A
note is included at the beginning of each of these chapters, describing the precise correspondence

between its content and the respective publication.
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The results of Chapter 3 will be presented as part of an upcoming manuscript:

e Julian Wechs, Hippolyte Dourdent, Alastair A. Abbott, and Cyril Branciard. Quantum

circuits with quantum versus classical control of causal order, in preparation (2020).

A manuscript based on the results of Chapter 7 is in preparation as well.



Chapter 1

Preliminaries

In this first chapter, the basic concepts and mathematical tools that are used in this work to
study quantum scenarios without definite causal order are introduced. Since these ideas are
most easily understood in the bipartite case, we start by considering scenarios with two parties.
We present the process matrix framework, as well as the notion of causal (non)separability,
which qualifies scenarios that are incompatible with a definite causal order. We also explain
the concept of (non)causal correlations, which characterises the (in)compatibility with a global
causal order in a device-independent way. We then build the ground for the investigation of
multipartite scenarios, by outlining how the framework itself, as well as the notion of causal
correlations, generalise to multiple parties. Furthermore, the example of the quantum switch, a
particular tripartite causally nonseparable process with a physical interpretation, is discussed.
We conclude the first chapter by summarising some of the quantum information processing tasks

and advantages that have been studied in the context of indefinite causal orders.



1.1 The process matrix formalism

The mathematical framework predominantly used in this thesis is the process matriz formalism,
a framework introduced in Ref. [4] to study scenarios without a definite, global causal order
between quantum operations. In the process matrix formalism, quantum events are assumed
to take place locally, but the causal order between them is not specified a priori. The physical
resource relating the local events is described by a process matrixz, which, broadly speaking, is
a generalisation of a multipartite density matrix allowing also for the description of signalling

scenarios, such as quantum channels.

1.1.1 Local quantum events and the Choi-Jamiotkowski isomorphism

In the bipartite scenario, we consider two parties, who we shall call Alice (A) and Bob (B), and
who are each associated with closed laboratories. That is, the parties perform an experiment
during which their interactions with the “outside world” (and hence with each other) are restricted
to opening their laboratories only once to let an incoming physical system enter, and once to
send out an outgoing system. Alice and Bob may choose local operations to perform within
their laboratories, possibly depending on some external (classical) input x or y for A and B, and
producing (classical) measurement outcomes a and b, respectively. The correlations established
between the parties after repeating the experiment many times are described by the conditional

probability distribution P(a,b|x,y).

While no assumption is made about the global causal order between the parties, we assume
that the local operations performed inside the laboratories are described by standard quantum
theory. We can therefore assign some “incoming” and “outgoing” Hilbert spaces to the parties,
which we denote HA7, HA0 (for Alice) and HP1,HPo (for Bob), of dimensions d4,,da,,dp, and
dp,, respectively. For convenience we also define HAO = HA @ HAo, HBio .= HBr g HBo,
da,, = da,da, and dg,, = dp,dp,. The space of linear operators over a Hilbert space HX
will be denoted by E(HX ). In this thesis, we will only consider finite-dimensional Hilbert spaces;

for a generalisation of the framework to infinite-dimensional systems, see Ref. [40].

According to quantum theory, Alice and Bob’s local operations can most generally be described
as quantum instruments [41]. A quantum instrument is a quantum evolution that admits multiple
classical outputs (“measurement outcomes”) while also keeping track of the output quantum
state corresponding to each outcome. Mathematically, a quantum instrument is described by a
collection of completely positive (CP) maps (associated to the different classical outputs), which
sum up to a completely positive trace-preserving (CPTP) map. Alice’s instrument, for instance,
is thus described as a collection {M4 1, where each M4 : L(HAT) — L(HA0) is a CP map,

alz alz

and with Tr(Y>, M7 (pA1)) = Tr(p?1) VpAr € L(HAT) (and with the subscript = indicating the

alz

classical input according to which Alice’s instrument is chosen).



Deterministic transformations, such as unitary evolutions, or, more generally, CPTP maps,
are a special case of quantum instruments. They correspond to instruments with only one
outcome that occurs with certainty. Likewise, projective measurements, or, more generally,
positive operator-valued measures (POVMs) are a special case of quantum instruments, which is

recovered when the output space H4© is one-dimensional, and the output is just a probability.

o HBOT

AA B;B
Mz My~

e o]

FIGURE 1.1: Alice and Bob perform local operations, which are compatible with quantum theory, but
not embedded into any global causal order.
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A convenient way to represent the parties’ operations as matrices is via the Choi-Jamiotkowski
(CJ) isomorphism [42, 43]. In order to define it!, we choose for each Hilbert space H* under
consideration a fixed orthonormal, so-called “computational” basis {|i)~ };. We then define the
CJ representation of a linear map M : L(HX) — L(HY) as

M = [T @ ML) = | 3 i) @ M) € LY @ HY), (1.1)

0!

where 7 is the identity channel, and |1)) := 37, [i)¥ @[} € HX@HX. From its CJ representation

M it is easy to recover the map M, using
M(p) = Tex[M - (p" @ 17)], (1.2)

where T denotes transposition in the computational basis, Trx denotes the partial trace over the
system X, and 1 denotes the identity operator in the space £(HY) (in general, superscripts on

operators, which may be omitted when clear enough, denote the system(s) they apply to).

When one deals with pure operations of the form M(p) = VpVT, with V : HX — HY | it is often
convenient to work on the level of Hilbert space vectors. In that case, the CJ representation is a
rank-one matrix M = |V )(V|, with

V)=1eV)=3 eVl eH' o, (1.3)

!Note that different versions of the CJ isomorphism exist in the literature. In particular, the transposition that
appears in the “generalised Born rule” (1.5) is sometimes absorbed into the definition [4, 11, 15].



We refer to Eq. (1.3) as the pure CJ representation of V. The operator V : HX — HY can be
recovered from its pure CJ representation |V)) € HX @ HY via

V=3 (7 V) )l (1.4)

i?j
where {|j)}; is the computational basis of %Y, and where (i, j| = (i| ® (j|.

A linear map M : L(HX) — L(HY) is completely positive if and only if its CJ representation
is positive semidefinite, and it is trace preserving if and only if its CJ representation satisfies
Try M = 1%,

The CJ isomorphism thus allows us to represent the CP maps performed by Alice and Bob
as positive semidefinite matrices M;“i °, le ;O , and the corresponding CPTP maps as positive
semidefinite matrices M0 = Y, MA10 MyBIO = 3, MBI that satisfy Tra, M0 = 141

alz bly
and Trg, MPro = 151,

1.1.2 Process matrices

We now want to specify the most general correlations that Alice and Bob can establish in
the scenario described above, where they both reside in closed laboratories and perform local
quantum operations. As shown in Ref. [4], requiring compatibility with quantum mechanics
locally and assuming the non-contextuality? of the probabilities imply that the probabilities
P(a,b|z,y) must be bilinear in the CP maps associated with the operations of A and B—or,
equivalently, bilinear in their CJ representations. (Throughout this work, we will often refer to
CP maps by their equivalent CJ representation and vice versa.) It follows that the correlations
can be obtained as

P(a,blz,y) = Tr [(M[20)" @ (M) - W] (1.5)

alz bly

where Tr now denotes the full trace, and W is a Hermitian operator € £(HA10 @ HBo) [4].

] [l
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FIGURE 1.2: The process matrix relates the local operations of Alice and Bob through Eq. (1.5).

2That is, we assume that the probability P(a,b|z,y) depends only on the CP maps M,ﬁz and Mﬁy, and not
on the instruments {M? 1, and {Mﬁy}b they belong to [4].

alz



The framework also allows the parties to extend their local operations onto some extra incoming
Hilbert spaces, and to share an additional, (possibly entangled) ancillary quantum state [4]. A
Hermitian operator such that Eq. (1.5) yields valid (i.e., nonnegative and normalised) probabilities
for any quantum instruments that Alice and Bob can perform, even when the parties share

arbitrary ancillary states, is referred to as a (bipartite) process matriz.

Definition 1.1. A bipartite process matriz is a Hermitian matrix W € E(HA’O ® HP1o) such
that for any extra incoming Hilbert spaces HAr, HBr of arbitrary (finite) dimension, any
quantum state p € L(HA” @ HPr), and any quantum instruments {M(ﬁ;"o }o and {ley”'o o,

Tr [(MAIIIO)T(X)(MBII/O)T'W®p:| 20 Va,b and

alz bly
ST (M) @ (My1"0)T - W g p| = 1. (1.6)
a,b

It has been shown in Refs. [4, 11] that this condition is equivalent to W satisfying the following

constraints, which thus characterise the set of bipartite process matrices:
W >0, WeAB and ToW =da,dp,, (1.7)

where £{4B} is a particular real vector space of Hermitian matrices in £(HA70 @ HPBro) [4, 11].

To specify what this subspace is, we introduce the following “trace and replace” notation (used

first in Ref. [11]):
]lX
xWi=(Trx W) ® —, (1.8)
dx

with dx the dimension of the Hilbert space of system X. We furthermore define
Saxx)W = 2 W, (1.9)

with ax € {1,—1} (and with ;W = W).

The subspace £{45} is then the subspace of Hermitian matrices W that satisfy the linear

conditions

1-A0]BroW =0
1-BolaoW =0
[1-Ao)1-Bo]W =0 (1.10)

The first line in Eq. (1.10), for instance, means that tracing out Bob’s systems (and replacing

them by the identity) yields a matrix with the identity on Alice’s output system Ag.

The condition W € £I45} follows from the fact that the probabilities should sum up to one
(i.e., Eq. (1.5) should yield one whenever the local operations of Alice and Bob are CPTP maps).
The positivity of W in Eq. (1.7) follows from the fact that the probabilities in Eq. (1.5) should

be positive, even when allowing for shared input ancillas [4, 11].

10



A process matrix can be understood as a generalisation of a multipartite density matrix that
allows also for the description of scenarios with signalling, and Eq. (1.5) can be understood as
a “generalised Born rule”. In the next subsection, we will illustrate this through two simple

examples of scenarios that can be described by process matrices.

1.1.3 Examples

Consider for instance the case where the output spaces HA0 and HPo of both parties are trivial
(da, = dB, = 1). As mentioned above, the local operations of the parties then reduce to
generalised measurements, described by POVMs {Efli }a and {Eﬁ y +p, whose CJ representations
are {(Ef'i )T}, and {(Eﬁ ) )T}p. The validity condition (1.7) in that case simply characterises
positive semidefinite matrices pA7P! with Tr(pA/Pr) = 1 (in particular, the conditions (1.10)
are trivially satisfied for one-dimensional output spaces). In other words, the process matrix
reduces to a quantum state in £(H4 @ HB1). We thus recover the standard Bell scenario where
a bipartite state is shared between Alice and Bob, who perform measurements on their respective
part (see Fig. 1.3). Indeed, Eq. (1.5) reduces to the standard Born rule, i.e. the correlations
established between Alice and Bob are

P(a,b|z,y) =Tr [EAI

alz

© Byl -p (1.11)

As is well known, the correlations in that scenario do not allow for signalling between the parties.

Let’s consider another example where we do have signalling from Alice to Bob, but not vice
versa. For instance, a process matrix can describe a scenario as in Fig. 1.4, where Alice prepares
a state pfo (depending on her input z), which is sent to Bob via a quantum channel (i.e., a

CPTP map) C : L(HA2) — L(HP!), and where Bob then performs a measurement, which he

chooses according to his input y, and which gives rise to a measurement outcome b.

In that scenario we just described, Alice has a trivial, one-dimensional input space, since she just
performs a state preparation (with the CJ representation p2©), and Bob has a trivial output
space, since he performs a POVM (with the CJ representation {(Eﬁ y )TY4). The process matrix
in this case is simply the CJ representation of the channel C405I connecting the two parties,
which clearly satisfies the validity conditions (1.7) (as it is CPTP, i.e., it is positive semidefinite,
and satisfies the trace-preserving condition Trp, CAoBr = 140), The correlations as per Eq. (1.5)
are

P(bla,y) = Tr [(pfo)" @ Bt - C4oP1] (1.12)
Using the inverse of the CJ isomorphism (Eq. (1.2)), it can easily be seen that this is indeed
the same as P(blz,y) = Tr[C(pA0) - EF!] (which would be the “usual way” of calculating the

bly
correlations arising in the scenario we consider here).

11



These two examples illustrate that the process matrix formalism can be seen as a framework
that captures both non-signalling scenarios (such as quantum states) and signalling scenarios

(such as quantum channels) in a unified way.

A

Zh
X

B

B A
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FIGURE 1.3: A bipar- FIGURE 1.4: A quantum channel from Alice to Bob. Here, the
tite quantum state. process matrix describes the channel, the local operation of Alice is a

In this scenario, the state preparation and that of Bob is a POVM. In this scenario, Alice

process matrix is the can signal to Bob.
quantum state p, and
the local operations
of Alice and Bob are
POVMs. Alice and
Bob cannot signal to
each other.

1.2 Causal (non)separability

The two examples of process matrices mentioned in the previous subsection are compatible with
a definite causal structure, in the sense that they allow for signalling in at most one direction.
We will now consider the general question, whether the situation described by a process matrix
can be embedded in a well-defined causal structure, with a fixed causal order between the events

happening in each party’s laboratory, or not.

1.2.1 Process matrices compatible with a definite causal order

A process matrix is said to be “compatible with (the causal order) A < B” (sometimes abbreviated
to just “A < B”, e.g., in superscripts) if all the correlations it generates are compatible with a
causal order where A acts before B, which is to be understood operationally: such a process matrix
WA=B does not allow for any signalling from B to A. More precisely, whatever the CP and CPTP

alr

P(alz,y) = Plale,y), or Te[(M10)T @ (MFro)T - WA=E] = Te[(M/10)T @ (MEO)T . A<E]

alw alz
according to Eq. (1.5). This constrains W4=E to be in a linear subspace £LA=B of LIAB} formed

maps M Ao \p ﬁf)o of A and B, the resulting correlations respect the no-signalling condition

12
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FIGURE 1.5: A channel with memory with A before B. The process matrix describing such a circuit

is compatible with A < B. Vice versa, any process matrix compatible with A < B can be realised in

terms of a channel with memory, and the initial state |¢), as well as the isometry V', can be constructed
from the process matrix.

by the Hermitian operators in £(H470 @ HP10) that satisfy the linear conditions [4, 11]

n-Bo)W =0
[1-40)BroW =0 (1.13)

To see that £4=F is indeed a linear subspace of £145} note that the condition 1-Bo]W =0

implies the second and third lines in Eq. (1.10).

The above example of a bipartite quantum state, for instance, is compatible with both causal
orders A < B and B < A, and the second example of a quantum channel from Alice to Bob is

compatible with the causal order A < B.

More generally, it can be shown [44, 45] that the set of process matrices that do not allow for
signalling from B to A corresponds precisely to the “standard quantum circuits” with A acting
before B, that is, the circuits which have the form shown in Fig. 1.5. In such a circuit, A receives
one part of a bipartite state and acts on it, before its output, as well as the ancillary system,
are sent through an isometric channel V' to the input of B and an additional ancilla, which is
discarded. Such a circuit is also called a quantum comb [45] or a channel with memory [46].
Its process matrix is compatible with A < B. Vice versa, every process matrix compatible
with A < B has a realisation in terms of a channel with memory. The proof is constructive,
that is, the initial state |¥) and the isometry V can be calculated explicitly from the process
matrix [44, 45] (cf. also Chapter 3).

Likewise, process matrices that do not allow signalling from A to B are said to be compatible
with the causal order B < A, and will typically be denoted WE=4 ¢ £B=A4 They satisfy the
constraints analogous to Eq. (1.13) (with A and B interchanged), and correspond to the channels

with memory from B to A.

1.2.2 Causally (non)separable process matrices

One can also conceive of situations where the causal order is not fixed to be the same for all
experimental runs, but where there is instead a probabilistic mixture of the two possibilities.

Such a scenario is described by a convex combination of process matrices compatible with A < B

13



and B < A, respectively. Process matrices of this form remain compatible with an underlying
causal framework and are the subject of the following definition, first introduced by Oreshkov,
Costa and Brukner [4]:

Definition 1.2 (Bipartite causal (non)separability [4]). A bipartite process matrix W is said to

be causally separable if and only if it can be written as a convex combination
W = qWAB 4 (1—q) Wh=4, (1.14)

with ¢ € [0,1] and where WA=B and W5=4 are two process matrices compatible with the causal
orders A < B and B < A, respectively.

A process matrix that cannot be decomposed as above is said to be causally nonseparable.

Interestingly, causally nonseparable process matrices indeed exist. The first example of such a

process matrix was introduced in Ref. [4]:

Wocb _ 1 ]]_AIAOBIBO + L(HAIZAO ZBI 1Bo + ZAI ]]_AOXBIZBO) (1‘15)
4 V2

Here, X, ¥, Z denote the Pauli matrices, 1 denotes the 2 x 2 identity matrix and tensor products

between all matrices are implicit. It is straightforward to check that W°° indeed satisfies the

constraints (1.7), and is thus a valid process matrix.

The existence of such causally nonseparable process matrices means that, among the possible
scenarios that can occur under the assumptions that we made (i.e., parties in local laboratories
that generate valid correlations by performing operations in accordance with quantum theory,
but that are not embedded into any causal order a priori), some are indeed incompatible with
any definite causal order between the parties. What do these scenarios correspond to in practice?
This is, in fact, an open question. Contrary to the case of (bipartite) causally separable process
matrices (which most generally describe probabilistic mixtures of fixed-order quantum circuits,
as we discussed just above), it is not clear what physical interpretation—if any—can be given
to bipartite causally nonseparable process matrices, such as W°®. An example of a causally
nonseparable process matrix with a physical realisation exists, however, in the tripartite case,

namely the quantum switch, which will be discussed further below.

1.2.3 Witnesses of causal nonseparability

How can we prove that a given process matrix (such as, for instance, W° above) is indeed

causally nonseparable?

For W°° in particular, it was shown in Ref. [4] that this process matrix allows for the generation
of noncausal correlations, which is impossible for causally separable process matrices and which
therefore proves its causal nonseparability. We will explain the concept of noncausal correlations

in detail in the next subsection.
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FIGURE 1.6: The separating hyperplane theorem guarantees that for any causally nonseparable process
matrix, there exists a witness certifying its causal nonseparability.

Another approach, first introduced in Ref. [11] and further studied in Ref. [13], is to construct
a witness of causal nonseparability—or “causal witness” for short, a Hermitian operator that
certifies the causal nonseparability of the process matrix under consideration, and that can be

accessed experimentally through suitable operations performed by the parties.

When the normalisation constraint Tr W = d4,dp,, in Eq. (1.7) is ignored, the various sets of
(non-normalised) process matrices we considered above can be characterised as convex cones.

The set of (non-normalised) valid process matrices is the convex cone
W =P n LiAB) (1.16)

where we denote by P the convex cone of positive semidefinite matrices. The convex cones
of (non-normalised) process matrices compatible with the fixed orders A < B and B < A
are WA=B .= P 0 LA=B and WB=4 .= P n LB=4 respectively, and the convex cone of (non-

normalised) causally separable process matrices is given by their Minkowski sum
Wsep — WA%B + WB<A —_ {WA<B + WB%A”/[/A%B c WA<B and WB<A c WB<A}. (117)
A causal witness is then defined as a Hermitian operator S such that
Tr[S - WSP] >0 (1.18)

for all WP € WP The set of causal witnesses is precisely the dual cone of WP § =
(wsep)* 11, 13].

For any causally nonseparable W™ it is known (as a consequence from the separating hyperplane
theorem, cf. Fig. 1.6) that there exists a causal witness S such that Tr[S - W] < 0 [11, 13].
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The causal nonseparability of W°°P, for instance, can be certified by the witness®

Socb _ % |:ILA1AOBIBO o (]]_AIZAOZBIILBO + ZAI][AOXBIZBO)] , (119)

for which one finds that Tr[SOCb . WOCb] = 1—+/2 < 0, proving that W°° is causally nonseparable.

In general, the construction of causal witnesses (or of explicit decompositions of causally separable
process matrices) can be efficiently performed with semidefinite programming, as first described
in Ref. [11]; we will follow here the slightly different approach of [13]. The question of whether
a given W is causally separable can be reformulated as the optimisation problem of how
much white noise can be added to a process matrix before it becomes causally separable. Let
1° = 1410810 /d 4 dp, be the “white noise” process matrix (which corresponds to a scenario
where the parties receive fully mixed states 147 /d4, and 151 /dp, at their inputs, and is causally

separable), and consider the noisy process matrix

1

wir) = 147

(W +r1°). (1.20)

Since the normalisation is irrelevant to membership of WP determining whether W is causally

separable can be thus phrased as the SDP optimisation problem

min r

1.21
st. W +rl° e WP, (121

which can be efficiently solved using standard software by writing WP in terms of SDP
constraints (see [13] and Chapter 2 for further details). The solution to this problem, r*,
gives the random robustness max(r*,0) of W, and a value r* > 0 implies that W is causally

nonseparable [11, 13].

Eq. (1.21) is known as the primal problem, and is related to the dual problem

min Tr[S - W]

(1.22)
st. Se€8 and Tr[S-1° =1,

defined over the dual cone S of W5 [11, 13]. The optimal solution S* is a witness of the causal
nonseparability of W whenever Tr[S* - W] < 0. The Strong Duality Theorem for SDP problems

moreover relates these two problems, stating that their solutions satisfy
r* = —Tr[S* - W]. (1.23)
This implies in particular that the witness S* thus obtained is optimal when W is subject to

white noise, in the sense that it witnesses the causal nonseparability of all noisy process matrices

W (r) with r sufficiently small (r < r*) so as for W(r) to remain causally nonseparable.

3The fact that S°°" is indeed a causal witness follows from Ao §ocb >0 and B, §ocb > 0, which imply that
Tr[SOCb - W3P] > 0 for all W= € W*P [11].
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In a physical realisation of a given process matrix W, one can “measure” a causal witness
S [11, 13], by decomposing it as a linear combination of the form

S= 3 Yoas (Myi®)" @ (My0)T (1.24)

alz
x7y7a7b

with suitable CP maps Mﬁi o, and Mb]f ?j @, and coefficients 7, , 4». Having each party implement

the respective instruments then allows to experimentally determine the quantity

TI‘[S ’ W] = Z Ya,y,a,b * Tr[(M:TiO)T ® (Mblﬁylo)T ’ W] = Z Yz,y,a,b P(a7 b‘$7y) (125)
m7y’a7b $7y7a7b

by appropriately combining the measurement statistics.

1.3 Noncausal correlations

The above-described measurement of a causal witness is a device-dependent test, in the sense
that in order to realise it, the parties need to perform specific operations that are described by
quantum theory. The incompatibility of certain scenarios with an underlying causal order can
also be certified in a device-independent way, through the violation of so-called causal inequalities.
These are constraints that the correlations established between parties need to satisfy whenever

there is a definite background causal structure.

Before outlining how (non)causal correlations can be characterised in general, let us consider an
illustrative example. Assume, as above, that one has two parties A(lice) and B(ob), receiving
binary inputs x and y, respectively, and generating binary outputs a and b, respectively. The
two parties are supposed to maximise the success probability in a guess your neighbour’s input
(GYNI) game [12], whose rules are as follows: the task of A is to guess the input of B, i.e. she
needs to output y, while B needs to guess the input of A, i.e. he needs to output x. For sake
of simplicity, we assume that the inputs z and y are uniform, i.e. p(z) = p(y) = % A definite
causal structure between the parties implies an upper bound on the success probability. If, for
instance, A acts in the past of B, she can signal her input  to B and B can successfully output
x. However, A cannot receive any signal from B and therefore cannot know the input of B in
any way. Thus, she has to make a random guess, which will be successful with probability %
The overall success probability for the parties to win the game is thus upper-bounded by % The
same is true if B is in the past of A or for a probabilistic mixture of the two cases. Therefore, if
A and B manage to establish correlations between them that violate this bound of %, it follows
that they cannot be embedded into a definite causal structure.

Formally, (non)causal correlations can be defined in the following way [12, 15]:

If B is in the future of A, the choice of his input y cannot influence what output A obtains, i.e.
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the no-signalling condition
P(alz,y) == P(a,blz,y) = P(alz,y) Vz,y,4.a (1.26)
b

is satisfied. A probability distribution satisfying that constraint is denoted by PA=B(a, b|x,y).

Likewise, the analogous no-signalling constraint from A to B reads

P(b|x,y) ZP (a,blz,y) = P(bla',y) Vz,2',y,b (1.27)
A probability distribution satisfying that constraint is denoted by PZ=4(a,b|z,v).
In general, one can also consider a convex mixture
P(CL, b|$7y) =q- PA{B(av b|$, y) + (1 - Q) : PB<A(G’7 b‘J:?y) q € [07 1]7 (128)

which can arise in a situation where the causal order is still definite, but determined proba-
bilistically in each run of the experiment. Correlations of that form are called causal, while

correlations that cannot be decomposed in this way are called noncausal.

When characterising (non)causal correlations, one can draw upon concepts that are known
from the study of Bell (non)locality. Any correlation P(a,b|z,y) can be seen as a point in a
high-dimensional vector space, with each coordinate given by the probability for a particular
value of the inputs and outputs. In this geometrical picture, the set of causal correlations forms
a convex polytope, i.e. a convex geometrical object with a finite number of vertices. The facets
of this polytope define causal inequalities, that is, linear constraints which are respected by all

causal correlations, and the violation of which thus indicates that a correlation is noncausal.

The analysis of (non)causal correlations is thus mathematically analogous to the analysis of
Bell (non)local correlations, where the local correlations form the local polytope, the facets of
which define Bell inequalities. Conceptually the two notions are of course quite different. In the
case of Bell (non)locality, the correlations under consideration (both inside and outside of the
local polytope) are non-signalling, while in the case of (non)causal correlations, the correlations
of interest are signalling (with (non)causal correlations being those for which the signalling is

(in)compatible with an underlying, definite causal structure).

The polytope of bipartite causal correlations for binary inputs and outputs has been fully
characterised in Ref. [12]. In this scenario, there are two nontrivial equivalence classes of facets,

one of which is given by*

(1.29)

l\D\H

7 Z d ,yébac (a b|x y) <

z,Y,a,b

4That is, Eq. (1.29) is one representative of the equivalence class, and the other representatives can be obtained
by relabeling inputs and outputs.
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where 9; ; is the Kronecker delta. For uniform inputs and outputs, this inequality can be written
as Pla=y,b=1z) < %, and its interpretation is precisely the GYNI game we discussed above.

The other equivalence class of facets is given by

(1.30)

>~ w

1
1 Z 5x(a€9y),05y(b@x),op(avb|xuy) <

x7y7a7b

where @ denotes addition modulo 2. This causal inequality corresponds to a lazy guess your
neighbour’s input (LGYNI) game, where A and B need to guess each other’s input only when
their respective input is 1, while their output does not matter if their input is 0. This is in fact
an interesting difference with Bell nonlocality, where one cannot have nontrivial scenarios in

that “lazy” case with binary inputs and a trivial output for one of the inputs.

Interestingly, some causally nonseparable quantum processes can generate correlations which
violate causal inequalities and are thus incompatible with a causal order even in that stronger,
device-independent sense. This is the case for W°  as shown in Ref. [4], where a task similar
to the GYNI game above was defined, and it was demonstrated that there exists a choice of
instruments such that the correlations obtained through the generalised Born rule (1.5) violate
the bound that is imposed by a definite causal structure. The violation of causal inequalities with

process matrix correlations in the simplest bipartite case was then further studied in Ref. [12].

1.4 Towards multipartite scenarios

In this section, we outline how some of the concepts introduced above have previously been
generalised to scenarios with more than two parties, in order to lay the basis for the multipartite
considerations in the following chapters, and we point out some of the complexities that arise in

multipartite situations.

1.4.1 Multipartite process matrices

The process matrix framework itself generalises rather easily to the multipartite case [11, 15, 47].

Let us first introduce some generalised notations. We shall consider NV parties denoted by Ay for
ke{l,...,N} =N, with corresponding inputs and outputs denoted by x, and ay, respectively.
We define the input and output vectors & := (z1,...,2y) and @ := (a1, ...,an). The “incoming”
and “outgoing” Hilbert spaces for each party are denoted by HAI;,HAg (of dimensions d A;;-,d Ak

respectively). We also define HA%o = HAT @ HAS, and dA'fo = dA’;dAg-

For a subset K C N of parties, we will denote by Zx and dx the vectors of inputs and outputs
restricted to the parties in K, and use shorthand notations like HATo = Rrex HATo (=R if
K=0), 1" =Qx 14%0 = 1470, and Trx for the trace over all (incoming and outgoing)

systems of the parties in K—i.e., Tr AK Or Tr,c , as appropriate (see below). For notational
I1'0
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simplicity, we shall sometimes identify the parties’ names with their labels, and singletons of
parties (e.g., {Ax}) with the parties themselves (e.g., Ax) or the corresponding label, so that
N = {1,....,N} ={A,..., An}, N\{Ak} EN\]{J, TI‘{Ak} = Try, etc.
k
The CP maps corresponding to the parties’ operations are then denoted by Mi"gk, the cor-
k k

responding CPTP maps Mai’o = >a M(i’lgk, and the overall process is represented by a
Hermitian operator W € E(’HAJI\{?). The resulting correlations are obtained through a generalised
Born rule as before:

N
)T®...®(MAIO

an|zn

Al
P(d|Z) = Tv [(M 10

T
a1 |20 )W (1.31)
As in the bipartite case, the parties may also share some ancillary state p in some extra incoming
N
spaces E(HA}’ Q& HA?{) = E(HAI’ ), and extend their local operations to act on these spaces
as well. Requiring again the nonnegativity and normalisation of all obtainable probabilities,
including for arbitrary extensions W & p of W, imposes validity constraints on W. In the general

multipartite case, they read

N _
W >0, WecrLVN, and TrW_kl;[vdA;é (1.32)

for some particular linear subspace LN of the space of Hermitian operators € E(HA%); see
Sec. 2.2.1 and Refs. [4, 11].

The no-signalling constraints can readily be generalised to the N-partite case, allowing the notion
of compatibility with a fixed causal order to be extended accordingly. For instance, a process
matrix is said to be compatible with the fixed causal order A; < As < --- < Ay if no party or
group of parties can signal to other parties in their causal “past” (as defined by the specified causal
order)—which translates into the constraint that P(ai,...,a;|Z) = P(a1,...,ax|x1,...,x) for
all k =1,...,N — 1. As before, this constrains such a process matrix W41="=4~ to be in a

linear subspace £A41==AN of LN see Sec. 2.2.1 for an explicit characterisation of £41==AN

1.4.2 Multipartite causal (non)separability and (non)causal correlations

The generalisation of the concepts of causal (non)separability and of (non)causal correlations to
multiple parties is less straightforward than the extension of the framework itself. In particular,
one of the complexities that arise in the multipartite case is the possiblity of dynamical causal
orders—that is, the causal order of parties in the future can depend on operations of parties in
the past [14, 15, 47] (see Fig. 1.7). Here, we show how (non)causal correlations can be defined
and characterised in the multipartite case. The multipartite generalisation of the concept of

causal (non)separability will be detailed in Chapter 2.
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FI1GURE 1.7: In multipartite scenarios, dynamical orders can arise—that is, the causal order of parties
in the future can depend on events in the past. For instance, the causal order of Alice and Bob could
depend on Charlie’s outcome.

In order to generalise Eq. (1.28) to multipartite scenarios, one could, in the first place, simply
consider a convex combination of correlations compatible with different fixed causal orders.
However, this does not include scenarios with dynamical causal orders, and is therefore too
restrictive to capture all correlations that should be considered compatible with a well-defined
causal order. The problem of how to define multipartite causal correlations while allowing for
dynamical causal orders was considered in Refs. [14, 15], which came to the conclusion that an
appropriate definition is via an iterative “unraveling argument”: A multipartite correlation is
causal if it is possible to identify, up to some probability, a party that acts first, and such that,
for any behaviour of this first party, the conditional correlations shared by the remaining parties
are again causal. The formal definition of N-partite causal correlations given in Ref. [14] (which

is equivalent to that first introduced in Ref. [15]) is as follows:

Definition 1.3 (N-partite causal correlations). For N = 1, any correlation P(a;|z1) is causal.
For N > 2, an N-partite correlation P(@|Z) is said to be causal if and only if it can be decomposed

as

P@@Z) = aqi Pelar|zr) Prsy.a @kl Zane), (1.33)
keN

with g > 0, >, qx = 1, where (for each k) Py(ag|ry) is a single-partite (and hence causal)

correlation and (for each k, xx, ax) Pk a0, (@ar\k|Tan\k) is @ causal (N —1)-partite correlation.

In Ref. [14], it was shown that N-partite causal correlations also form a polytope, with its facets

defining N-partite causal inequalities.

The simplest nontrivial multipartite situation is the “lazy tripartite” scenario in which three
parties A, B and C receive binary inputs z, y and z, respectively, and generate outputs a, b and
¢, respectively, which are 0 when the respective input is 0, while they can be either 0 or 1 when
the respective input is 1. The polytope for this case was characterised in Ref. [14], and it was
demonstrated that the corresponding causal inequalities can be violated with process matrix

correlations. A simple example of such a tripartite causal inequality is

. (1.34)

>~ w

1
Z Z 5$(a@y),05y(b@x),OP(aa b,c= 0|l‘, Y,z = O) <
x’y7a’b
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which is a conditional version of the LGYNI inequality (1.30), where A and B are supposed to
guess each other’s input when their respective input is 1, and conditioned on the input 0 of C.

Writing out Eq. (1.34) more explicitly, we obtain

1
~[P(0,0,0/0,0,0) + P(0,0,0[0, 1,0) + P(0,0,0/1,0,0) + P(1,1,0[1,1,0)] < (1.35)

4

=~ w

With P(0,0,0[0,0,0) = 1, P(0,0,0[0,1,0) = 1 — P(0,1,0]0,1,0) and P(0,0,0[1,0,0) = 1 —
P(1,0,0]1,0,0), this can then be simplified to

P(1,0,0|1,0,0) + P(0,1,0[0,1,0) — P(1,1,0[1,1,0) > 0. (1.36)

1.5 A tripartite process: The quantum switch

A lot of studies of the multipartite case have focused on a restricted tripartite situation in which
one party has no (or, equivalently, a trivial) outgoing system. This particular scenario has
been studied extensively because of its relevance for a practical protocol where the causal order
between two parties A and B, which perform some unitary operations U4 and Up on a target
qubit initialised in a state [))", is controlled by another (two-dimensional) quantum system. If
this control qubit is initialised in the state |0)¢, the operation Uy is applied before Up, while for
a control qubit in the state |1)¢, Up is applied before Uy. If the control qubit is initialised in a
superposition state |+)¢ = %(|0>C + 1)), the overall transformation on the joint state of the

target and control systems is thus

1) @ |[4)¢ = —(UpUa [9)' @ 0)° + UaUg |¥)' @ |1)°), (1.37)

1
V2
i.e., the unitaries are applied in a “superposition of orders”. The output state is then sent to a
third party C' (Charlie) who can measure the control qubit, and possibly also the target qubit.
The protocol just described can be generalised to the case where A and B’s operations are
general quantum instruments instead of unitaries. This so-called quantum switch constitutes a
new resource for quantum computation that goes beyond causally ordered quantum circuits [3].
It has attracted particular interest as a consequence of being readily implementable, and can
for example be implemented in an interferometric setup using two polarizing beam splitters,
as shown schematically in Fig. 1.8. The polarization state of the input photon serves as the
control qubit, while some internal degree of freedom of the photon, such as for instance its orbital
angular momentum, serves as the target qubit. The two polarizing beam splitters transmit or
reflect the photon depending on its polarization state such that a horizontally polarized photon
goes first to the party A, then to the party B, while a vertically polarized photon, goes first to
B, then to A. If the input photon is in a superposition of vertical and horizontal polarization,
the orders of the operations are superposed. Indeed, several laboratory implementations along

those lines have been experimentally realised [16-22].
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FIGURE 1.8: Optical implementation of the quantum switch with polarising beam splitters (PBS).

The quantum switch can naturally be described in the process matrix formalism [11, 15] where
it corresponds to the following tripartite process matrix for parties A (Alice), B (Bob) and C
(Charlie):

Wswiteh — o)) a| (1.38)

where |w) is the “process vector”

1 c c
) = (100 ) (L4221 1) PC% 4 1) )P 1P [myAoct) (.30
Here, |¢) is the initial state of the target qubit, |1)40Pr = > =01 17)40 15)P7 is the pure CJ
\Bo | A\A]
770 |7)7 is the

pure CJ representation of an identity qubit channel from B to A, and tensor products are

representation of an identity qubit channel from A to B, \IL»BOA’ = =01

implicit. The party C has no outgoing space, and its incoming space is HCT = HCT @ HCT , as it

can measure both the control and the target qubits.

The expression (1.39) is indeed quite intuitive. The process vector |¢)7 [1)4051 |]l>>BOC}
corresponds to a quantum circuit with identity channels, where Alice acts on the state |1)) before
Bob. Similarly for the process vector |¢)P1 |1))BoAr |]l>>AOC} , which describes a circuit in which
Bob acts on |¢)) before Alice. The overall process vector |w) is a controlled superposition of the

two terms, with the control qubit going directly to Charlie.

In this tripartite process matrix, Charlie indeed has no outgoing system and therefore cannot
signal to the other parties. The situation is thus relatively similar to the bipartite case, since the
only relevant causal orders are those where Charlie acts last, i.e., A< B <C and B< A< C.
This observation led Aratijo et al. to propose the following definition of causal separability (as

an initial, “1-step” generalisation of Definition 1.2) for this particular scenario:

Definition 1.4 (Aratjo et al.’s causal separability [11]). In a tripartite scenario where party C
has no outgoing system, a process matrix W is said to be causally separable if and only if it can

be written as a convex combination

W = qu-<B-<C + (1_q) WB-<A-<C7 (140)
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with ¢ € [0,1] and where WA=B<C and WB=A<C are two process matrices compatible with the

causal orders A < B < C and B < A < C, respectively.

The process matrix WSVl describing the quantum switch is indeed causally nonseparable as per
Definition 1.4. This follows straightforwardly from the fact that it is a rank-one projector [11, 15].
One can also consider the case where Charlie measures only the control qubit, and discards the
target system. The process matrix corresponding to this situation is Trc; Wswitch “and it is also
causally nonseparable, as shown in [11, 13], where explicit witnesses of causal nonseparability
have been constructed. However, when Charlie discards the control qubit, or both the control
and target qubits, the resulting process matrix is causally separable. In the latter case, for

instance, we obtain the bipartite process matrix
: 1
Trggey W0 = (J9)g1 © [D1O™ @ 1% + gy | @ [1)1|%e4 @ 110)  (1.41)

which just describes a probabilistic mixture of two fixed-order circuits. The quantum switch
thus indeed requires the coordinated action of three parties to exhibit causal nonseparability. As
shown in Refs. [11, 15], a consequence of this fact is also that all correlations that the process
matrix of the quantum switch can generate are causal, i.e. the quantum switch cannot violate
causal inequalities. It is, in fact, an open question whether a violation of a causal inequality

through some physical, experimentally realisable process is possible in a meaningful way.

1.6 Information processing advantages using indefinite causal

structures

As mentioned in the introduction, one of the motivations for the investigation of indefinite
quantum causal structures is the fact that scenarios without definite causal order are more
general than causally ordered, standard quantum circuits, and that new resources for quantum
information processing become available when the assumption of a definite causal structure
is relaxed. In this subsection we present a brief overview over some quantum information
processing tasks that have been studied in this context, and some of the advantages that have
been identified.

As the quantum switch is so far the only causally nonseparable process with a physical interpre-
tation, the majority of studies have concentrated on this particular example. In Ref. [23] it was
shown that by superposing the orders of operations, one can indeed achieve a computational
advantage over fixed-order quantum circuits in a particular task. Assume that Alice and Bob
apply unitaries U4 and Up that either commute or anticommute, and the goal of the task is to
determine which of the two statements is true. For that purpose, Charlie measures the control
qubit in the |£) = %—basis. Writing the output state (1.37) of the quantum switch as
L{UB, Ua} [¥)' @ [+)° + [Up, Ua] [#0)' @ |=)°), it can be seen that the control qubit is found in

|—) with certainty if the operations U4 and Up anticommute, and in |+) if they commute. Thus,
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using the quantum switch, just one application of each operation is necessary to determine with
certainty which of the two statements is true. This is not possible when A and B are connected
in a standard quantum circuit [11, 23]. Therefore, the quantum switch indeed represents a new
computational resource beyond causally ordered quantum circuits. This task was further studied

in Ref. [11] in the context of causal nonseparability and causal witnesses.

Based on this discrimination problem between commuting and anticommuting unitaries, it
was shown in subsequent works that the quantum switch allows for advantages in certain
communication complexity tasks where two or more separate parties cooperate in order to compute
a function of their local input data, while using a minimal amount of communication [27, 28].
In Ref. [28], a task was found for which there is an exponential separation in communication
complexity (i.e., in the number of qubits that need to be communicated to accomplish the task)

between the protocol using the quantum switch and any causally ordered protocol.

In Ref. [25], the above bipartite unitary discrimination task was generalised, and it was found that
using N gates in a superposition of orders allows for an advantage in computation complexity,
compared to fixed-order quantum circuits. An algorithm was presented that requires O(N?)
queries to the operations in the fixed-order case, but only O(N) queries in the protocol using a

superposition of orders.

Another curious feature of the quantum switch has been pointed out in a recent series of papers
(Refs. [29, 48, 49]). It was shown that combining noisy channels in a superposition of orders can
enhance the classical and quantum channel capacity. For instance, when the two operations
applied by A and B are completely depolarizing channels, information about the initial state of
the target system they act upon can be acquired after the passage through the switch, despite
the fact that a completely depolarizing channel by itself (and, by extension, any causally ordered
composition of two such channels) always outputs a completely mixed state [29]. We will come

back to this counterintuitive effect in Chapter 4.
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Chapter 2

On the definition and
characterisation of multipartite

causal (non)separability

This chapter is based on the publication:
Julian Wechs, Alastair A. Abbott, and Cyril Branciard. On the definition and characterisation of
multipartite causal (non)separability, New J. Phys. 21 013027 (2019) (Ref. [32]).

The text (from Sec. 2.1.2) corresponds to the main text of the published paper (from Sec. 3.2),
with minor modifications to avoid repetitions, to make notations consistent and to integrate
the content into the broader context of the thesis. The technical details from the Appendiz of
Ref. [32] are not reproduced here. We refer to the published paper at the relevant passages in the
text. The study of multipartite causal (non)separability has been one of the central parts of my
thesis, and I have contributed to all parts of the research presented in this chapter. In particular,
I established the equivalence between our multipartite definition and that of “extensible causal
(non)separability”, developed the multipartite characterisations and a large part of the technical
points in Ref. [32].

While the definition of causal (non)separability is unambiguous in the bipartite case, its generali-
sation to the multipartite case is not so straightforward. Two seemingly different generalisations
have previously been proposed in the literature, one for the restricted tripartite scenario of
the quantum switch (Sec. 1.5), and one for the general multipartite case. In this chapter, we
present the results from Ref. [32], where we compared the two, and showed that they are in fact
inequivalent. We then proposed our own definition of causal (non)separability for the general
case, which—although a priori subtly different—turned out to be equivalent to the concept of
“extensible causal (non)separability” introduced in Ref. [15], and which we argued is a more
natural definition for general multipartite scenarios. We then turned to the question of how

multipartite causal (non)separable process matrices can be characterised in terms of simple
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conditions, and how multipartite causal (non)separability can be certified in practice. After
recalling the characterisations of bipartite and tripartite causally (non)separable process matrices
(cf. Refs. [11, 15]), we derived necessary, as well as sufficient conditions to characterise causally
(non)separable process matrices in the general N-partite case. These allow one to devise practical

tests, by generalising the tool of witnesses of causal nonseparability.

2.1 Defining multipartite causal (non)separability

2.1.1 Aratjo et al.’s definition

The multipartite case was first considered in the restricted tripartite situation of the quantum
switch, where one party has no (or, equivalently, a trivial) outgoing system (see Section 1.5).
For this special case, Aradjo et al. introduced the definition 1.4, which they used to characterise
and study the causal nonseparability of the process matrix describing the quantum switch
(Eq. (1.39)). This definition has subsequently been used e.g. in Refs. [13, 19, 40].

2.1.2 Oreshkov and Giarmatzi’s definitions

While Aratjo et al.’s definition recalled above applied only to a particular tripartite situation,
Oreshkov and Giarmatzi (OG) considered in Ref. [15] the general multipartite case—taking
into account, in particular, the possibility of dynamical causal orders. They defined in fact two
possible generalisations of bipartite causal (non)separability, namely what they called the notions

of “causal (non)separability” and “extensible causal (non)separability”.

The definition they proposed for causal separability is recursive, in analogy with the definition of
multipartite “causal correlations” [14, 15] (see Section 1.4.2). Oreshkov and Giarmatzi invoked

an analogous “unraveling argument” for causally separable processes.

More specifically, their definition is based on the concept of a “conditional (process) matrix”,
. . . Ak .
defined for a given matrix W and a given CP map M}, := Makllgk applied by a party Ay as

Wiag, = Try [ M @ 7w (2.1)

In general, even if W' is a valid process matrix, W)y, thus defined may not be a valid process
matrix (in which case we shall just talk about a “conditional matrix”). In fact, as we will see in
Sec. 2.2.1, a process matrix W is compatible with party Ay acting first (i.e., it does not allow

signalling from the other parties to Ay) if and only if for any CP map M}, the conditional matrix
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Wi, as defined in Eq. (2.1), is (up to normalisation') a valid (N—1)-partite process matrix
for the parties in N '\ k. In that case, the conditional process matrix Wn, then represents
the process shared by these N—1 parties, conditioned on party Ay performing the CP map

M = Makllgk (i.e., conditioned on both receiving the input x; and obtaining the outcome ay).

Oreshkov and Giarmatzi then proposed the following (recursive) definition:?

Definition 2.1 (Oreshkov and Giarmatzi’s causal separability [15]). For N = 1, any process
matrix is causally separable. For N > 2, an N-partite process matrix W is said to be causally

separable if and only if it can be decomposed as

W=>" qWu, (2:2)
keN

with gz > 0, >°p g = 1, and where for each k, W, is a process matrix compatible with party Ay
acting first, and is such that for any possible CP map My € ,C(’HAI;O) applied by party Ag, the
conditional (N—1)-partite process matrix (Wy))as, = Trg[M, T o1V . W] is itself causally

separable.

As outlined in the previous section, the process matrix framework allows for process matrices to
be extended by providing additional ancillary states to the parties. Taking this into account,
OG introduced a second definition of causal separability for process matrices that are causally

separable even under arbitrary such extensions:

Definition 2.2 (Oreshkov and Giarmatzi’s extensible causal separability [15]). An N-partite
process matrix W is said to be extensibly causally separable if and only if it is causally separable
(as per Definition 2.1 above), and it remains so under any extension with incoming systems in an
arbitrary joint quantum state—i.e., if and only if for any extension ”H,AJI\// of the parties’ incoming

N
spaces and any ancillary quantum state p € £(7—[AI’ ), W ® p is causally separable.

It is easy to see that OG’s causal separability (CS) and extensible causal separability (ECS) are
equivalent in the bipartite case, and, indeed, equivalent to Definition 1.2 given in Sec. 1.2.2: the
process matrix W & p obtained by attaching an ancillary state p to a causally separable process
matrix W of the form of Eq. (1.14) remains of the same form, with WA=B @ p (WB=4 g p)
compatible with A acting before B (B before A), and for both terms W4=5 @ p and WE=4 g p,
whatever operation the first party applies, the resulting conditional process matrix for the other

party is single-partite, hence trivially causally separable.

!That is, it does not satisfy the third constraint in Eq. (1.32). In this chapter, we will for convenience often
suppress this third constraint, and we will refer to any matrix satisfying the first two constraints in Eq. (1.32) (i.e.,
W >0and W e £V ) as a (valid) process matrix. The normalisation can always be restored afterwards. Here, for
a properly normalised process matrix W compatible with Ay first (i.e., which always gives P(ax|Z) = P(ax|zr))
and a trace-non-increasing CP map My = M,, |5, , one has Tr W)y, = P(ar|zk) H]‘E/\/\k dA{), so that W)y, must
be divided by the factor P(ax|zi) to also be properly normalised according to Eq. (1.32).

*More precisely, what we presented in Ref. [32] as their definition is actually presented in Ref. [15] (in a slightly
different, but equivalent way) as a characterisation following from a more fundamental recursive definition of
causally separable processes (not necessarily quantum mechanical).
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However, OG’s CS and ECS are not equivalent in the general multipartite case and thus indeed
represent two different possible multipartite generalisations of the same bipartite concept. Of
course ECS implies CS, but the converse is not true in general—the result of a phenomenon
called “activation of causal nonseparability” in Ref. [15]. An explicit example of a CS process
matrix that is not ECS was indeed given in [15], in a tripartite scenario where one party has no

incoming system; we will see another example in the following subsection.

2.1.3 Comparison

We thus now have three potential generalisations of the concept of causal separability to
the particular tripartite situation where one party has no outgoing system—namely, the two
different definitions of causal separability (Definitions 1.4 and 2.1), and that of extensible causal
separability (Definition 2.2). How do they relate to one another? Are the two definitions of

causal separability indeed equivalent? These questions are answered by the following result:

Proposition 2.3. In a tripartite scenario where party C has no outgoing system, Aratdjo et
al.’s definition of causal separability (Definition 1.4) is equivalent to Oreshkov and Giarmatzi’s
definition of extensible causal separability (Definition 2.2), but nonequivalent to their definition

of causal separability (Definition 2.1).

The equivalence between Definitions 1.4 and 2.2 for this particular tripartite scenario is proved
explicitly in Appendix B.1.1 (page 25) of the published paper [32], which we refer to for more
details; we simply summarise the argument here as follows. Clearly, any process matrix W of the
form of Eq. (1.40) is ECS, as any W ® p is also of that form (and of the form also of Eq. (2.2)),

and for any WA=B<C and any My, the conditional process (WA=B=C)

M, 1s compatible with
the order B < C' (hence it is causally separable; similarly for any WB=A<C and any M B)-
The proof that an ECS process matrix W necessarily has the form of Eq. (1.40) is based on a
“teleportation technique” (Lemma B.1 in Appendix B of [32]), already used in Ref. [15], that
consists in introducing an ancillary system in a maximally entangled state p shared by two

ArCr has a decomposition

parties, e.g. A and C. By definition, the global process matrix W ® p
of the form (2.2). It is then easy to see that the terms W4 and Wp compatible with parties A
or B acting first are in fact compatible, since C' has no outgoing system, with the causal orders
A < B < Cand B < A < C, respectively, and thus contribute to the terms W4=B<C and
WEB=A<C in Bq. (1.40). For the term W¢ compatible with C acting first, letting C' project his
systems in L(HC1) = L(HCT @ HET) onto the maximally entangled state effectively “teleports”
his system to A. By definition, the conditional bipartite process matrix then shared by A and B
must be causally separable, and must therefore have a decomposition of the form (1.14), which

also leads to a decomposition of the form (1.40) for We.

In order to prove the nonequivalence between Aratjo et al. and OG’s definitions of causal
separability, we showed in Ref. [32] that OG’s CS and ECS are nonequivalent—i.e., that there

can be “activation of causal nonseparability” (according to OG’s terminology)—in the scenario
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where party C' has no outgoing system. Note that this scenario differs from that in which
OG already gave an example of activation of causal nonseparability: they indeed considered a

tripartite case where C' has no incoming system, rather than no outgoing system.

Consider for that the following process matrix:
1 An K N 1. .. A 1, i anin A
Wact = 3 []l(ﬂ]l—zz)]l]l + \4[ T(XX4YY)(2141Z) + iz(z]l—]lz)]l]l + ZX(XY—YX)(ZH—HZ)},
(2.3)

where the subsystems are written, for convenience, in the order C;A;BrApBo (i.e., Wt ¢
L(HCT @ HAT @ HP @ HAo @ HBo))

We note first that W2 is compatible with Charlie acting first—i.e., with the order C < {A, B}.3
(Indeed, it satisfies Eq. (2.10) given later, for Ay = C.) Any CP map applied by Charlie—i.e.,
since C' has no outgoing system, any element of a POVM in his qubit incoming space £(HT)—
can be written as Mz = 1+ ¢ &, where & := (X,¥,2) and ¢ := (cx, ¢y, ¢;) is a 3-dimensional real
vector with |¢] < 1, so that Mz > 0 (and where we ignore the trace-nonincreasing constraint, and
indeed the overall normalisation of Mz, since it is irrelevant for our argument). The resulting

conditional matrix for parties A and B (as defined in Eq. (2.1)) is then
(Wact )|M~ — TFCI[( ) ® ]lAIBIAoBO Wact] *VV|A<B + I/VIB<A (2'4)

with (written in the order A;BrAoBo)

V3

1 An An
WP = Z[(]l]l—zz)]l]l+7(xx+ )21 4+ & 5 221 — 12)11 + = 5 (XY —YX)ZII} (2.5)

and with Wq]f;A of a similar form, obtained from I/V|A<B by changing 240150 to 140280 and

cx to —cx.

Note that VVlf?;B and Wﬁff‘ are valid, causally ordered process matrices, compatible with

A < B and B < A, respectively (their eigenvalues are found to be 0, %(1 + 4/ %) > 0 for
|¢] <1, and they satisfy the appropriate form of Eq. (2.12) given later). From Eq. (2.4) and the
definition of causal separability in the bipartite case (Definition 1.2), we conclude that for any CP
map (i.e. here, any POVM element) Mz applied by Charlie, (WaCt')| M, is a (bipartite) causally
separable process matrix. Therefore, according to OG’s Definition 2.1, W2 is a tripartite CS

process matrix (with a single term in the decomposition (2.2), corresponding to C' first).

A crucial feature of the decomposition (2.4) is that (W?2°") VV&;B and W"?EA all depend

on Charlie’s operation Mz. Even though any valid process matrix in £(H @ HAY @ HP! @

HA° @ HBO) (including Wﬁ;B and VV@;A) is compatible with C acting last (since C has no

outgoing system), the decomposition (2.4) still does not allow us to obtain a decomposition of

3As C has no outgoing system, W2 is also compatible with C' acting last. But to prove that W2 is CS
(according to OG’s definition) as we do below we need to consider C' acting first.
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the form Wact = LWA=B=C 4 Ly B=A=C for Jy7act- (or even with different weights ¢, 1—¢), as in
Eq. (1.40). Indeed, such a decomposition for W2t with WA=B=C and WB=A=C valid process
matrices compatible with the indicated causal order, does not exist. This can be shown using
Aratjo et al.’s technique of “witnesses of causal nonseparability” [11, 13]: one can construct a

witness for W2 and we give one explicitly in Appendix C of [32].

Since, as stated above, the existence of such a decomposition (as in Definition 1.4) would
be equivalent in the scenario considered here to OG’s ECS (Definition 2.2), this implies that
although W2t is CS according to OG’s Definition (see above), it is not ECS. This provides an

explicit example of “activation of causal nonseparability” in that scenario.

Hence, OG’s CS does not reduce (contrary to OG’s ECS) to Araijo et al.’s definition of causal
separability in this particular scenario. Definitions 1.4 and 2.1 of causal separability are therefore

inconsistent. Our aim now is to rectify this inconsistency.

2.1.4 Our choice of definition

To fix this, we proposed in Ref. [32] our own definition of multipartite causal separability, which
indeed resolves the inconsistency pointed out above, and which we argue is a more natural
definition for general multipartite scenarios. Similarly to OG, we choose a recursive definition,
based on the concept of a conditional process matrix and very much in the spirit of the recursive
definitions that have been given for multipartite causal correlations [14, 15]. For a process matrix
to be compatible with a definite causal order, there should, in any run of the experiment, be a
designated party that acts first (which party this is can be determined probabilistically, just
like in the bipartite case) and the conditional process matrix for the remaining parties, which
depends on the action of the first party, should again be causally separable for any CP map that
the first party applies.

For several reasons, we consider it important to allow extensions with extra incoming systems,
similar to OG’s extensible causal separability. Firstly, the whole process matrix framework is
constructed so as to allow for shared ancillary systems between the parties. For consistency,
we should thus take into account such extensions with shared incoming quantum states when
defining causal (non)separability. Indeed, entanglement is a very different resource from causal
nonseparability: entangled systems do not by themselves allow signalling between parties, and
should be able to be distributed between parties prior to an experiment without “activating”
causal nonseparability. (Note, however, that entanglement can still play a crucial role in causal
nonseparability, as e.g., in the quantum switch, where the control and target systems can
end up being entangled after the parties’ operations.) While a “resource theory” for causal
nonseparability has not yet been developed, it is reasonable to expect that providing additional
shared (entangled) incoming states should be a free operation in such an approach. These

considerations led us to propose the following definition.
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Definition 2.4 (N-partite causal separability). For N=1, any process matrix is causally separa-

ble. For N > 2, an N-partite process matrix W is said to be causally separable if and only if, for
N N

any extension HAT of the parties’ incoming spaces and any ancillary quantum state p € E(HAI’ ),

W ® p can be decomposed as
Wep= Y oW, (26)
keN

with ¢ > 0, >, ¢ = 1, and where for each £, W&) € E(HAJI\;’O) is a process matrix compatible
with party Aj acting first, and is such that for any CP map My € /J(’HAIICI’O) applied by party
Ay, the conditional (N —1)-partite process matrix? (W&))\Mk = Trp[MI @ TV . W&)] is itself

causally separable.

Note that there is a subtle difference between our definition here and that of OG’s ECS
(Definition 2.2). We indeed require all conditional process matrices appearing at all levels of the
recursive decomposition to remain causally separable under extension with arbitrary ancillary
states, while OG impose this a priori only for the original process matrix. In fact, although
prima facie different, these definitions turn out to be equivalent; the proof of this is given in
Appendix D of the published paper [32].

From Definition 2.4 we recover the natural, intuitive definition of Aradjo et al. [11] in the
particular tripartite case where one party has a trivial outgoing system—a case of practical
relevance, as the quantum switch is the first example of a causally nonseparable process that has
been demonstrated and studied in laboratory experiments [16-22]. One can also readily verify
that process matrices that are causally separable by Definition 2.4 cannot generate noncausal
correlations (as defined in Refs. [14, 15], Sec. 1.4.2); an explicit proof is given in Appendix E
of [32].

From now on, whenever we talk about causal (non)separability we will refer to our Definition 2.4.

2.2 Characterising multipartite causal (non)separability

With the definition of causal (non)separability given above, we now turn to the question of how
to characterise causally separable process matrices in terms of simple conditions and how to

demonstrate multipartite causal nonseparability in practice.

For that we will start by reviewing the characterisations of valid process matrices and of process
matrices compatible with fixed causal orders, before recalling the characterisations of causally
separable process matrices in the bipartite and tripartite cases, where we will give conditions

for causal separability that are both necessary and sufficient. We then present a generalisation

4 Ak Ak AF AR,
Note that compared to Eq. (2.1), we take here H"11'0 == H" 10 @ H 1", My, :== M_*"° Trp :=Tr,. and

aglzy o

NM\Ek . AJ . iy aps .
1 = ®jeN\k 17110 in the definition of the conditional matrix.
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to the N-partite case which, for N > 4, gives two conditions, one necessary and one sufficient,

whose coincidence remains an open question.

As in Sec. 1.2.3 we will not concern ourselves with the normalisation of process matrices (which
can always be imposed later). Our characterisations will then be given in terms of linear
subspaces of Hermitian matrices (e.g., the spaces LN and £4==4AN introduced already in
Sec. 1.4.1); when adding the requirement of positive semidefiniteness, the corresponding sets
of (nonnormalised) process matrices will thus be closed convex cones of positive semidefinite
matrices. This will allow the conditions we give to be checked efficiently with semidefinite
programming (SDP) techniques. In particular, by generalising the techniques used for the
bipartite and restricted tripartite cases in Refs. [11, 13], we will extend the idea of witnesses
of causal nonseparability to the multipartite case and show how multipartite witnesses can
be constructed efficiently, allowing this causal nonseparability to be verified experimentally by

having each party perform appropriately chosen measurements [17, 19] (see also Sec. 1.2.3).

2.2.1 Valid process matrices and compatibility with a fixed causal order

Recall from Sec. 1.4.1 that the conditions for a process matrix W to be valid arise from requiring
that the generalised Born rule (1.31) should give valid probability distributions, even when the
parties share arbitrary ancillary systems. The fact that these probabilities should be nonnegative
imposes that W must be positive semidefinite, while the requirement that these probabilities
must sum to 1 implies that any valid (but, once again, not necessarily normalised) W must
be in a linear space £V [4, 11]. As shown in Ref. [11], and Appendix A.1 (page 17) of the
relevant paper [32], this subspace is formed by the Hermitian matrices in C(’HAJIVO) that satisfy

the following conditions:

WelN e VXCN,XZ£0D TipnyWe LY and [ oli-ai W =0 (2.7)
1€

SVYXCN,X A0, MW =0. (2.8)

[Licalt=4561470
Written in the form of Eq. (2.7), the validity constraint for W says that all reduced matrices
Tranx W shared by the parties of any strict subset X of N (obtained after tracing out the parties
that are not in X') must be valid, and that W must further satisfy the additional constraint
that TL,o 0 145 W =0. The form of Eq. (2.8) expresses explicitly all the (linearly independent)
constraints that these recursive validity conditions imply on W.> Denoting again by P the
convex cone of positive semidefinite matrices, the set of valid process matrices is then the convex
cone

w=prPncVN. (2.9)

®Note that the constraint in Eq. (2.8) can also be written as 1. 0-a ](TrN\X W) = 0. In this chapter we
o

1EX
generically use the form of Eq. (2.8) for ease of notation; it may be useful, however, to keep in mind that this type
of constraint is in fact a constraint on the reduced matrix Tran x W shared by the parties in X, as written more

explicitly in Eq. (2.7).
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In order to discuss the causal separability of process matrices, it is necessary to also characterise
the subspaces of such matrices that are compatible with certain fixed causal relations between
(subsets of) parties. Such causal relations, as for the particular cases of fixed causal orders
discussed in the previous sections, are understood via the notion of signalling: if a (group of)
parties is in the causal future of some others, then there is no way for them to signal to those

earlier parties.

We first consider the case of process matrices that are compatible with a given party Aj acting

first: regardless of the operation performed by the other parties Ay (for all k&’ # k), the margmal
probability distribution for A obtained from (1.31) must not depend on the CPTP maps Mmk{O

chosen by those other parties. As already mentioned in the previous section (and shown in
Appendix A.2 (page 18) of our publication [32]), a given process matrix W satisfies this condition
if and only if, whatever CP map My, is applied by Ay, the conditional process matrix W)y, , as
defined in Eq. (2.1), is a valid (N—1)-partite process matrix for the remaining parties in N\ Aj.

We can in fact ignore here the assumption that M} > 0, and the above constraint is equivalent
to imposing that W, € LN\ for any Hermitian matrix M, € E(HAIICO). Such a constraint
defines a linear subspace of the space of Hermitian matrices in £(HA%). Taking its intersection
with the subspace LN , we denote the linear subspace of valid process matrices compatible with
party Ay first by £4~M\\A4%)  We find, using Eq. (2.8) above (and after removing redundant
constraints; see Appendix A.2 of Ref. [32]):

W e LA o W e £V and YV Hermitian My, € £(H450), WWk e LN\

& MW =0 and VX CN\k X #0 Mear W = (2.10)

[1—Ak]AT "TLer1-45147

In Appendix A.2 of the published paper [32] we also derive constraints for more general causal
orders of the form K; < Ko < --- < K, for various disjoint subsets K; of NV.

In the case where the subsets K; define a full partition of N (i.e., where Ufil Ki=N), we found

that the corresponding subspace £X1 =<Kk ig characterised by

W e E’C1<"-<’CK
" A5 .
& Vk=1,...,K, ¥V Hermitian My _,, € L(H 10 ), Tre ) I/VIMK( o < L5k
<

e Vh=1,...,K, VX C Ky, X #0 W =0 (2.11)

) Kp\X, K(>k)
Hiexk[l Al SIATS k ’“A

Wlth IC <k U ’C’L fOI' k = 2) cee 7K7 IC(<1) = IC(>K) = ®’ I/I/‘JM’C(<1) -

Of particular interest is the specific case in which each K; is a singleton, which gives constraints

on a process matrix W being compatible with a fixed causal order such as A1 < Ay < --- < Ap.

5Note that a process matrix can be compatible with several different causal relations between parties. For
example, if a matrix W does not allow any party to signal to another, then it is compatible with any party or
group of parties acting first.
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Such a W must be compatible with A; acting first (and must therefore satisfy Eq. (2.10) for
k = 1—in particular, the first constraint on its second line); then, whatever CP map M party
Ay applies, the resulting conditional process matrix W)y, must then be a valid (N —1)-partite
process matrix, compatible with party A, acting first (and must therefore satisfy Eq. (2.10) for
k = 2—in particular, the first constraint on its second line—with A replaced by M\{1}); etc.
By iterating this argument (up until the party Ay), we find that the linear subspace £A41==4N
of process matrices compatible with the causal order A; < --- < Ay is characterised by (cf.
Refs. [11, 44, 45])

We M= =AN o VE=1,... N, W =0, (2.12)

(
[1-AE1AL]

with AgF = AN (with AV = A9 =1).

2.2.2 Bipartite and tripartite causally (non)separable process matrices

In the bipartite scenario, the above characterisation of the subspaces £A=5 and £5=4 allows us,
from Definition 1.2, to give the following explicit characterisation of causally separable process

matrices.

Proposition 2.5 (Characterisation of bipartite causally separable process matrices). A matriz
W e L(HA10 @ HBI0) is a valid bipartite causally separable process matriz if and only if it can
be decomposed as

W =W p) + W a (2.13)

where, for each permutation (X,Y') of the two parties A and B, W(x y) is a positive semidefinite
matriz satisfying

1-XolvioWixy) = 0, 1—vo)Wix,y) =0 (2.14)

(i.e., W(x,y) is a valid process matriz compatible with the causal order X <Y).

Note that, in contrast to Eq. (1.14) in Definition 1.2, we did not write the weights ¢ and 1 — ¢
explicitly in Eq. (2.13). Instead, for convenience and consistency with the characterisations of
tripartite and N-partite causally separable processes which will follow, we decomposed W in

terms of nonnormalised process matrices, writing W4 p) = ¢ WA=B and WA = (1—q) WhB=A,

As we discussed in Sec. 2.1, the tripartite case of causal separability was already studied by
Oreshkov and Giarmatzi under the name “extensible causal separability” in Ref. [15]. In their
Proposition 3.3 they provided a characterisation of tripartite (extensible) causal separability,
albeit describing the constraints in a different way. In our approach, this characterisation can be

expressed as follows:

Proposition 2.6 (Characterisation of tripartite causally separable process matrices). A matriz

W e L(HA0 @ HBIo @ HC10) is a valid tripartite causally separable process matriz (as per
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Definition 2.4) if and only if it can be decomposed as

W = W(A) + W(B) + W(C)

(2.15)
= Wupo +Wacens + Waac) +Wiea + Wean +Wesa

where, for each permutation of the three parties (X,Y,Z), Wixy,z) and Wx) = W(xy,z) +

Wix,zy) are positive semidefinite matrices satisfying

1-XolYioZioW(x) =0, (2.16)

1-volzioWixy.zy =0, n-zo)Wixyy,z)=0. (2.17)

The proof of this characterisation was sketched in Ref. [15] using a somewhat different terminology
to what we employ; in particular, they express causal constraints in terms of restrictions of what
terms are “allowed” in a Hilbert-Schmidt basis decomposition of a matrix. We gave a more
detailed proof in Appendix B.1.2 (page 26) of Ref. [32], which is again based on a “teleportation

technique”, similar in spirit to the one briefly sketched in Sec. 2.1.3.

Let us break down and analyse the terms appearing in the decomposition (2.15) to understand

better this characterisation.

From the constraints in Eq. (2.17) it follows that, that for each party X, the matrix W x)(=
Wixy.z)+ Wix,zy)) satisties 1vi12,6 Wix) = 1-zolvio Wix) = n-volii-zo)Wix) = 0. Together
with Eq. (2.16) and the fact that W x is positive semidefinite, this implies that W x is a valid
tripartite process matrix compatible with party X acting first (since it satisfies Eq. (2.10) for
A = X). W is thus decomposed in Eq. (2.15) as a sum of 3 valid process matrices, which

ensures in particular that it is itself a valid process matrix.

On the other hand, the matrices Wy y,z in the decomposition (2.15) are not necessarily valid pro-
cess matrices. Nevertheless, the constraints (2.17) imply that whatever the CP map Mx applied
by the first party X, the conditional process matrix (W(x y,z))my = Trx[MEie1YZ. Wix,y.z)
is a valid bipartite process matrix, compatible with the causal order Y < Z (indeed, it satisfies

Eq. (2.12) for this causal order: e.g., 1_v,)z,0 [(W(x,v,2)) mx] = (1=vo]Zio Wi(x,v,2)) 1My = 0).

The fact that the matrices Wy y,z) are not necessarily valid process matrices, and thus that
Eq. (2.15) does not simply decompose W into a combination of process matrices compatible
with fixed causal orders, is a consequence of the possibility of dynamical (but still well-defined,
albeit not fized) causal orders. In Sec. 2.2.5 we will consider a fourpartite version of the quantum

switch as a concrete example of a process matrix allowing for such dynamical causal orders.

2.2.3 General multipartite causally (non)separable process matrices

As we will see below, it is possible to generalise the decomposition of Proposition 2.6 to the case

of N-partite causal separability. While the generalisation clearly provides a sufficient condition
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for causal separability, the proof that it is also a necessary condition does not readily generalise.
Indeed, the proof for the tripartite case relies on the fact that each term Wx) in Eq. (2.15) is
the sum of only two “base” terms, something that is not true in the natural generalisation of
this decomposition. (To understand this better, we encourage the interested reader to look at
the subtleties of that proof [32].)

For the general multipartite case, we therefore provided in Ref. [32] the following, separate,
necessary and sufficient conditions. Since these arise from different considerations, we will present
and discuss these individually. Indeed, although these coincide in the bipartite and tripartite
cases, it remains an open question whether this is the case in general (or if one is both necessary

and sufficient but not the other, or if neither are).

2.2.3.1 Necessary condition

The necessary condition is based on the teleportation technique and is a generalisation of the
use of this approach in the proof of the tripartite characterisation. Let us outline how it leads to
the necessary condition to help understand the condition itself (for a more formal description
of the teleportation technique, we refer to Lemma B.1 in Appendix B of [32]). The idea is to
consider, in Eq. (2.6) of Definition 2.4, a specific shared incoming ancillary state, as well as
specific operations My, applied by the parties Ay, for which there is a straightforward relation
between the forms of the respective N-partite process matrices in which Ay acts first, and the
corresponding (N —1)-partite conditional process matrices that we obtain after Ay has operated.
As the latter are by definition causally separable (and satisfy thus the necessary conditions for
(N—1)-partite causal separability), this allows us to infer necessary conditions for the causal

separability of the original N-partite process matrix.

More precisely, we provide, as ancillary incoming systems, a maximally entangled state between
every pair of parties, defining an overall ancillary state p. If W is a causally separable process
matrix, then, by definition, W ® p can be decomposed into a sum of process matrices W&)
compatible with a given party Ay acting first (cf. Eq. (2.6) in Definition 2.4); furthermore,
as p is pure, one can write W(’;c) = W) ® p with W, itself being compatible with Ay first.
For each such process matrix W) the party Ay can then “teleport” the part of W, on their
systems A’fo to another party Ay by applying an appropriate CP map Mj. The effect is that
the resulting (N—1)-partite conditional process matrix (W(’;))| w1, formally has the same form as
W (tensored with what is left over of the, now reduced, ancillary state p), except that the
systems AII’“O are instead attributed (“teleported”) to the ancillary incoming system AI}’,/ of Ayr.
From the definition of causal separability, (W&))| M, must itself be causally separable, so the
necessary condition can be recursively applied to this (N—1)-partite process matrix until the

base case of N = 3, given by Proposition 2.6, is reached.

In order to state more formally the condition itself, let us introduce the following notation. For
/ N\k /
a given matrix W € E(HA%), we denote by WATo AT ¢ L(HA 0" @ HAI;’) the same matrix,
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where the systems A¥, are attributed to some other system A% (of the same dimension as A¥,).
More formally,
wAfo =AY = > Tflifil o @ PNV W |l (2.18)

7]

where {|i)} is an orthonormal basis of HAT @ HAG.

We then obtain the following recursive necessary condition:

Proposition 2.7 (Necessary condition for general multipartite causal separability). An N-
partite causally separable process matriz W € E(’HA%) (as per Definition 2.4) must necessarily
have a decomposition of the form

W=> Wy (2.19)
keN

where each W,y is a valid process matriz compatible with party Ay acting first, and such that

k/

—AT, . .
for each k' # k, Wk) I is an (N—1)-partite causally separable process matriz.

Hence, any constraints satisfied by (N—1)-partite causally separable process matrices must also
be satisfied by Wy after re-attributing the system AI},/ back to A’}O —i.e., after formally replacing
A’f/ by A’}IA’I“,/ and then A’},/ by A’fo in the constraints written using the notation defined in
Egs. (1.8)—(1.9).

The decomposition of Eq. (2.19) follows from that of Eq. (2.6) in our definition of causal
separability, for the appropriate choice of ancillary state and CP maps, as described above. The

full details of the proof of Proposition 2.7 are given in our paper [32] (Appendix B.2.1, page 29).

To further clarify this condition, let us illustrate, in the fourpartite case (with parties A, B, C, D),
how one can use it to obtain explicit constraints on causally separable process matrices. Proposi-
tion 2.7 implies that a fourpartite causally separable process matrix W must be decomposable
as

W =W+ W +We)+ W, (2.20)

with each Wxy (for X = A, B,C, D) being a valid process matrix compatible with party X
acting first—hence satisfying Eq. (2.10) for Ay = X.” For each X and every other party Y # X,
the recursive constraint that W(X I)O%YI " is a tripartite causally separable process matrix further
implies, according to Proposition 2.6 (for the 3 parties Y, Z, T # X) and after re-attributing the
system Yy to X0 (i.e., replacing Y7o by Y/Y7o and then Y;» by X0 in the constraints), that

there must exist a decomposition of W x of the form®

[X—Y] [X—Y] [X—-Y]
Wy =Wixy) + Wiz + Wi
[X—Y] [X—Y] [X—-Y] [X—-Y] [X—Y] [X—Y]

=Wixyvzr tWixyrz tWixzyvr + W(XZTY) +Wixryz) t Wixrzyy (221)

"Note that the existence, for all Y, of a decomposition of the form of Eq. (2.21) satisfying Eq. (2.22) implies
all the constraints of Eq. (2.10), except for the first constraint on the second line (i.e., 1—x)v;0210Ti0 W = 0)-

8Here the superscripts [X — Y] are simply labels to indicate that, for each matrix W(x), there are potentially
different decompositions of the form (2.21) for each Y # X. (The sufficient condition below will in fact precisely
be obtained by assuming that these decompositions do not depend on Y'.)
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where each term appearing in the decomposition is positive semidefinite, W(;;);] = W([;;YZ] T

[X—Y]

W(X y1,7)» €tc., and with (foral X #Y £ Z #1T)

[X—Y) [X—=Y]
[1-YolZ1oTro W(X Y) = [1-Zo]lX10YroTro W(X z) = 0,
[X—-Y] [X—Y]
n-zoltroWix,yv.zr) = n-to)Wix v,z = 0,
[X—Y] [X—Y]
[1- YO]TIOW(X ZY,T) — [1- TO]W(X ZYT) — =0,
[X—Y] (X—=Y]
n-1o)X0Vie Wix,z1y) = n-voWx,zry) = 0- (2.22)

Finally, we remark that the constraints obtained by considering teleporting each party X’s
system to just a single other party Y (i.e., by just demanding the existence of a decomposition
of the above form for some other party Y, rather than for all other parties Y # X) yields
conditions that are still necessary for the causal separability of W, but which are generally
weaker than those given in Proposition 2.7. Indeed, in Appendix F.1 (page 36) of Ref. [32], we
give an example of a fourpartite process matrix which satisfies those weaker conditions but not

all of those given above.

2.2.3.2 Sufficient condition

A sufficient condition for causal separability can be obtained by considering a stricter form
of the recursive decomposition (2.19) in Proposition 2.7. In particular, we demand that W
has a decomposition into W) compatible with A acting first and such that each Wy itself
recursively satisfies the sufficient constraints for an (N —1)-partite process matrix without AI}O
being traced out. One can easily verify that the decomposition (2.15) in the tripartite case is a
generalisation of this kind from the bipartite case. In the fourpartite case described explicitly
above, this means that for each party X there should be a single decomposition of the form (2.21)
(i.e., no longer dependent on Y') such that the constraints (2.22) are satisfied without tracing
out Xjo on the first and fourth lines. The fact that, unlike in the necessary conditions, we only
consider a single (recursive) decomposition of each Wiy means that we can give a more explicit

formulation for the sufficient condition.

Before stating the sufficient condition, let us introduce some more notations. Let II denote
the set of permutations (generically denoted by 7) of . For an ordered subset (ki,...,ky,)
of N with n elements (with 1 < n < N, k; # k; for i # j), let ...k, be the set of
permutations of N for which the element k; is first, ky is second, ..., and k, is n'®
g,k = A7 € M [ 7(1) = k1, ..., 7(n) = kp}. With these notations, we have the following

suﬁ"lment condition, that directly generalises the decomposition of Proposition 2.6.

—i.e.,

Proposition 2.8 (Sufficient condition for general multipartite causal separability). If a matriz

W e E(HA%) can be decomposed as a sum of N! positive semidefinite operators W, > 0 in the
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form

W=> W, (2.23)
mell

such that for any ordered subset of parties (ki,...,kn) of N (with1 <n < N, k; # kj fori# j),

the partial sum

Wiy = D Wa (2.24)
TE€ (k... k)
satisfies
[I_Agn]A/IVO\{’ﬂ ..... kn}W(kzl,...,kn) =0, (225)

then W is a wvalid causally separable process matrixz (as per Definition 2.4).

This decomposition was also suggested independently by Oreshkov as a possible generalisation
of Proposition 2.6 [50] (although following the approach of Refs. [4, 15], Oreshkov expressed
it differently, namely in terms of allowed terms in a Hilbert-Schmidt basis decomposition of
the matrices Wy, . 1,))- The proof that the condition above is indeed sufficient is given in the
published paper in Appendix B.2.2 (page 29). In order to understand it better, it is nonetheless
worth discussing the form of the decomposition and the terms appearing within in a little more
detail.

Firstly, one can show by induction that if Eq. (2.25) is satisfied for all (k1, ..., k), then one also
has, for all (k1,...,k,) with 1 <n < N, that

ngN\{kl,...,k;n},X#®g HZeX[IfA’O}AIO ,,,,, ( kn) :0-

Note also that since all Wr > 0, all Wy, x.) > 0 as well.

For n = 1, Egs. (2.25) and (2.26) imply that each matrix W, ) (> 0) is a valid process
matrix compatible with party Ay, acting first; indeed, Eq. (2.10) is satisfied for A = Ag,. As
W = 3"y, W, according to Eqgs. (2.23)(2.24), this ensures in particular that W is indeed a

valid process matrix.

Note, however, that in general the matrices W, 1,y for n > 1 are not valid processes matrices
compatible with the causal order Ay, < --- < A, . Indeed, as we already observed in the
tripartite case, W, . r,) may not generally be a valid process matrix at all. Nevertheless,
comparing with Eq. (2.10), one can see that Eqgs. (2.25) and (2.26) imply that whatever the
CP maps My,,..., M —
Wikr oo o) | My, @00y, | = Trpy, o [M), @ - O M) ® PNk kntd gy ] s a
valid (N—n+1)-partite process matrix, compatible with party Ay, acting first. As we have

applied by the n—1 parties Ag,,...,Ag the conditional matrix

n—1

noted already, the condition of Proposition 2.8 coincides, in the bipartite and tripartite cases,
with those given in Propositions 2.5 and 2.6, respectively. Indeed, for these cases, the necessary
and sufficient conditions given here coincided. For four-or-more parties it remains an open
question whether this is also the case. We performed several numerical searches for process

matrices satisfying the necessary but not sufficient conditions (see Appendix F.2 (page 37) of
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the published paper [32]) and failed to find any such examples, although the complexity of
the numerical searches means that we caution against interpreting this as evidence that the
conditions coincide in general. In Appendix B.3 (page 31) of [32], however, we show that they
do coincide in the specific fourpartite case with dp, = 1. This is a rather restricted scenario
(where any process matrix is compatible with D acting last), but nonetheless includes cases of

interest such as the fourpartite variant of the quantum switch we discuss below.

Finally, we note that the decomposition in Proposition 2.8 has consequences beyond the definition
of causal separability meriting additional interest: as we show in Chapter 3, it characterises
precisely (i.e., providing a necessary and sufficient condition for) quantum circuits with classical

control of causal order.

2.2.4 Multipartite witnesses of causal nonseparability

While the previous characterisations provide mathematical descriptions of causally (non)se-
parable process matrices, an important problem is the ability to detect and certify causal
nonseparability in practice. Here, we describe how the concept of causal witnesses outlined in
Sec. 1.2.3 generalises to the multipartite case, and how the conditions given in the previous
subsections allow us to construct causal witnesses for general multipartite scenarios. This will
permit a full analysis of the examples in the following section. While the overall approach of
causal witnesses—and their formulation as efficiently solvable semidefinite programming (SDP)
problems—in the general case mirrors that of the specific scenarios previously studied [11, 13],
the validity of the generalisation rests on certain technical details which we prove in Appendix
G of the published paper [32].

Propositions 2.5, 2.6, 2.7 and 2.8 allow for the characterisation of the convex cone WP of
causally separable processes—or, for the latter two propositions, outer and inner approximations
Wj_ep and WP thereof—in terms of Minkowski sums and intersections of linear subspaces and
of the cone of positive semidefinite operators P. The set of causal witnesses is then precisely the
dual cone of WP S = (W*P)* [11, 13]. A characterisation of S can, in general, be obtained
from the description of WP by using the following duality relations for any two nonempty

closed convex cones C; and Ca [51]:
(Ci+C)*=CINCy, (CiNC)*=CT+C5 (2.27)

(where C1 + Co = {c1 + c2 | ¢1 € C1, ¢ € Ca} is the Minkowski sum of the two cones C; and Cy;

note that all the cones we shall consider will be nonempty, closed and convex).

Since these cones are convex, the construction of causal witnesses (or of explicit decompositions
of causally separable process matrices) can be efficiently performed with SDP also in the
multipartite case. The question of whether a given W is causally separable can be reformulated
as the optimisation problem of how much white noise can be added to a process matrix before it

becomes causally separable, just as in the bipartite case (cf. Sec. 1.2.3).
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For more than 3 parties, the witnesses in the set S = (Wi™")* obtained from the cone

Wffp O WP arising from the necessary condition of Proposition 2.7 are also valid witnesses of
WP since S; C S. On the other hand, by solving the primal SDP problem over the cone WP
arising from the sufficient condition in Proposition 2.8, one can show the causal separability of
any W € WP C W™ (through the construction of an explicit causally separable decomposition
for W of the form given in Proposition 2.8). Recalling the claim that such process matrices
correspond precisely to quantum circuits with classical control of orders (see Chapter 3), the
dual cone S_ is thus the set of “witnesses for no classical control of causal order” (which can
thus be found by solving the dual SDP problem).

2.2.5 Examples

In the bipartite scenario and restricted tripartite scenario in which C' has no outgoing system,
several examples of causally nonseparable process matrices have previously been formulated and
studied in detail [4, 11, 13, 15]. Following the approach just outlined, we can readily verify the
causal nonseparability of these examples and recover for instance, the results from Refs. [11, 13]
for the process matrix of the quantum switch (Eq. (1.39)). In that same restricted tripartite
scenario, we have in fact also already looked at another explicit example: the process matrix
Wact- (2.3) introduced in Sec. 2.1.3 to show the “activation of causal nonseparability” under
OG’s definition of causal separability. An explicit witness certifying the causal nonseparability of
this process matrix is given in Appendix C of [32], which could thus have been equally well found
with the approach of Refs. [11, 13]. Another example of “activation of causal nonseparability”
under OG’s terminology was given in Ref. [15] in the different tripartite case in which one party,
say now A, has only a nontrivial outgoing system, and can thus always be seen as acting first. A
witness for this example can be found by solving the dual SDP problem (1.22) using the cone of

witnesses corresponding to this restricted tripartite scenario [32].

Of more novel interest is the fourpartite scenario, in which causal separability has not previously
been characterised. A particularly interesting and simple example here, which we will illustrate
in more detail, is a fourpartite version of the quantum switch, in which a party A(lice) has no
incoming system (d4, = 1) and always acts first, while another party D(orothy) has no outgoing

system (dp,, = 1) and always acts last.

In this version of the switch, Alice prepares the control qubit in some state of her choosing, in
general as a function of her input z (in contrast to the tripartite version described in Sec. 1.5,
where the control qubit is in a fixed superposition). The target qubit, initially prepared (externally
to the 4 parties) in some state [¢), is then sent to Bob and Charlie, who act in an order that
depends on the state of the control qubit: if it is |0) then Bob acts before Charlie (B < C),
while if it is |1) then Charlie acts before Bob (C' < B). If it is in a superposition, then Bob
and Charlie act in a superposition of different orders. Finally, both qubits are sent to Dorothy

who can perform a measurement on them (for simplicity, we will consider that D simply ignores
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the target qubit and thus will trace it out, as this will not change the discussion that follows).’?

Labelling the relevant incoming and outgoing systems (where the superscripts indicate control
and target qubits) A%, Bt, B, Ct, Cto, Dt, ¢, the process matrix for the quantum switch can
be written [11, 15, 38]

pyswiteh — Trpe [w)w|  with

[w) = [0)40 ) Br [1)BoCT |1)CoPT 0)PT 4 |1)4 |9y [1) 0Pl |1y PoPi [1)PT | (2.28)

Note that, while Alice has control over the causal order of the other parties, this switch differs
from a classical dynamical control of causal order in that she has coherent quantum control over

the control qubit (and thus the causal orders).

In this particular restricted fourpartite scenario, our necessary and sufficient conditions for the
causal separability of a process matrix W coincide and reduce to the following proposition (cf.
Appendix B.3 (Proposition B7) in the published paper [32]):

Proposition 2.9 (Characterisation of fourpartite causally separable process matrices with
da, = 1 and dp, = 1). In a fourpartite scenario where party A has no incoming system and
party D has no outgoing system, a matriz W € L(HA0 @ HBIo @ HC10 @ HP1) is a valid

fourpartite causally separable process matrix (as per Definition 2.4) if and only if
[1-Ao|BroCroDs W =0 (2.29)
and W can be decomposed as
W =W,B,c,p)+Wac,B,D) (2.30)

where, for each permutation (X,Y") of the two parties B and C, Wa,x,v,p) s a positive semidef-

inite matrix satisfying

1-xolYioD:Waxy,p) =0, n-vop,Wa,x,y,p) =0. (2.31)

9We note that the quantum switch was also described as a fourpartite process in Ref. [17], with one party
acting first, and one acting last. However, in that reference the first party was controlling the target qubit, rather
than the control qubit as we consider here. In that case (with the first party controlling the target qubit), the
random robustness is increased to 2.767. One could also have here a first party that controls both the target and
control qubits (as in Ref. [38]), which further increases the tolerable white noise to 4.686; for simplicity we do not
consider this possibility, as our goal here is just to illustrate the role of the control qubit.
Note also that Rubino et al. [17] used yet another definition of causal nonseparability, different from the ones
discussed in Sec. 2.1, which did not allow for dynamical causal orders. As argued before and discussed in
Refs. [14, 15], such a definition is however too restrictive to really characterise processes that are compatible with
a well-defined causal order, as one would like the notion of causal separability to do. Nevertheless, it turns out
that the witness constructed and experimentally tested in Ref. [17] is not only a witness for fixed (nondynamical)
causal orders, but also witnesses causal nonseparability as per our Definition 2.4.
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It follows from Proposition 2.9 that the cone WP in the scenario considered here is given by

Wsep :E[lon]BIOCIODI a [73 N ﬁ[l*BO]CIODI N ﬁ[l*CO]D} +PnN E[I*CO]BIODI N ,C[lfBO}DI]
(2.32)

where L(1_4,1B;6C10D; denotes the linear subspace of Hermitian matrices W € ﬁ(HAO QHBIo®
HC10 @ HP1) satisfying [1—Ao]BroCroD W = 0, and similarly for £;_pc,,p, ete.

With the duality relations (2.27), it then follows that the dual cone of causal witnesses S =
(WSeP)* is

S :‘C[Ji—AO]BIOC’IoDI + (P + [’[Ji—Bo]CIOD[ + [’[Ji—CO}DI) NP+ ﬁﬁ—co}B,oD, + ‘C[Ji—BO]DI) :
(2.33)

where we used the fact that P is self-dual, and where £ is the orthogonal comple-
[1-Ao]BroCroDy
ment of £j1_4,)B,0C;0D; that is, the linear space of Hermitian operators S € L(HA° @ HBo @

HC10 @ HP1) satisfying [1—Ao]BioCroDyS = S, and similarly for 'C[ll—Bo]CIODI etc.

The causal nonseparability of Ws¥i*h can thus be verified by solving the dual SDP problem (1.22)
and thereby obtaining a witness of its causal nonseparability. Doing so, we find that (up to
numerical precision) the random robustness of W¥ith of 2.343 (note that this does not depend
on the choice of initial state of the target qubit, so in solving the SDP problem numerically we
can take, e.g., [) = |0)). In experimental efforts to measure a witness and verify the causal
nonseparability of a process matrix, one may only have access to a restricted set of operations for
the parties. Many natural such constraints can also be imposed as SDP constraints, as described
in Ref. [13], allowing one to find implementable causal witnesses. A particularly natural such
constraint is to restrict B and C’s operations to unitary operations (as in the experimental
implementation of the tripartite switch in Refs. [16, 19]); we find that the tolerable white noise

on WsWitch t5 witness its causal nonseparability is reduced, under such a restriction, to 0.746.

It is important to note that if we trace out the last party from Wswitch (i.e., Df in addition to

DY), we obtain
Trp WSt = 0)0[40 o) (w| P |1)(L[P0CT 16 + 1)1 40 [)p|“ |11 0BT 156, (2.34)

which is causally separable since it is of the form of Eq. (2.15) with just the first two terms being
nonzero: Trp Wswitch — Wy = W)+ Wacen), with W gy, W) (defined as the
first and second terms in Eq. (2.34) above, respectively) and W4 satisfying the constraints of
Egs. (2.16)—(2.17). This was also the case with the original tripartite version of the quantum
switch considered in Sec. 1.5 (in which the control qubit is in the fixed state %(|O> + [1))).
There, one is left with a simple probabilistic mixture of channels in two different directions after
tracing out the last party (cf. Eq. (1.41)). In contrast here, Eq. (2.34) is not compatible with
any probabilistic mixture of fixed causal orders: indeed, W4 p ) and W4 ¢ ) are not valid

process matrices, as [1_ 458,000 W(A,B,0) = — [1=A0]BioCro W(a,c,B) # 0 (these terms cancel in
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the sum Wiy g oy + Wia,c,B), 80 that 1_4,1B,,c;0W(a) = 0 as required for W4, to be a valid
process matrix). Rather, Trp WsWitch ig g “classical switch” in which A can incoherently control

the causal order between B and C', which thus allows for dynamical causal orders.

2.3 Discussion

In this chapter we presented the results from Ref. [32], where we studied the question of how
to generalise the concept of causal (non)separability to the multipartite case. We reviewed
several definitions that had been proposed for multipartite scenarios in previous works, namely
the definition of causal separability introduced by Aratjo et al. [11] for a particular tripartite
situation, and Oreshkov and Giarmatzi’s definitions of causal separability (CS) and extensible
causal separability (ECS) [15] for the general multipartite case. We established the equivalence
between Aratjo et al.’s (restricted) definition of causal separability and Oreshkov and Giarmatzi’s
definition of ECS in the particular tripartite situation considered by Aratjo et al., thus linking
two a priori different definitions for that case. Moreover, by showing that ECS and CS are
different in that scenario, we found that the two definitions of causal separability proposed by
Aratjo et al. [11] and by Oreshkov and Giarmatzi [15] were inconsistent, a problem that thus
needed to be addressed.

We proposed a new general definition of N-partite causal nonseparability, similar in spirit to
the recursive definitions that have been proposed for multipartite causal correlations [14, 15],
and more consistent with the fact that the process matrix framework always allows for parties
to share additional ancillary systems. Our definition thus avoids some unwanted features of
the definition of CS in Ref. [15], such as the “activation” of causal nonseparability by shared
entanglement. Moreover, we showed that our definition, although a priori different, in fact
reduces to the notion of ECS proposed in [15], which also reduces to the definition of Aratjo et

al. [11] in the particular restricted scenario considered there.

We then focused on characterising causally separable process matrices, giving (in the general
multipartite case) two conditions—one necessary and one sufficient (Propositions 2.7 and 2.8,
respectively)—for a given process matrix to be causally separable. These conditions allowed
us to characterise the corresponding sets of process matrices through SDP constraints, and
to generalise the tool of witnesses for causal nonseparability to the multipartite case. In the
bipartite and tripartite cases, our necessary and sufficient conditions coincide and reduce to those
previously described [4, 11, 15]. The principal open question is whether this also holds in the
general N-partite case with N > 4, or whether one of the two is both necessary and sufficient (or

if one could derive yet another distinct condition, that would be both necessary and sufficient).

As we show in Chapter 3 (and will present in an upcoming publication [33]), our sufficient
condition characterises precisely the processes that can be realised as a quantum circuit with

classical control of causal order. If that condition is in fact also necessary, this would thus
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confirm the conjecture of Oreshkov and Giarmatzi, that causally separable process matrices
(or “extensibly causally separable processes” using their terminology) are those realisable by
such “classically controlled quantum circuits” [15]. This would provide more solid founding for
our understanding of the notion of causal separability, which would then indeed correspond
to our intuition (quantum circuits with possibly dynamical causal orders that are classically
controlled). Furthermore, the proof in Chapter 3 (Ref. [33]) would also provide a general explicit

construction to realise any given causally separable process matrix in practice.

However, the forms of our necessary and sufficient condition, and the fact that the proof for
the necessity of the conditions in the tripartite case does not generalise straightforwardly to
more parties, indeed leave open the possibility that our sufficient condition may turn out to
not be necessary. If this is the case, it would mean that there exist causally separable process
matrices that are not realisable as classically controlled quantum circuits—and which we would
not currently know how to realise experimentally. It would certainly be interesting to understand
what kind of situations such process matrices correspond to—and if (and how) they can be
realised quantum mechanically. This question is reminiscent of the open problem of whether
process matrices that allow for the violation of causal inequalities are realisable with “standard”
quantum mechanics. Here the question would concern even less extreme situations: causally

separable process matrices.

Another question that arises naturally in the multipartite case is whether a given phenomenon
is genuinely multipartite, in the sense that its occurrence truly requires the coordinated action
of a certain number of parties. It would be important for our understanding of multipartite
process matrices to define a notion of “genuinely multipartite causal nonseparability”, similar to
the concept of “genuinely multipartite noncausality” for correlations [35] (see Chapter 5) and
analogous to the notions of genuinely multipartite entanglement [52] and nonlocality [53-55]. It
would then also be interesting to study whether the definition can be refined to give a hierarchy of
degrees of causal nonseparability, similar to the approach in Ref. [35] (Chapter 5) for correlations,
and whether the characterisation of the corresponding process matrices and the construction of
“witnesses of genuinely multipartite causal nonseparability” are still possible with SDP techniques.

These questions are left for further research.
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Chapter 3

Quantum circuits with quantum
versus classical control of causal

order

A manuscript based on the material from this chapter is in preparation:
Julian Wechs, Hippolyte Dourdent, Alastair A. Abbott, and Cyril Branciard. Quantum circuits

with quantum versus classical control of causal order, in preparation (2020) (Ref. [33]).

The work presented in this chapter has been another central project of my thesis, and I mainly

developed the characterisations, proofs and examples presented here.

It is known that process matrices with a fixed causal order correspond to standard, causally
ordered quantum circuits. For the bipartite case, we mentioned in Section 1.2.1 that process
matrices that are compatible with the causal order A < B—i.e., that can only generate
correlations such that Alice can signal to Bob, but not vice versa—describe precisely the channels
with memory from Alice to Bob, as represented in Fig. 1.5. More generally, it has been shown
that the subset of process matrices which are compatible with a given causal order corresponds
to the set of quantum combs, which are fixed-order quantum circuits with open slots into which
variable input operations can be inserted. Quantum combs have been described and characterised
in Refs. [44, 45, 56]. In this chapter, we go beyond the fixed-order case, and we study more

general classes of circuits that can be characterised in terms of their process matrix description.

To lay the basis for the following considerations, we first review quantum circuits with fixed
causal order (which we abbreviate to “QC-FO”, Sec. 3.3). We recall the description of such
circuits in terms of process matrices (or in this case, “quantum combs”), as well as how, given
such a process matrix description, one can construct the corresponding quantum circuit. As
discussed in previous chapters, we may also consider scenarios where the causal order is not fixed
a priori, but established dynamically during the process. This leads us to introduce “quantum

circuits with classical control of causal order” (which we refer to as “QC-CC”, Sec. 3.4), in
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which, as the circuit is being used, the operations are still realised in a well-defined causal order,
which is established on the fly. We show how to describe these circuits as process matrices, and
characterise the class of process matrices they define. As for the case of fixed causal order, we
show how, given a process matrix from this class, one can construct the corresponding circuit.
Our study formalises the description of “classically controlled quantum circuits” proposed in
Ref. [15]; we note that because the control is classical, the causal order remains well-defined
(if not fixed), so that the corresponding processes are causally separable. In fact, the class of
process matrices describing QC-CC turns out to coincide precisely with the class of process
matrices that satisfy the sufficient condition for multipartite causal separability that we derived

in the previous chapter.

It is then natural to consider quantum circuits in which the causal order is controlled coherently.
We thus introduce the new class of “quantum circuits with quantum control of causal order”
(“QC-QC”, Sec. 3.5), which we again fully characterise in terms of their process matrix description.
This class contains the quantum switch as a particular example, but also more general types of

causally nonseparable quantum processes.

In (Sec. 3.6), we generalise our analysis to probabilistic (post-selected) quantum circuits, and
we characterise the classes of “probabilistic process matrices” that can be realised in terms of
probabilistic QC-FO, QC-CC and QC-QC.

On the one hand, our results are of foundational importance, because one of the main open
questions regarding process matrices is which of them have a physical interpretation. Here, we
characterise a large class of process matrices that are realisable through quantum control of causal
order. On the other hand, our analysis is also interesting with regard to possible applications of
quantum processes with indefinite causal order. In this context, it is natural to study “higher
order” quantum information processing tasks that involve the processing of unknown operations.
The description of quantum combs in terms of quantum supermaps has been used to formulate
and study various tasks of that kind as semidefinite optimisation problems [57]. Based on the
characterisations that we provide in this work, this approach can be extended to the more general
classes of QC-CC and QC-QC. Our characterisation of the whole class of realisable QC-QCs,
together with the characterisation of the corresponding quantum superinstruments, thus allows
one to systematically investigate possible applications of quantum processes which go beyond
quantum circuits with a well-defined causal order, and for which a concrete realisation scheme
exists. We give an example in Sec. 3.7 where we consider some variants of a recently studied
black-box discrimination task [58] and show that the success probability obtained using QC-QC
is higher than the one for QC-FO and QC-CC.

3.1 The link product

Throughout this chapter, we will again make extensive use of the CJ isomorphism (see Sec. 1.1.1)

in order to represent quantum operations in a convenient way, and we will often connect together
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various operations in circuits. We will therefore start by introducing a convenient mathematical
tool, the link product [45, 56], which allows us to obtain the CJ representation of a composition

of operations in terms of the CJ representation of the individual operations.

Consider two operators M4 € L(H*) and Mp € L(HP) acting on some tensor product Hilbert
spaces HA = Qjea H7 and HB = QjeB H7, where some of the constituent Hilbert spaces H/
may be common to both H* and HP (i.e., the label sets A and B overlap). The link product of
M4 and Mp is then defined as

My % Mp = Trang [(Ma @ IPVA)(MEAE @ 1AB)] e L(HABUB\A)), (3.1)

where the partial trace and partial transpose are taken over the overlapping Hilbert spaces

HAMB = Qjecann H7, and 1B\A (1A\B) is the identity operator on HP\A = QjeB\A H7 (on
A . j

HAME = ®cap ).

In the case where My = |a)a| and Mp = |b)b| are rank-one projectors onto some vectors

la) € HA and |b) € HB, we can work on the level of Hilbert space vectors. We have that

|a)al x |b)Xb] = (la) * [b))((al * (b]) (3.2)
with the “vector link product”
ja) # [B) = (LA @ (1478 (Ja) @ [b) ) € HAPUBAA), (3.3)

and (al * (b = (|a) = [b))".

The link products we defined here allow us to conveniently describe “quantum networks” in which
individual quantum operations are connected with each other through certain shared “wires”.
The basic case is shown in Fig. 3.1. Here, two quantum operations M 4 : L(HX1) — L£(HY1%) and
Mp : L(HX2Z) — L(HY?) (with CJ representations M4 € L(HX1Y1%) and Mp € L(H¥2%Y2)) are
composed via the shared system Z. The CJ representation of their composition Mgy = Mpo M4
is then simply given by [45, 56]

Mg = My*x Mg € L(HX X212, (3.4)

For “pure” quantum operations of the form M 4(p) = VAij and Mpg(p) = VpV,., we can thus
use the vector link product in order to obtain the pure CJ representation |V¢)) (cf. Sec. 1.1.1) of
their composition in terms of the pure CJ representations |V4)) € HX1Y1Z and |Vp)) € HX24Y2,

It is given by

Vo) = [Va)) * V) € HHA2, (3.5)

Let us review some properties of the link product that will be useful in the following. The link

product is commutative (up to a re-ordering of tensor products), and associative when each
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FIGURE 3.1: The link product allows one to obtain the CJ representation of the composition of quantum
operations.

Hilbert space HJ involved in the link product of My € L(H™), My € L(HA?),..., M, € L(H"")
appears at most twice—i.e., for all i # j # k, A; N A; N Ay = 0. In all situations below where we
use the link product, this will be the case, which enables us to write the n-fold link product as

My« My x - % My,. (or |mq) *|mg) x - - % |m,,) for the vector link product).

In the particular case where the label sets are disjoint (A N B = (), we have that M4« Mp =
My ® Mp. If they are identical (A = B), we have that M4+ Mp = Tr[MAMg]. The link product

of positive semidefinite operators is positive semidefinite.

Other useful properties are My s 1B = (Traqp M4) @ 1B\A (if B C A, My« 18 = Trg My), and,
for C - B\A, Trc[MA * MB] = MA * (TI‘C MB).

3.2 Process matrices as quantum supermaps

In this chapter, we will use the process matrix formalism in a slightly different way than above.
Previously we defined process matrices as objects that take local CP maps to probabilities. Here,
we will instead use process matrices to describe “higher order transformations” or quantum
supermaps [59], which take the local CP maps to a new CP map from some “global past space”
to some “global future space” (as in Ref. [60]). The two descriptions are equivalent, but the

second point of view is more convenient for our purposes in this chapter.

In the scenario that we consider here, we have N local quantum operations (CP maps) Ay
(ke N :={1,...,N}), with (possibly different) input and output Hilbert spaces HA% and ’HAg,
respectively, of dimensions di and dg, respectively (all Hilbert spaces throughout the chapter are
again taken to be finite-dimensional), mapping some incoming physical system to some outgoing
system. That is, the A;’s are (any) CP maps Ay : £(HA%) — E(HAkO). Similarly to above, we
will use the notations H4~ = HA4AY | and HAK = Rrek HA for any subset K C N

A quantum supermap [59] is a multilinear transformation (Ay,...,Ay) — M that takes the N
quantum operations Ay to a new CP map M : L(HF) — L(HT) from some Hilbert space H' in
the “global past” of all operations A to some Hilbert space H!" in their “global future”, with CJ
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FIGURE 3.2: A process matrix W represents a quantum supermap that takes N quantum operations—i.e.,
CP maps—Ay with input and output Hilbert spaces "HAi and ”HAS, respectively, to a new CP map M
with an input Hilbert space HT in the “global past” of all operations A and an output Hilbert space
H* in their “global future” [4, 60]. The CJ representation M of the global map M is obtained from the
CJ representations Ay of the maps Ay according to Eq. (3.6), as a function of the process matrix W.

representation' M € E(?—LP F ); see Fig. 3.2. For now?, we consider deterministic supermaps that,
although possibly taking probabilistic operations as inputs, do not themselves produce random
outcomes; that is, we require that the global transformation M should be a CPTP map whenever
the local operations are CPTP maps. Similarly to above, we allow for additional ancillary spaces
that the local operations can act upon. That is, we impose that even for extended CP maps
Af E(HAiAi,) — C(’HAkOAkO,), involving some additional input (output) space HAL (HAkOI),
the supermap (tensored with the identity map on the ancillas) should again output a valid CP
map (from E(”HPAf\/f) to C(”HFA(A)/)).

Quantum supermaps, as described here, are in one-to-one correspondence with process matrices
W e C(HPA/IVOF). That is, they can be represented as [60]:

M = Tryp0 WAl e - @ AL 01PN =W (410 -© Ay) € LHTE), (3.6)

where W > 0, Tt W = dp d, and W € LPXN=E E(”HPAWF), the subspace of valid process
matrices in the (N + 2)-partite scenario involving N parties with incoming (outgoing) Hilbert
spaces HAk (HAS), as well as an additional “global past” party with an outgoing space #* (and
a trivial, one-dimensional incoming space) and a “global future” party with incoming space H*
(and a trivial, one-dimensional outgoing space).? In the second step of Eq. (3.6) we used the link

product notation defined above.

In the following three sections, we will study some particular classes of quantum supermaps, and

their descriptions in terms of process matrices. We will start with quantum circuits with fixed

! Again, we will often refer to a map or its CJ representation indifferently.
2That is, in Secs. 3.3—3.5. We will then extend our anaysis to probabilistic supermaps in Sec. 3.6.
3 An explicit characterisation of this subspace can be obtained as a special case of Eq. (2.11).
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FIGURE 3.3: Quantum circuit with the fixed order of operations (A1, A, ..., Ax)—or equivalently here,

a “quantum comb” [45, 56]. Its process matrix representation is given by W = My « Ma % - - % M1,
as in Proposition 3.2.

causal order.

3.3 Quantum circuits with fixed causal order

Quantum circuits with fixed causal order (QC-FOs) have been studied in details before [45, 56].
Here we simply recall their description and characterisation in terms of process matrices—also
called in that case “quantum combs” [45, 56]—so as to make the chapter self-contained and to

set up the stage for the following study of quantum circuits without a fixed causal order.

3.3.1 Description

We consider a quantum circuit in which the “external” CP maps A1,..., Ay are combined
(so as to define the global map M, as described above) in a fixed order, which we denote
(A1, Ag, ..., Ayn) (meaning that A; is applied before Ay which is applied before As, ... (etc)

.., applied before Ap). That is, the CP maps are inserted into a causally ordered circuit
composed of “internal” circuit operations that take the output of each CP map to the input of
the subsequent one. As we want the circuit to give rise to a deterministic supermap, the internal
circuit operations are taken to be deterministic quantum channels (CPTP maps). Moreover,
they may involve additional ancillary systems or “memories” aq,...,an that are entangled with

the system the CP maps act upon.
Such a circuit is depicted on Fig. 3.3.

The circuit starts with a CPTP map (a “quantum channel”) M : £(HP) = £L(HA1°1), with CJ
representation M € E(HP A{O‘l), which takes as input some state in the “global past” Hilbert
space H' and which outputs a state of the system in the input Hilbert space HAL of the first

external CP map Aj, possibly entangled to some ancillary system in some Hilbert space H“!.

Then for 1 < n < N — 1, the output state of the CP map A,, in the Hilbert space HAT (possibly

entangled to some ancillary system in some Hilbert space H“*) is mapped to the input state
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of the CP map A, in the Hilbert space HAn (possibly entangled to some ancillary system
in some Hilbert space H+1) via a CPTP map M,y : L(HA7on) — E(HALHQ"H), with CJ
representation M1 € E(”HA’? O‘”Aﬁﬂan“).

After the last operation Ay, a CPTP map My4q : L(HAVN) — £(HF), with CJ representation
My € E(HA%O‘NF), takes the output state of Ay, together with the ancillary state in H*V,
to the global output state of the full circuit, in the “global future” Hilbert space H'.

Note that this description includes as a particular case the situation where the CP maps A, (or
just some of them) are used in parallel. Composing some CP maps in parallel is equivalent to
composing them sequentially in an arbitrary order, with internal circuit operations that send
the input systems to the respective CP maps one at a time, while passing on the outputs of the
preceding CP maps, as well as the inputs of the subsequent ones, via the ancillary systems (for

an example, see subsection 3.3.3).

Let us consider that we input some state p € £(H?) into the circuit. Using the link product
notation defined above, it is easy to see, recursively, that for 1 < n < N+ 1, the (non-normalised)
joint quantum state of the system (in “") and the ancilla (in H") right after the internal
CPTP map M, is

My Ap_1 - xMax Ay s Myxp=(Mysx Max---xMp)x (pR@ A1 Q- -®@A,_1), (3.7)

where we used the properties of the link product to reorder the terms (and to change some of

the link products into tensor products).

All internal circuit operations My, ..., Myt1,... Mny1 need to be trace-preserving. Using

Eq. (3.7), we can write this condition as

Tr[M; * p| = Tr[p] and
TI‘[(Ml*MQ**Mn+1)*(p®A1®®An)]
=Tr[(My s Mos---xMp)* (pRA Q-2 Ap)]. (3.8)

for 1 <mn < N. That is, the trace of the state right after the operation M; (M,+1) needs to be
equal to the trace of the state right before the operation.

“Note that the trace preserving condition, as written in Eq. (3.8) is more general than imposing directly
that Ter{Ot1 M, = ]lP7 Tr 41 Mpy1 = ]lAg”‘" for 1 <n < N -1, and Trr Mny1 = ]lAg\)’aN (which are

nb19n+1
the “standard” trace—preservi+r11g conditions, when we impose that the operations under consideration act trace-
preservingly on all possible states in their input space; cf. Sec. 1.1.1). In Eq. (3.8), we require that each circuit
operation M,, acts trace-preservingly on any input state it can receive in a given QC-FO, and this may not
necessarily be any state in E(?—LAQ""). In other words, there may be situations where, at some given time step

tn, not the entire space HAQ"" is “populated”. In the case of QC-FO, this remark is rather trivial (the only
possibility for such a situation to occur is if only some subspace of the full ancillary space H" is “used” at a
given time-step ¢y, in which case we could just restrict our considerations to this subspace). This issue appears
however also in the case of QC-QC, where the situation is more complex (cf. footnote 18 and the remark after the
proof of Proposition 3.9).
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Definition 3.1. Any circuit that abides by the previous description, as represented in Fig. 3.3,
with the internal circuit operations M,, (for 1 < n < N 4+ 1) satisfying the trace-preserving
conditions in Eq. (3.8) for any initial state p € £(H") and CP maps Ay € L(’HAiO), is called a
quantum circuit with fived causal order (QC-FO).

Considering the output state (3.7) for n = N + 1, it is immediate to see, according to the
discussion in Sec. 3.2, that:

Proposition 3.2. The process matriz corresponding to the quantum circuit of Fig. 3.3, with the
fized causal order (A1, Ag, ..., AN), is

W =M *M*-*Myy, € LHPAE). (3.9)
In this case, W is precisely a “quantum comb”, as defined in Refs. [45, 56].

3.3.2 Characterisation

The following proposition characterises the process matrices of QC-FO (cf also Refs. [44, 45]):

Proposition 3.3. For a given matrix W &€ ﬁ(HPAfVOF), let us define the reduced matrices (for
1 <n < N, and relative to the fived order (Ay, Aa, ..., AN))

W(n) .

The process matriz W € L(HT ANF ) of a quantum circuit with the fived causal order
(A1, A2,..., AN) is a positive semidefinite matriz such that its reduced matrices W, just defined
satisfy

TFFW:W(N)(X)HAIC\)’,

A9
Vn:1,...,N—1, HA£+1W(H+1):W(N)®]‘ n,
and  Tryr Wy = 17 (3.10)

Wy PAPF

Conversely, any positive semidefinite matric W € L( ) whose reduced matrices W)

satisfy the constraints of Eq. (3.10) is the process matriz of a quantum circuit with the fized
causal order (A1, Ag, ..., AN).

Equivalent results were already proven in Refs. [44, 45]. We give a self-contained proof here,

which we will later generalise to the other classes of circuits.

54



Proof. Writing out the link product in Eq. (3.8), we obtain

Tr[TrA{al M - p'] =Tr[p] and
’I‘I'[T‘I'AI

n+1%¥n+1

(My s My - % Mpi1) - (p®@ A1 @ -+ @ Ap)"]

= Tr[(Tro, (My % My % -+ M,) @ 14%) - (p@ A1 @ - - ® A,)T]  (3.11)

(with A%, == F and trivial ay41). Since we require Eq. (3.11) to hold for any initial states
p € L(HT) and CP maps A, € E(HAiO), this is equivalent to

TrA{oq M1 = ﬂP and
My % My s -+ % Myyq) = Tra, (My % My % -+ - % M) @ 14% (3.12)

TrALHanH (
Consider the process matrix W = Mj x« Mg * - -+ x My1 of a QC-FO as per Proposition 3.2,
with the operations M, satisfying the conditions Eq. (3.12). W is clearly positive semidefinite,
as all M,, > 0. Defining W 1) == W, the reduced matrices W, defined in Proposition 3.3 are
obtained recursively (from n = N, down to n = 1) as W,,) = % Tr 40 AL, Wint1y- Similarly,
Eq. (3.12) implies that Trq,, (M *---x M) = é TrAQAsz [Tra,,, (My - % My, % My,11)]. Since
Winy and Trq,, (M * - - - % My) are equal for n = N + 1 (with a trivial H*¥+1) and satisfy the

same recursive property, it follows that they are the same for alln=1,..., N + 1:
Winy = Tra,, (My * - - % My,). (3.13)

The constraints of Eq. (3.10) are then simply equivalent to (and therefore readily implied by)
the trace-preserving conditions of Eq. (3.12).

To prove the converse, we are going to show that for any given positive semidefinite matrix W &€
L(HP A ) that satisfies Eq. (3.10), with reduced matrices W/, as defined in Proposition 3.3,
we can find positive semidefinite matrices M; € E(’HPA{‘“), vy My, € E(HASO‘"%HO‘”“),...,
Mpyiq € E(HA%QNF), whose link product is the required W, for all n, i.e. that satisfy
Wy = Tra, (My %« Mg % ---x M,) for 1 <n < N +1 (and that therefore satisfy the trace-
preserving condition (3.8), since the matrices W(,) satisfy Eq. (3.12)).

We will give such circuit operations explicitly.

Since W > 0, all W(,,) > 0 as well (for 1 <n < N +1), and they admit a spectral decomposition

of the form
Wiy = 3wy Nl (3.14)

for some eigenbasis consisting of r;, := rank W,y (nonnormalised and nonzero) orthogonal vectors

; PAIO Al . . .
\wfn)> € H “{ten-13"n 0 Let us introduce, for each n = 1,..., N + 1, some r,-dimensional
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ancillary Hilbert space H*" with its computational basis {|i)*"}/",, and define

W) =D [wiyy) @ [ € HEAT oy A (3.15)

such that W,y = Tra,, [W(n) Kw(n) |-

We then define [V1)) == |w(y)), and, for 1 <n < N,

— 7 ® 1ARAL 1an g [Wnt1)) € AT enAnpromi (3.16)

oyl
® 1AnAn 1 0n+ ’w(n+1)> = |w(n+1)> . (3.17)

‘ |wéﬁ) wan)l

b (wiy [wiy)

The last step follows from the fact that the projector I, = > , tensored with

]lAgAszo‘"“, acts as the identity on ]w(n+1)>5.

It then follows recursively, for 1 < n < N + 1 that |w,)) = V1)) * --- % [V,)), and therefore
Winy = Tra,, (M1 % M % - - % My), where My, = [V, )(Vi| (and W = My % Ma - - My 1, with
Mpyi1 = Tray., [VN41){(VN41]). This completes the proof of Proposition 3.3. O

Note that the realisation that we constructed in the above proof is not unique, and different
circuits may be described by the same process matrix. In particular, a given process matrix of
this class may be compatible with different fixed causal orders. An example is given in the next

subsection.

Finally, note that the set of QC-FO process matrices characterised by Proposition 3.3 corresponds
precisely to the set of process matrices in the subspace £F=<A1==AN=E — pP=N=<F that we
already came across earlier (cf. Secs. 1.4.1 and 2.2.1). That is, the form of circuits considered
above, obtained (constructively) by combining the CP maps Ay one after the other, and
linking them by quantum operations possibly also acting on some ancillary systems (“channels
with memory”), are the most general quantum supermaps that respect the fixed causal order
(A1, Ag, ..., AN), i.e., the most general supermaps that allow only for correlations compatible

with the fixed order (Aj, A, ..., Ax) to be established.

pALO Al . .
1"~ {om=13" —TI,y the orthogonal projector to Il(,) in

pAlO al

L AQAL jan 1 A9
Ty @ 170 2™ fwg gy Kwnn ] = Te[(HGy @ 17) Trar Wing)]
O (o]
= Tr[(IT{y ® 147 ) (Wi @ 147)] = 0, (3.18)

O g1 O @I
so that (Hé‘n) @ LAn Ant19n41) lgp, 41y = 0, and therefore (T1(,) ® 147 An12m41) [, 1)) = [winyy).
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3.3.3 Examples

As a simple example of a QC-FO, consider the case where two CP maps A; and Ay are applied
successively to the input state from the global past, and then the output is sent to the global
future. This scenario corresponds to a QC-FO with the order (A4;, Ag), with circuit operations
that are identity channels, and that do not involve additional ancillas. The corresponding process

matrix as per Proposition 3.2 is
Wo = [I)WI[FA @ D142 @ [1)(1]42 3.19

and it is straightforward to verify that it satisfies the characterisation of Proposition 3.3.

Another example is a scenario where a bipartite state is prepared in the global past and sent
in parallel to A; and A,, whose output is then sent to the global future. The process matrix

corresponding to that situation is
I I @] o
Ws = [I)(1 74 @ )42 @ ()T 7 @ (1))t (3.20)

with the global past HI = H ® H'? and the global future H¥ = H @ H!* composed of
two spaces each. Wy is the process matrix of a QC-FO compatible with both orders (47, A2)
and (A2, A1), as can be verified from Proposition 3.3. Indeed, a realisation of that process
matrix as a QC-FO conforming to the description above with the causal order (A1, As) is given
through the circuit operations M; = |]1))<<IHP1A{ ® | 1)1, My = |1))<<H\A?a2 ® |]l)><<Il]°‘1Aé
and Ms = |1)(1]*2" ® ]Il>>((]l|Ag)F 2, corresponding to a circuit where the state in P; is sent
directly to the input of Aj, and its output is transmitted to Fj via the ancilla as, while Ao
receives its input via the ancilla a1, and its output is directly transmitted to F5. A realisation of
Wy in terms of a circuit with the order (Ag, A1) is given through the circuit operations M| =
L)L @ [P, M = LI @ [N and Mj = [ILITR @ L. 1t
can easily be checked that My x My x Ms = Wg = M{ * M « Mj.

This example illustrates the fact that a given process matrix may have different realisations, and,
more particularly, that process matrices in the class of QC-FO may be compatible with different

causal orders.

3.4 Quantum circuits with classical control of causal order

3.4.1 Description

We now move on to a more general scenario in which the causal order between the N quantum
operations Ay is still well-defined, but not fixed from the outset. Instead, it is established
dynamically, with the operations in the past determining the causal order of the operations in

the future. In order to make sure that we still end up with a valid quantum supermap, the
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FIGURE 3.4: Quantum circuit with classical control of causal order (QC-CC). The causal order is

controlled, and established dynamically, by the outcomes k,, of the operations M, (zlk" K1)’ represented

by the double-stroke arrows. The superimposed boxes Ay, at each time slot ¢,, indicate that any operation

Ay can a priori be applied at any time slot; we illustrate here the case where the (“causal”) order

of operations ends up being (k1, k2, ...,kn). The process matrix W that represents the circuit above

is a (classical) combination of the different contributions corresponding to the different (dynamically
established) orders (ki, k2, ..., kn); see Proposition 3.5.

protocol that we describe here is constructed in such a way that each of the operations Ay is
applied once and only once. This ensures in particular that the overall process is linear in the

external input operations Ay.

We consider a quantum circuit as represented schematically in Fig. 3.4, with N “open slots” at
different time slots ¢,, (1 < n < N). At each time slot, one (and only one) operation Ay will be
applied (and each operation Ay can a priori be applied at any time slot ¢,,). Here, compared to
the previous case of QC-FOs, it is however not pre-defined, which operation is applied at each

time slot ¢,,.

Before the first time slot ¢;, and between each pair of consecutive time slots t,,t,4+1 (for
1 <n < N —1), the circuit applies some quantum operation, which determines, in particular,
which operation Ay shall be applied next (while also transforming the input state). In the
end, a last operation is applied, that takes the output of the operation applied at the last time
slot to the global output of the circuit in H* (“global future”). The operations applied by the
circuit thus need to admit several possible classical outcomes, according to which the subsequent
operation is determined, while also mapping the output state of the preceding party to the input

state of the succeeding one. In other words, they need to be quantum instruments.

Before t1, the circuit thus applies some quantum instrument {M(D_) k1 }eyenr, where each operation
I
Mgf e E(%PAklal), attached to the classical output value kq that tells which operation shall be
I
applied first, takes the “global past” system in H’ to the incoming space H4%1 of the operation

Ay, and (possibly) also to some ancillary system in some Hilbert space H.6:7

In principle, this Hilbert space could also be conditioned on k;. We can however always embed the different
H**1) into a larger ancillary space H*', which is common to all k1, and therefore assume one ancillary space at
the first time step without loss of generality (and similarly for the subsequent time steps).

"Note that the various operations qu’“ that form the instrument {qukl}kle/v (and similarly for the
operations M(_Jlk"*}cn) that form the instruments {M@ffﬂcw}knﬂg\/\{kl7,”’,9"} below) do not have the same
output spaces. This is however not a problem; if necessary one can always define a common output space into

which one embeds all their respective output spaces, as we will do in the next section.
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Between the time slots ¢, and t,,11, for 1 <n < N —1, conditioned on the sequence (ki, ..., ky,) of
operations that have already been performed,® the circuit then applies some quantum instrument

(] I
Ak"a"A’“n+1a"+l) attached

to the (classrcal) output value k, 41, takes the output system of the last performed operation

k7L
(M kr, T }aneN\{kl, _kn}> Where each operation M: i k) € L(H

Ay, , together with the ancillary system in H%*, to the incoming space ?-[ bt of some yet

unperformed operation Ay, ., (hence with k1 € N\{k1,...,k,}) and some ancillary system in

n+1
some Hilbert space Hn+1.9

After the time slot ¢y all operations A have been perforrned (once and only once indeed, as
(@]

) € ﬁ('HA"”‘NaNF) that takes the

output system of the last operation Ay, , together with the ancillary system in H*V, to the

required). The circuit then applies some operation M(

“global future” output space H of the circuit.

Consider inputting some quantum state p € £(H") into the circuit. In the case where the

operations M, =k M(? ]‘32 M (zlki:z) , M (:f” _,) are applied, the (unnormalised) state at the

n-th time step is (similarly to Eq. (3.7))

M(Zlk,n skn—1) * Ak”— F Ak3 * M(k k2) * Ak? * Miff * Akl * Mﬁfkl *p
k k k: n
(M(Z)_> ' M(? )2 M(zrjc ) M(zlky wskn— 1)) * (P @A ® @ Ap,,). (3.21)

Here, we need to impose the trace-preserving condition on the quantum instruments {M(Z)_) k1 Heren
and {M(,C1 kn Heni1 €AN\{k1,....kn )} 1-€-, the trace needs to be preserved when we sum over their

classical outcomes. These conditions thus read

> Trlp s My = Tr[p],

kieN
Yn=1,...,N—1, ¥ (ki,... kn),
kn,
Z Tr [(M—>k1 M(zlk)Q M(;Zk,n K1) * M(;h Jf]in)) * (p X Ak1 R--® Akn)]

kn+1 EN\{k17--'7kTL}

= Trl(My™™ 0 M oo ox MU ) * (0@ Ay © 0@ A, )]

and V(k‘l, ey k‘N),

—k1 *}kg —knN S F
Tr[(M, *M(kl) *M(kl, 1) * M, kN))*(P®Ak1 - ® Agy)]
—k1 —rka —kn
Tr[(M, o M e M )P ®Ag @@ Agy)] (3.22)
8In accordance with the assumption that each operation can only be applied once, all sequences (k1y.. . kn)
we shall write assume that all k;’s (1 < i < n) are different; for n = N, a sequence (k1,...,kn) shall thus contain
each operation label k; € N once and only once. When we write the k;’s within parentheses as in (k1,...,kn),
their order matters (as opposed to {k1,...,kn } which denotes an unordered set).
9Note that the quantum instruments {M """ kN,l)}kNEN\{kr 77777 kn_,} Detween the last two time slots ty—1

and tx consist of a single operation M ) (which is thus CPTP), since they admit only one classical
output value ky, corresponding to the only remaining external circuit operation Ay, that has not been applied

yet.
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Definition 3.4. Any circuit that abides by the above description, as represented in Fig. 3.4, with
the internal circuit operations qu kl, M (fofén) and M, (le ) satisfying the trace-preserving
conditions in Eqgs. (3.22) for any initial state p and CP maps Ay, is called a quantum circuit

with classical control of causal order (QC-CC).

After the last operation, in the case where the order of the operations A, established dynamically,
ends up being (k1, ko, ..., kn), the state (3.21) reads

W(kl,n-,kN,F) * (p RA® - ® AN)7 (3.23)
with
— k k k k F
Wik b F) = MV? L ]M(Zl)2 * M(lem) o M(Zlf\i,kzvfl) * M(?hm,kzv)' (3.24)

In order to obtain the process matrix describing the overall, deterministic supermap, we should
however not post-select the state on the realisation of one particular causal order, and we need to
sum over all realisations that can occur. Combining all causal orders (k1, ..., kyn), and recalling

the discussion in Sec. 3.2, we get:

Proposition 3.5. The process matrix corresponding to the quantum circuit with classical control

of causal order depicted on Fig. 3.4 is

W= > Wikyr) (3.25)
(k1 kN)

with W, kn.F) € £(HPA5\?F) defined in Eq. (3.24).

3.4.2 Characterisation

Process matrices corresponding to QC-CC can be characterised as follows:

Proposition 3.6. The process matrizc W & E(’HPAf\fOF) of a quantum circuit with classical

control of causal order can be decomposed in terms of positive semidefinite matrices Wy, ry r) €

10 PAILO Al
LHPANT) and Wik, kn) € LOH —F0obn=1d0n) - for all nonempty ordered subsets (k1, ..., kn)
of N (with 1 <n < N, k; # kj for i # j), in such a way that

W= > Wikyp) (3.26)
(klv'--ka)
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AO
V(ki,...,kn), Trr Wy,kn, F) = Wikg,okw) @ 175V,

o
Vn=1,....N =1, V(ki,...,kn), Z TI"Ai W(k1,--.,kn,kn+1) = W(kh...,k’n) ® I[Alm7
knt1€EN\{k1,....kn} nt

and Y Tr L Wik = 17, (3.27)
k1eN

Conversely, any Hermitian matric W € ,C(’HPAJIVOF) that admits a decomposition in terms of
PALO A

positive semidefinite matrices Wy, py F) € E(HPAWF) and W, e,y € LOH 7 k1))

satisfying Eqs. (3.26)—(3.27) above is the process matrix of a quantum circuit with classical

control of causal order.

Proof. From Eq. (3.22), it follows, in the very same way as in the QC-FO case above, that
> Trar o, My =17, (3.28)
k1 !

Yn=1,....,N=1, V(ki,..., k),

*)k‘l e ﬁkn _}kn+1
Z ’I‘I‘Ain+1an+1(M@ * *M(klv--~7kn—l) *M(k‘l,...7kn))

= Tra, (M w o ML )1, (3.29)

and V(kl, ‘e .,kN),

k k k k AO
Tre (M(;\ e *M@)lvf\-l-’kal)*M(;)I}:wkN)) = Tray (M(ZT Pree *M(Zl,f\.[.,kN,l))(g]l . (3.30)

Consider the process matrix W =3, 1oy Wk, . ky ) of a QC-CC, as per Proposition 3.5,
with the W, . xy,m)’s of the form of Eq. (3.24), and with the internal circuit operations

M(Zf”*,in)(z 0) satisfying Egs. (3.28)—(3.30).

Let us then define, for all 1 <n < N and all (ki,...,k,), the matrices

10 I
PA{,61 A

Wi kn) = Tra, (]\/f@_’k1 « MR g MR ) e L(H e Fn—1}"hn ) (3.31)

(k1) (k1,eeskn—1)

As all M(zlk”*,lcn) > 0, it directly follows that all W, 1.)’s (including the Wik,,..
Wiky,...kn,F)'s for n = N + 1) are also positive semidefinite. Furthermore, the constraints
of Eq. (3.27) are simply equivalent to Eqgs. (3.28)—(3.30), and are thus readily satisfied by

assumption.

SknkNy1) T

To prove the converse, we will again construct suitable circuit operations explicitly. Consider any
positive semidefinite matrix W € E(HPA}VOF) that can be decomposed as in Egs. (3.26)—(3.27).

The positive semidefinite matrices Wy, . x,) (for 1 <n < N +1) admit a spectral decomposition

-----
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of the form
Wik, kn) = Z Wty ko) Wl k| (3.32)

for solréle T(reonskon ) = rank W, t,) (nonnormalised and nonzero) orthogonal vectors [w(, )) €
PA

H Rk k” We then define

T(kqseeskon)

: \ Oun pPAIO Al
Wikrob) = D Wy, ) @ 1) € TR T (3.33)
i=1
where we introduced, for each n =1,..., N+1, a (sufficiently high-dimensional) ancillary Hilbert

space HO" with computational basis {|i)*"}.10

We then define |szk1>> = |w,)), and, for 1 <n < N,

T(k1,....kn) ’ '>0¢n
= l A9 a, Al
cH o 01 ’“n+1Ol"+1

| —)kn+1 >> — <wzk}17,kn)‘

A9 Al «
k k. n+1
(k1. e A (T

) 7 kn >
im1 <w(k1,...,kn)’w(kl,.‘.,kn)> =

(3.34)

We proceed by showing that, for 1 <n < N,

akn A9 AT Qn41
’ (k1,....k > ‘ (k1,... +1 >> = H(k17-~~7kn) ® 17 Fn ont1 ’w(kly-~~7kn+l)> = ‘w(k1,~~~,kn+1)> ’ (335)
. |wy Nwy \ .
where we used that the projector I,  .) = > ;= (kl’ ki) tw (kl km‘ (kl’ Hn)- tensored with
Yk, kn) (kla -kn)
AQ Al ot . . 11
1 Fn , acts as the identity on [w, k., 1))-

It follows recursively that, for all 1 <n < N +1, [w, . k,.)) = |V%k1 DERERE |V(;;k" kn_1)>>’ and
therefore Wy, . k) = Trozn(M@_}]fl Mk . M_”"’" ), with

(k ) (k17
kn — kn kn _ k .
M@lv kn—l) - |‘/(Z,m,k‘n—1)>><<‘/(;;,--~7kn—1)| (and W(kl"“’kN’ ) - M@_) P M(;Z}:":kN)’ Wlth
M) = T Vi ey MV i)

To sum up, we have indeed explicitly found some positive semidefinite matrices M, ki , M (szIi )

and M(EF k) that compose the matrix W as per Proposition 3.5, and that satisfy Eq. (3.22)

'“Concretely, this ancillary space needs to be at least of dimension max, ... kn>{r (k1serson) }-

"Similarly to the QC-FO case, we denote by H(klw,kn) =1 " Fokaoad Aen — Iky,...,k,) the orthogonal
P 10 AI
kp) I H Lok —13 R Cand we have

.....

projector to Il

kn+t1

(0] o
= Tr[(Iky oy @ 1750 ) Wiy i) ® 170%0)] = 0. (3.36)

,,,,,

Since the individual summands for each kn4+1 on the left-hand side of Eq. (3.36) cannot be negative, we conclude

O Al
that (H(kl kn,)®:ﬂ-AknAkn+l n+1) |w(k1
|w(k1, ,L+1)>, as claimed.

A9 AL o,
,,,,, kn+1)> = 0 and therefore (I, ... g, ) ®1L Fn " Fnt1 ) lwee,

..... kn+1)> =
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(since the W, k) = Tra, (M(Z?kl * M(;lk)z Kook M@llj’f”kn_l)) satisfy by assumption the
constraints Eq. (3.27), and therefore also Egs. (3.28)—(3.30)). This completes the proof of

Proposition 3.6. O

We note that the matrices Wiy, . 1, r) in Proposition 3.6 may or may not be valid (deterministic)
process matrices. If the W, .. py’s are valid process matrices (up to normalisation), each
compatible with the fixed causal order (ki,...,kn), then we just end up with a probabilistic
mixture of quantum circuits with different fixed causal orders. We recover the case considered in
the previous section when there is only one term in the sum of Eq. (3.26), corresponding to the
order (ki,...,kn) = (1,...,N); in that case the constraints of Eq. (3.27) simply reduce to those
of Eq. (3.10) (with Wy ny = W,y and Wy np) = W).

If, on the other hand, we have truly “dynamical” causal order, with probabilistic operations
establishing the causal order on the fly by generating probabilistic classical outcomes, then
post-selecting on these outcomes does not result in a valid (deterministic) supermap, and thus the
Wik,,...kn,F)’s are not valid process matrices. (In that case, the Wiy, 1. r) define “probabilistic

process matrices”, see Sec. 3.6 below.)

Note that the characterisation of Proposition 3.6 coincides precisely with the sufficient condition
(Proposition 2.8) obtained in Chapter 2 for the causal separability of general N-partite process
matrices. Hence, unsurprisingly, QC-CCs define causally separable processes. This also implies

that they can only generate causal correlations, and can therefore not violate any causal inequality.

In particular, in the case of trivial H and HY', for N = 2, the characterisation of Proposition 3.6
just reduces to the characterisation of bipartite causally separable process matrices 2.5, and
thus describes a probabilistic mixture of the two possible fixed causal orders (1,2) and (2,1). In
order to have truly dynamical order between the N operations Ag, we need N > 3 (or N = 2

and some nontrivial H?).

3.4.3 Example

An example of a QC-CC is given by a “classical switch”, in which two CP maps A; and A,
are applied to a target system in an order that is controlled through another (control) qubit
in a classical, incoherent way. We consider a state that is prepared in the global past space
HEP = HP @ HPe, where P, is the target system, and P, is the control system. The circuit then
performs a measurement on the control qubit, and depending on the (classical) measurement
outcome, the target system is sent first to Ay and then to As, or vice versa. The order is thus

established dynamically through the preparation of the control state in the global past.

The first circuit operation is a quantum instrument {M;”! := 0)(0]"* ® |]l>>(<]l|PtA{ ,My? =
11" @ [1){1"4}, and the other circuit operations are Mgy = [L)(1*T*2 and ML =
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)T, as well as M) = [I)(I4 and MGT = [L)L*T". The process matrix

describing this “classical SWltch” is thus

Wes =M™t * M(_’l)2 * M(Tg) + My « Mg)l * M(?S
= [0)0[™ @ [1)(1 P @ )T @ (] AE
+ 1K1 @ [ @ 1) @ [ TF (3.37)

Note that in this case, we have truly dynamical causal order, going beyond a probabilistic
mixture of two quantum circuits. The two individual summands in Eq. (3.37) do not satisfy the
validity constraints for process matrices, and only their sum does. This reflects the fact that the
first circuit operation is a probabilistic one, and if we post-select on one of the two outcomes,
we do not end up with a valid (deterministic) supermap. (Indeed, the individual terms are
probabilistic process matrices, as we define them in Sec. 3.6.) To obtain a valid process, we need

to sum over the terms corresponding to the different outcomes.

It was proven in Ref. [3] that such a classical switch is impossible to realise in a standard QC-FO.

3.5 Quantum circuits with quantum control of causal order

We now move on to quantum circuits where the orders are controlled coherently and can be
superposed. To do so, we will first give an equivalent description of QC-CCs, which will more

naturally lead to our generalisation to QC-QCs.

3.5.1 Revisiting the description of quantum circuits with classical control of

causal order

Remember that, in the circuits above, we did not assume that the input and output spaces of
the operations Aj need to have the same dimension. Here, we will assume that the input and
output spaces are all of the same dimension d, and thus isomorphic. This is an assumption that

we can, in fact, make without loss of generality.?

In the previous section we imposed that each quantum operation M, (k1 ”“

o) applied by the circuit
between the time slot ¢, and ¢,+1 was conditioned on which operatlons Aj had already been
performed, and their order (k1,...,ky,). This conditioning can be included in the description

of the operation applied between ¢, and ¢,41 by introducing some control system C,, in some

12Tndeed, if the input and output spaces of the operations Ay are not all the same, we can introduce additional
ancillary input spaces H* , (of dimension dk ) and output spaces H* v (of dimension a9’ ), in such a way that
dIdI/ = dodo =d for all k. (such dl and dk can always be found; one can simply choose for d the least common

multiple of all df and d¢, and then take dé =d/dj, and dko/ = d/dko.) The original scenario is then recovered
when the additional input and output spaces are traced out.
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Hilbert space H" that stores on the fly the dynamically established causal order in some

(normalised) state

[ty .. k)] = (ks k)Y (Kers - oK) | (3.38)

(with all different states |(k1,...,k,)) € HE" being orthogonal), and by defining (for 1 < n <
N — 1) the global operation (in its CJ representation)

Musi= Y M0 @[k k)] @ [k, Ko Kin)] O, (3.39)
(k17"'7knyk7L+l)

applied between ¢,, and t,,1. The last two terms in the summands

[[(klv s akn)]]c;b ® [[(kla R kn+1)]]cn+1>
indicate that as the outcome of the operation M(zlk”*én) is kp+1, the causal order (stored in
the control system) is updated from (ki,...,k,) to (k1,...,kn,kns1) 3. Note also that the

n+1

@ Ai «a
™ and output spaces H Fn+1 ;

. . —)kn+1 . . AO
various operations M, o) have different input spaces H* #»

in order to make the definition of Mn+1 in Eq. (3.39) consistent, we introduce, at each time
slot, a common, d-dimensional “target system” input (output) Hilbert space HTn (HTT(L) ). We
then identify each HA’inH with #7++1 and each HAkOn with H#7%. The tilde we added on
M(zlk"*]in) = M(Zlk”*]in) in Eq. (3.39) indicates this identification, i.e., it is the notation that we
use whenever we let some object act on the common target system. With these notations, we

~ o I ~ 1} I
have M(:lkwrli ) e E(’HTn anTn+10‘n+1) and Mn+1 c ,C(/HT” och;Tn+locn+1Cn+1)'

In a similar way, for the circuit operations before the time slot ¢; and after the time slot ¢y, we
define

M=y My @ [(k)]C € LT, (3.40)
k1

where the control state [(k1)]¢" records the fact that the first operation to be applied shall be
Ay, , and

~ ~ / On
Mys= Y MG @[k, kn)[Y € LHINONONE), (3.41)
(k1,....kN)
where [(k1,..., kN)]]Cfv conditions the application of M (le e 1O the causal order of all opera-

tions being (k1,...,kN).

13We use a prime to distinguish between the control system C,, at the beginning of the time slot t,, (i.e., before
the application of the input operations Ay) and the control system Cj, at the end of the time slot ¢, (after the
application of the input operations Ay); cf. also Eq. (3.42).
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Classical control of causal order

FIGURE 3.5: Another possible representation of a QC-CC, equivalent to Fig. 3.4. Here we show explicitly
the transmission of the information about the causal order, established dynamically and stored on the

fly in some control system in the states [(ki,...,k,)]°". The double-stroke lines indicate that this

information is classical. This information is used to control the upcoming operations M (k1 "*i )» 50 as
..... n

to define a joint operation M, 1 on ’HTT?D‘”C", as in Eq. (3.39).

We similarly combine the operations Ay to a global operation

A= Y A @k B @ [(hy o k)]0 € LHTATEOCR), (342)
(k1yerkn)

and consider that at each time slot ¢, the operation A,, is applied.

This alternative description for a QC-CC, which explicitly involves some physical control system,
is illustrated in Fig. 3.5. To see that it is indeed equivalent to the previous description, we note
that the operations M, and A, described above are applied in a well-defined order; for some

input state p € £L(HF) sent into the circuit, the output state is then, similarly to Eq. (3.7),
Mpyy1 % Ay s My s -+ My x Ay s My * p. (3.43)

Tracing out all control systems C,, in the calculation of the link products above, we find that

this output state can be written as

Z M(Zf---ykzv)*‘le*M_)kN )*"'*M@kQ*A1*M@_>kl*p

(k1) (k1 kn—1 1)
1y--sRN
= Z MF % A o« M7EN woeok MTR2 % Apow MR &
“ ) (k1,-...kN) kn (k1yekn—1) (k1) k1 0 1%
1o kN
= Z W(kl,...,kN,F) *(pRAL®--®AN), (3.44)
(k1,okn)

with W, . ky,r) defined in Eq. (3.24), which implies that the process matrix corresponding to
our circuit is indeed W = Z(k1,...,k1\r) Wiky,...kn,F)» a8 In Proposition 3.5.

It follows straightforwardly from the constraints (3.28)—(3.30) satisfied by the circuit operations
M (Zf"in) that the global circuit operations M,,, obtained through combining them in the way
described above, act trace-preservingly on any input state of the combined target, control and
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ancillary system that they can receive. Note, however, that, conversely, requiring only trace-
preservation on the global circuit operations M, is not sufficient, and does not define a QC-CC

in general. In fact, what we need to require in order to recover the constraints (3.28)-(3.30) is

Te[My * p] = Tr[p],
Vn=1,...,N=1, ¥ (ki,..., kn),
3 (150 @ [(kiy e by kg 1)]C) - (Migr % An % My, % Ay % - % My % p)]

kny1
= Te[(176% @ [(k1, ..., kp)]") - (Ap % My 5 Ap_y % - % My * p)]. (3.45)
and V (k1,...,kn),
Te[(MEE oy ® [k, - kn)[ON) 5 (A 5 My % Ay 5 -+ My p)]
= Te[(170N @ [(ky, ..., kn)[CN) - (A % My * Ay_q % -« My % p)].  (3.46)

These constraints mean that the global operations should also preserve the probabilities for each
thus-far-established, well-defined causal order (k1,...,k;) to be realised.

Before moving to the generalisation to QC-QCs, let us also further note that, as we do not make
any particular assumption on the ancillary Hilbert spaces H*" (e.g., on their dimension), those
can be used to “purify” all operations M (fo’f.’kn_l) with 1 <n < N. This implies that without
loss of generality, all operations M, (Zlkn 1) CALL be assumed to consist of the application of just

5o

one Kraus operator, which we shall denote V(Zk" fn_1)} in such a case the CJ representations of

the operations simply write

kn — kn kn
M(zl,...,kn,]J - |‘/(Z.7-~~7kn71)>><<‘/(z7~--7kn71)| ’ (347)
O a, 1AL a, « .
where \V@;k” kn—1)>> c Y ko1 -1k, (or |V@_>k1>> e HPMN for n = 1) is the (pure) CJ

representation of V(Zk” fon_1)5 S€€ Sec. 1.1.1. Similarly for the last operations M, (le k) One can
introduce some ancillary Hilbert space HYN+1 so as to “purify” these operations, before tracing

out the ancillary system in H*V+1, Without loss of generality we can thus write
F F F
M(;:,...,k’]v) = rj[‘I.OlN-‘,-l H/(;;,,kN)»«‘/(z,,kNﬂ ? (348)

. A9 F
with |V(ZI,T,kN)>> € H ey OINTANFL

In the following it will indeed be convenient to assume that the circuit operations are pure; we
shall thus now describe the circuits in terms of single Kraus operators. For simplicity we shall also
assume that the operations A correspond to the application of a single Kraus operator—which

we also write (with a slight but unambiguous enough conflict of notation) Ay, with a (pure) CJ
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representation |Ag)). The general case can then easily be recovered by combining what we shall

get for different Kraus operators'.

3.5.2 Turning the classical control into a coherent control of causal order

As a next step, we now want to turn the classical control described so far into a “quantum

control”.

Recall that in the case of a classical control, the state [(k1,..., kn)]]C" of the control system was
keeping track of the whole history of which operations had been applied so far. At the end of the
day, the complete causal order (k1,...,kyx) was kept track of in each component Wiky,...kn,F) Of
W, so that the causal order could be said to be “definite”. Here we will now relax this idea of
keeping track of the complete causal order. We will thus now just let the control system record
which operations have already been applied—recall that we still make the crucial assumption
that each operation is applied once and only once, so that one must clearly keep track of this
information—and encode which operation should be applied at a given time slot. Importantly,
we will not let the control system keep track of the order in which the previous operations were
applied; this will allow for different orders (ki,...,kn—1) and (k},...,k),_;) corresponding to
the same set K = {k1,...,kn_1} = {k{,...,k/,_1} to “interfere”. Hence, we shall replace the
basis states |(k1, ..., k)" of the control system by some basis states of the form |K,_1, kn)<™,
where /C,,_1 is the (unordered) set of operations that have already been applied before the time

slot t,,, and k, ¢ K,,—1 labels the operation to be applied at time slot ¢,

Before the time slot t1, we let the circuit transform the input state into a state that is sent
coherently to all operations Ay, (and some ancillary system in H!), while accordingly attaching
the control state |, k1>cl to each component of the superposition. That is, instead of Eq. (3.40),
we now let the circuit apply an operation of the form (recall that we are now considering “pure

operations”)

Vi=3 Vg @0,k (3.49)
k1

I
where Vﬁkl CHE = ’HA’“lal, and where as in the previous subsection we use a tilde on
Nq)_ékl = Vw_ékl to indicate that we embed it into the common target system Hilbert space, that

. . . = I
is, we see it as an operation ﬁ)kl cHP — HTien,

Between two time slots t, and ¢,41, for 1 <n < N — 1, we then let the circuit act coherently on
_>kn+1

the target, the ancilla and the control systems. We denote by Vi.'™"  the operation applied to
the target and the ancilla systems between the output of the operation Ay, and the input of the

Note that, as we will point out in Chapter 4, the notion of coherent control of a general quantum operation
is problematic, and in fact ill-defined without additional information about the quantum operation, beyond its
specification in terms of Kraus operators. In the cases we consider here, however, these problems do not arise, since
by construction each of the operations Ay is applied once and only once, and we thus deal only with situations
that correspond to valid quantum supermaps; see Sec. 4.5.
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operation A when the set of n — 1 previously performed operations is K,,—; (independently

n+4+1"?
of their order). According to the description above, the corresponding state of the control
system is changed in this case from |[KC;,—1, kn>c’/1 t0 [Kp_1 U {kn}, kny1)S"'. That is, instead of
Eq. (3.39), we can describe the global (“pure”) operation of the circuit between the time slots ¢,

and tp41 as

k ’
Vg1 = Z Vi @ (Ko, b)) (K |7

knvknﬂ (3.50)

where the sum is over all subsets KC;,_1 C A such that [K,—1] = n—1 and all ky, k1 € N\Kp—1
(such that k, # kn+1), and with ), == K1 U {kp }. As before 1n Eq.(3.50) we added a tilde
on Vak’f]sn = ;k"“ to indicate that V%k’”rk1 LA A1 Ot is embedded into the

common target system Hilbert spaces and seen as an operation V,C Tkln T on 5 HTngromsr,

Similarly for n = N, with F replacing A£N+l, and noting that the control state does not need to

CN+1)

be updated (as it would anyway always be in the state |\, F) and that the sum reduces to

a sum over ky € N (with Ky_1 = N\{kn}), we obtain

Vgt = > ?ﬁlka},kN ® (M\{kn}, kv |V,
kn

(3.51)
with V-/\7>\I{7kN}7kN : HTJQO‘N — HFan+1, Recall that an+1 will then be traced out.
The CJ representations of the above operations are
Vi) Z\ Voa) @ 10,k) € P Tieacr, (3.52)

’Vn+1>> = Z |VIC_:Lkn+1 >>®|’Cn—1’kn>C;L®|Knvk?"a+1>cn+1 € HTnOOénC;LTéﬂanHCnHa (3.53)
Kn
kn7kni1

Vaveh = 2 1V3e M) © IR )N € HIR O, (3.54)
In terms of CP maps (as considered in the previous sections), we then have M, = |V, )W(V},| for
n <N, and Myy1 = Tray,, [Vvp)) (V-

Such a QC-QC is represented on Fig. 3.6.

As we did in the previous subsection, recalling that each operation (here, Kraus operator)
Ay HA% — HAY can a pm’om’ be applied at each time slot ¢,,, we embed them in the target

system Hilbert spaces H’ n and HTW , and combine them to the global operation

AN = 3 Ak) @ [Knet, kn)" @ [, kn)Cn € HTRTH CnCh (3.55)
K:nflakn
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Quantum control of causal order

FIGURE 3.6: Quantum circuit with quantum control of causal order (QC-QC). We replaced the
classical control system of Fig. 3.5 by a quantum control system with basis states [{k1,...,kn—1}, kn>C",
which only stores information about which operations ({k1,...,kn—1}) have already been applied (but
not about their order) and the currently performed operation (k,). (Note that in contrast to the
previous figures, the labels in the “boxes” that make up the circuit refer here to the Kraus operators
of each operation, rather than to the (CJ matrix of the) corresponding CP maps). We illustrate here
the component |w, k,,....ky)) Of the process, corresponding to the order (ki, k2, ..., kn)—which is
coherently superposed with other components, corresponding to different orders, so as to define the
process matrix W; see Proposition 3.8.

which is applied at the time slot ¢,,. Note, as in the previous case, that the operations Vj, and
A,, are applied in a well-defined order. Considering some input state [1)) € H? sent into the
circuit, then, (similarly to Eq. (3.7) and Eq. (3.21)) the state after the n-th circuit operation is

(V) s [ A - [VB) 5 [ AL # (V1) # o) € HTnnCn, (3.56)

Here, the trace-preserving condition that the circuit operations need to satisfy reads

) 1P = 1 1¢) * Vi) I* and
AR # |Vl # | Ao ) -5 [VA)) o) |2 =

1 Van)) * [An) # V) 5 [Apo) % - % (V1) % [90) |2,
(3.57)

(for 1 <n < N, and any choices for the CP maps (Aj, ..., Ay) and the input state |¢)).

Definition 3.7. Any circuit that abides by the previous description, as represented in Fig. 3.6,

with the internal circuit operations Vb’_ékl, VIC—:L ﬁq*ljn, and VﬁlkaMN satisfying the trace-

preserving conditions in Eq. (3.57) for any initial state |¢)) and CP maps (Kraus operators) Ay,

is called a quantum circuit with quantum control of causal order (QC-QC).

After the last circuit operation, the joint output state of the target system in Hf and the

ancillary system in H*N+! is

[Vavn)  [AN)  [Var)) 5 - [V [An) * V1)) * [9) . (3.58)

After some simplification we find that this output state can be written as
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> IV oy ANV D IV s LA # [V 5™ # [4)

(k1,.-kN)
= > |V{vk_1>,i,kN_1},kN>>*|Ak:N>>*|%}36ka72},ka1»*' co [V r2 ) o [Agy ) [V o) )
(k1,.-kN)
= > W,k r) * (9 @A) ® - @ |AN)) (3.59)
(k1,.-skN)
with

k
0k ra)) = Vg (Vi) (Vs Dow o [V L olVEE o)

(3.60)

By some analogous reasoning to the ones in the previous sections (here applied to “pure”
operations), and recalling that the last ancillary system in H*N+1 is to be traced out at the end,
we find that:

Proposition 3.8. The process matrix corresponding to the quantum circust with quantum control

of causal order depicted on Fig. 3.6 is

W =Tray,, [wlwl

(klv"'ka)

and with |wa, gy F)) € HPAY Fan defined in Eq. (3.60).

3.5.3 Characterisation

The following proposition characterises process matrices of QC-QC:

Proposition 3.9. The process matrix W € E(HPA/IVOF) of a quantum circuit with quantum
control of causal order is such that there exist positive semidefinite matrices W ) € E(HPA{CO%),
for all strict subsets K of N and all £ € N\K, satisfying

(@]
TreW =3 Wi p @ 17,

keN
VOCKCN, > Tr g1 Wikc,o) = > Wi\ (k) h) @ 147,
LEN\K kek
and ) Try Wy =17 (3.62)
eN
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Conversely, any Hermitian matric W € C(’HPA%DF) such that there exist positive semidefinite
matrices Wik ¢) € E(HPA{COAé) for all K C N and ¢ € N\K satisfying Eq. (3.62) is the process

matriz of a quantum circuit with quantum control of causal order.

Proof. For some process matrix of a QC-QC as per Proposition 3.8, the matrices Wi 4 are

given by
Wik,e) = Tra, ., lwicoXwic,l
with |wgeo) = 30 [Vagt) « Vo) « Vs, )+
(k1,....kn):
{k1,....kn}=K

I10 Ian
| {kh ) kn— 2} kn— 1>> * “/{Zﬁ---aknfl}akn» € HPA}C AZ +17 (363)

where the last sum is taken over all ordered sequences (ki,...,k,) of K. The fact that they
satisfy the constraints given in Proposition 3.9 follows again from the trace-preserving condition

(Eq. (3.57)). Tracing out the control systems and simplifying, we obtain

Te|p)e] = Te[Y Trar Wi - [9)¢["]  and

LeN
T[> (O Weevgn ® 14%) - ([9X0 ] R [AN(A)T)
(’chi\[l kex rekC
=Tr[ 3 (Y Tra Wien) - (190 @ 1404, (3.64)
\I/%|C:A7[z LEN\K rek

Once again, since Eq. (3.64) holds for any state and any CP maps, the conditions (3.62) follow'?

To prove the converse, suppose that we have a Hermitian matrix W satisfying the decomposition
in Eq. (3.62). We proceed again very much like in the previous cases, and construct explicit
circuit operations that compose W in the desired way. We introduce the spectral decomposition
of each of the Wik ) (and of Wy ) := W) of the form

Wico) = D [wix.e) (Wikpl (3.65)
i

for some eigenbasis consisting of r(x ) = rank W ¢) (nonnormalised and nonzero) orthogonal
vectors ]wEK o) € HPAC A We then define

T(K,0)

lwice) = \w K,0) @ 5) (3.66)
=1

15To make the sum over subsets in the second and third lines of Eq. (3.64) disappear (i.e., to obtain the condition
in Eq. (3.62) corresponding to some individual subset ) C K’ C N) one can simply choose all A, with r € N\K'
to be zero. Then only the desired term corresponding to one particular subset K’ remains in the sum.
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where {|i)*"*'} are computational basis states of a sufficiently high-dimensional'6

Hilbert space H+1.

ancillary

We define now the vectors |V ) = |w w(p,0))-

Furthermore, we define, for each K (with ) C K C N) the matrix Wi = > pcc Wi\ (k},) @ 147
(= doteM\K TrAé Wik,e)), with r = rank Wi, and with its spectral decomposition Wi =

T

pe1- From that, we then

>, |wk-Xwh| in terms of non-normalised, orthogonal vectors {|w-)}

define the vectors

TRC\{k},k)
A\ Qn /)0 % Lo OanAla,
Vi) = | Do 1D (Wi gyl © 1% - Wi | @ 140w p)) € HARnAamss
i=1
(3.67)

with W,ér = Zp % the Moore-Penrose pseudoinverse of Wx. We can then easily check
that

> e * Vil (o ) = lwae) (3.68)

ke

Indeed, inserting Eq. (3.67) into the left handside of Eq. (3.68) yields Wi Wt @ 1Acan+1 [w(k,0))5
and the projector Il = W;CWE, tensored with lAéa”“, acts as the identity on \w(,w))”

It follows recursively that each |wx ¢)) is composed of the vectors that we constructed here as per
Eq. (3.63). In particular, this is true for |wy, ) = |w). Thus, the vectors that we constructed
here indeed compose the desired process vector as per Proposition 3.8. Furthermore, they satisfy
the trace preserving condition (3.57) (because the process matrix W satisfies by assumption the
constraints (3.62), which implies Eq. (3.64) and thus Eq. (3.57)). This completes the proof of
Proposition 3.9. 0

Note that, in general, the corresponding global circuit operations

Vi) =" SV ) @I\ &}, koK, 0% e HTwonCrTimannCun - (3,69)
KCN  kek

IK[=n teN\K
that we obtain via the above constructive proof, for some given W that can be decomposed
as in Eq. (3.62), act only on some subspace of HT7anCh 18 That is, we have here precisely the
situation described in footnote 4, where, at the end of each time-slot t,, only some nontrivial

subspace of the target system, the ancilla and the control system is populated.

'®Here, that space must be at least of dimension max i ¢){r(c.e)}-
'"Similarly to the proofs before, using the constraints Eq. (3.62), we find ), T]r[(JlJ‘DAI’COAéo‘"+1 - WiWi ®

LA fage e[| = Tr(Wie = Wiy Wic) = 0, and thus also (17467 A2t WieWg @140 0) e, ) =
0, ie. WicWi @ 14+ Jwge ) = [wik e))-
~ = To, 0 0
"Indeed, TrT7€+1an+1C7L+l WVt (Vo] = Z)CcN;UC\:n Zk,k’elc (<w(’C\k,k)‘ ® 177 . Wg S17 @

[wec\ ke k) om ) ® |[K\k, k) (K\K', /<:'|C’/l =: m, is a projector onto some subspace of HTW onCr (since 72 = m,).
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For N = 2 already, we find that there is a difference between classical and quantum control; see

the quantum switch, which we discuss in the next subsection as an example of a QC-QC.

The previous case of QC-CC is recovered as a particular case of the present one. Indeed, any
process matrix that satisfies the QC-CC constraints 3.6 also satisfies the QC-QC constraints 3.9

(with Wg ¢y = Wiy, and Wi ¢y = > (k1, k) Wik, k). But the class of QC-QCs is larger
..... kn 1=K
than that of QC-CCs. QC-QCs can in partlcular be causally nonseparable, as we will see in the

examples below.

3.5.4 Examples

Let us show explicitly how the quantum switch fits into the framework of QC-QC that we

introduced above.

Here, we consider the quantum switch with a d-dimensional target system and a 2-dimensional
control system, where both the target and the control system can be prepared in a variable input
state in the global past. We thus have N = 2 operations Aj, As (with their input and output
Hilbert spaces HAL , HAS of dimension d) together with the global past P and global future F,
whose Hilbert spaces are of the form H” = H* @ HPe and HE = HI* @ HI*, with HP* and HI*

of dimension d, and with two-dimensional H and Hfe (with their computational bases denoted

{|1),]2)} here).

The simplest way to see that the quantum switch can be obtained as a QC-QC, as described
above, is by taking

Vit ) = 1p™ At @ [k
5 A9 Al
Vo) = L) =,

YAt

Vieh e = 11 ® [k1)"* (3.70)

With this choice, and according to Proposition 3.8, we obtain the process matrix of the quantum

switch

Wwitch = ‘ Wsg ><ws ’ with

P. P Al A9 Al A9 F, F. P. P AL AQ Al A9 F, F,
[ws) = [1)7° [L) LY T2 (LR [1)7 4 [2)7° [T) 72 (L) 72 (L) 717 [2)

€ HPPACALCRE: (3.71)

The version of the quantum switch described in Sec. 1.5 (Eq. (1.39)) is recovered when the control

qubit is prepared in the fixed state |¢c)™* = %(\DPC + [2)F%) (corresponding to applying the

operation |@C><¢C]T), and the target system in the fixed state |¢>P * (corresponding to applying
. T

the operation [)(1]").
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This description of the quantum switch as a QC-QC extends quite straightforwardly to simple
N-partite generalisations of the quantum switch [25], where one has a coherent superposition of

the N! fixed causal orders of the operations Aj,...,AN.

However, the class of QC-QC also contains more general process matrices with qualitatively new
features. For instance, as one can see from the characterisation (3.62), tracing out the global
future F' does not necessarily result in a causally separable process matrix, and neither does it

necessarily lead to a convex mixture of valid process matrices where some operation comes last.

In the upcoming paper [32], we will present and analyse more in detail an example of such a new
type of 3-operation QC-QC, which exhibits both coherent control of causal order and dynamical

causal order.

3.5.5 Correlations generated by quantum circuits with quantum control of

causal order

A question that arises naturally is whether the class of process matrices describing QC-QC allows
for the generation of correlations that can violate causal inequalities. For the quantum switch, it
is known (cf. Section 1.5 and Refs. [11, 15]) that this is not the case, and that although being
causally nonseparable, it can only generate causal correlations. It turns out that this result

generalises to the entire class of QC-QC.
In Appendix A, we prove that:

Proposition 3.10. Quantum circuits with quantum control of order can only generate causal

correlations.

In the terminology of Refs. [15, 61], QC-QC define extensibly causal processes.

This result implies, a fortiori, that QC-CCs, or QC-FOs, cannot violate causal inequalities; this

was however already known, as those are causally separable processes.

3.6 Quantum superinstruments

So far, we have studied quantum circuits that, although taking probabilistic operations as
inputs, are by themselves deterministic, that is, they arise from the composition of deterministic
operations and can be realised without post-selection. In general, one can however also consider
circuits consisting of probabilistic operations that admit several classical outcomes. In this
section, we are going to characterise the probabilistic supermaps obtained when allowing for
probabilistic circuit operations in the classes that we introduced above. To that end, we replace
each CPTP map in the above descriptions by a set of (trace non-increasing) CP maps (each

corresponding to a given outcome) that sum up to a CPTP map—i.e., by a quantum instrument.
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Each combination of such CP maps defines a “probabilistic quantum circuit”, that can be
represented by a “probabilistic process matrix”, and that can be realised by post-selecting on
the corresponding classical outcomes (where the probability of post-selection may depend on the
input operations of the circuit). The set of all probabilistic quantum circuits thus obtained, for

all possible outcomes, defines a “quantum superinstrument”.

In what follows, we shall characterise the superinstruments thus obtained—and thereby their
elements, the “probabilistic quantum circuits” or “probabilistic process matrices”—for fixed

causal order, as well as for classical and quantum control of causal order.

3.6.1 Quantum superinstruments with fixed causal order

A probabilistic quantum circuit with fixed causal order is thus defined as a combination of
CP maps M| € (HPAen), MUl e L(pATenAnnentt) for 1 <n < N —1, and MYV €
[,(’HA%O‘NF), which are composed as in Fig. 3.3, with r; etc. denoting the classical outcomes,
and with each of the CP maps being part of a quantum instrument—that is, with their sum

over the classical outcomes yielding a CPTP map.

To simplify the description, we note that the classical outcomes can always be encoded onto
suitable orthogonal states of the ancillary systems in the circuit, and the post-selection can
be performed at the end as a part of the last map (before F'). This allows us to describe any
probabilistic QC-FO without loss of generality as a circuit in which all maps are deterministic,
except for the last one, which is a CP map M ][\T,}H that is part of a quantum instrument, with
the corresponding classical outcome denoted by r. The probabilistic process matrix describing
such a circuit is then

W = My s My s s My « MEL € L(HPAOT). (3.72)

The corresponding quantum superinstrument is the set {WW }r of such probabilistic process

matrices for all classical outcomes.

The characterisation of QC-FO superinstruments follows directly from that of QC-FOs given by
Proposition 3.3.

Proposition 3.11. A quantum superinstrument with a fixed causal order is represented by a set
of positive semidefinite matrices {W'l e /J(HPAfVOF)}T, whose sum W =3, WU is the process

matriz of a quantum circuit with the same fized causal order (as characterised in Proposition 3.3).

Conversely, any set of positive semidefinite matrices {Wll e ﬁ(HPAfVOF)}T whose sum is the
process matrix of a quantum circuit with o fixed order represents a quantum superinstrument

with the same fized causal order.

Proof. Each W in Eq. (3.72) is positive semidefinite, and their sum }_, W = My % M, «
ek My x>, M%}H is indeed the process matrix of a QC-FO as per Proposition 3.2, since
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YoM %]H is CPTP. Conversely, given some set {WI1},. of positive semidefinite matrices whose
sum is the process matrix of a QC-FO, we introduce an additional Hilbert space HF  with
computational basis {|r)},. We then define the matrix Wex, = 33, W@ |[r)(r|F" € L(HPAVFF),
which is the process matrix of a (deterministic) QC-FO with the global future space H'F " as
per Proposition 3.3, since Trppr Weyt = Trp -, Wl and Do Wl is by assumption the process
matrix of a QC-FO, which thus satisfies the constraints of Proposition 3.3. We can therefore
decompose Wyt = My x Mo * -+ My x My,q, where My 1 € E(HAgaNFF/) is a CPTP
map. We thus obtain a realisation of each WU = Wy * ]r)(r]F, as a probabilistic QC-FO
W = My s My s -+ % My * M][G]_H, with all maps CPTP, except for the last one, which is a CP
map MK]H = My * |r)r[F, and with 3, M][G]H = Trpr My4+1 a CPTP map.

O

An equivalent proof is also given in Ref. [45] (Theorem 4) for the fixed order case.

A given matrix Wl ¢ L(HF AP F ) is therefore the process matrix of a probabilistic QC-FO
if and only if it is an element of a quantum superinstrument with fixed causal order {W11},,

characterised as in Proposition 3.11 above.

3.6.2 Quantum superinstruments with classical control of causal order

To move from a deterministic QC-CC to a quantum superinstrument with classical control
of causal order, the deterministic objects that need to be replaced by probabilistic ones are
the CPTP maps obtained by summing over the classical outcomes of the circuit instruments
{M@_’ kl}kle A etc. Equivalently, one replaces these circuit instruments by more “fine-grained”
instruments that produce some additional classical outcomes. A probabilistic quantum circuit
with classical control thus starts with a CP map qukl[rl] € E(HPAilal), which is part of
a quantum instrument {Mm_) kl[rl]}klej\fm with a classical output value k; that determines
the first operation, as well as an additional classical output r;. Similarly, the subsequent
circuit maps are given by M Frilmal ¢ E(HA"O'"anAinHa”H), and belong to instruments

(kly--nkn)

{M—>kn+1 [rnt1 19

]
(k1,ye.rkin) }kn+1€/\f\{k1,--~7kn};rn+1

Similarly to the QC-FO case above, the fine-grained outcomes can be encoded in the circuit
ancillas, and the post-selection can be deferred to the last map. This gives rise to a QC-CC which
is deterministic except for the last maps before FF—these get replaced by CP maps M (Zf.[_f}w).
The probabilistic process matrix of such a probabilistic QC-CC, conditioned on the classical

outcome r, is then (cf. Proposition 3.5):

r] _ 7]
W = Z W(kl,--~7kN7F) (3.73)
(k1,e.kN)
19The set of additional, fine-grained classical outcomes could in principle be conditioned on (k1, ..., k»). However,

we can always take these sets to be the same by taking their union and appending null elements to the instruments
where necessary.
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with

[r] . k k k k — I r]
Wik knF) = MR M(zl)z * M(;’h,?;z) %ok M@lﬁ,kN_l) « My o) (3.74)

The corresponding quantum superinstrument is the set {Wm }» of all such probabilistic process

matrices WU, for all values of r.
Quantum superinstruments with classical control of causal order can be characterised as follows:

Proposition 3.12. A quantum superinstrument with classical control of causal order is repre-
sented by a set of positive semidefinite matrices {W[r]}r, where the matrices W) e C(’HPAJI\/OF)

can be decomposed in terms of positive semidefinite matrices W([;;]l,_._?kN?F) € L’(”HPA/I\?F) and

vr, whl= %" W([,?lw,’kN’F), (3.75)
(k1,....kN)

and such that the matrices Wy, . ky.F) = 2 W([Z]l ) 94 Wik g satisfy Eq. (3.27) of
Proposition 3.6.

Conversely, any set {W[T]}T of positive semidefinite matrices with the properties above represents

a quantum superinstrument with classical control of causal order.
The proof extends directly from that of Proposition 3.6:

Proof. For a quantum superinstrument composed of circuit operations as per Eqgs. (3.73)—(3.74),

T _ [r] _ k k k
one haS Zr W[ ] - Z(k‘l,,k]\]) Z’l" W(kl,..‘,kN,F) - Z(k1»7kN) MQ)_> ' * M(;Z)Q * M@li@) Honw

M(ZlkN fn1) ¥ dor M@fi%m, which is the process matrix of a QC-CC as per Proposition 3.5,

since ), M (;f_[fLN) is a CPTP map. Conversely, for some set of positive semidefinite matrices

Wl that can be decomposed in terms of positive semidefinite matrices W([gl ENF

Proposition 3.12, we define again the “extended” matrix Wyt = Y, WM®|'I“><T|F/ € L(HP AN FF D)

by introducing an additional Hilbert space #f" with computational basis {|r)},. We note now
H’FF/ 20

) as per

that Wey is the process matrix of a (deterministic) QC-CC with global output space , since
it has a decomposition as in Proposition 3.6 (with W, .. rry =22, W([;l,...,kN,F) ® |T><T|F/
and Trpp Wi, iy ey = Trr Wi, iy F), Which satisfies the corresponding constraints by
assumption). Therefore, Wiy, _py rpr) = Mq)_"c1 *M(zlkf *M@ﬁiz) o ~*M(;)1]ff.v.7kN_l) *M@’fi’km,
where MZFP, e L ) is CPTP, and W = My e MR MR s
M(le?-v-,kzvfl) * M(Zf--[-?lN)’ with M(;f--[jﬁv) - M(?f--]i/kzv) * \r>(r\F,. =

2ONote that this is not true in general if we do not impose any further constraints on the matrices Wl That
is, for some set {W[T]}r whose elements sum up to the process matrix of a QC-CC, the extended matrix Wext, as
defined here, is not necessarily the process matrix of a deterministic QC-CC (see also the example at the end of
Sec. 3.6.3). This is in contrast with QC-FO and QC-QC superinstruments, as well as those for general process
matrices, where no additional constraints on the matrices W arise.
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We then have that a given matrix Wl e L(HP AP F ) is the process matrix of a probabilistic
QC-CC if and only if it is an element of a quantum superinstrument with classical control of

causal order {Wl1},, characterised as in Proposition 3.12 above.

In fact, we already encountered an example of a QC-CC superinstrument—the matrices
Wiky....kn,F) in Sec. 3.4 are probabilistic process matrices, and the collection {W, . ky F)} ki, kn)
defines the corresponding quantum superinstrument, which describes the case where the addi-
tional fine-grained outcomes, on which we post-select to obtain the probabilistic QC-CC, are
precisely taken to be the outcomes ki, ..., ky that determine the order of the operations. (That
is, the circuit instruments are {qukl[rl]}kleN;TleN, with M@ﬁ\kl[”] =0k ]\4_”gl and similarly

for the subsequent ones).

3.6.3 Quantum superinstruments with quantum control of causal order

To obtain a probabilistic quantum circuit with quantum control of causal order, we again
replace all deterministic circuit operations in our description of QC-QC by quantum instruments.
Similarly to Sec. 3.5, we can again assume without loss of generality that the CP maps constituting
these instruments consist of the application of one single Kraus operator, since the circuit ancillas
can be used to purify all maps accordingly. Every operation in Eqs. (3.49)—(3.51) therefore gets

replaced by the Kraus operator of some CP map that is part of an instrument.

As above, we can encode the classical outcomes in the circuit ancillas, and perform the post-
selection at the end as a part of the last operation. Therefore, any probabilistic QC-QC can be
described as a deterministic one, where only the last operation [Vy,1)) (Eq. (3.54)) gets replaced
by

N+1 Z| J\?\?k[;]}klv ® [M\{kn}, kn)N
(3.76)

such that . WJ@%»« Vy +1| is trace-preserving—that is, (cf. Eq. (3.57)),

AN * V) # [An_1)) # - [VA) * [0) ||* =
SOIVAL D) * [ANY * [V # [ An_)) %5 V) * ) |12,
(3.77)

for all states |¢)) and operations Ay.

Similarly to Proposition 3.8, the probabilistic process matrix corresponding to a probabilistic

quantum circuit with quantum control is then
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wihl = Troy,, lwIMyw!™| with
i\ . k k k k —>F [r]
|w[ ]> T & Zk )|V@»—6 1» * |V@7€12» |‘/:{;>1}3k?2>> |V{217NJ€N 2} kN — 1>> i {k1yeeskn— 1}kN>>
1ykN
(3.78)

The following proposition characterises quantum superinstruments with quantum control of

causal order:

Proposition 3.13. A quantum superinstrument with quantum control of causal order is repre-
sented by a set of positive semidefinite matrices {Wl € L'(HPA/I\?F)}T, whose sum W =3, Wl
is the process matrix of a quantum circuit with quantum control of causal order (as characterised

in Proposition 3.9).

10 .
AN, whose sum is the

Conversely, any set of positive semidefinite matrices {W[T] € L(H AN
process matrix of a quantum circuit with quantum control of causal order represents a quantum

superinstrument with quantum control of causal order.
The proof extends directly from that of Proposition 3.9.

Proof. Consider some QC-QC superinstrument as described above, with probabilistic process
matrices as given in Eq. (3.78). It is straightforward to see that 3, |w)® Ir) " with an additional
Hilbert space HE" with computational basis {|r)}, is the process vector of a deterministic QC-QC
with the last circuit operation ), |V, ]511» ® |r). Its process matrix Tro ., [ 2, lwl™y (Wl @
Iy (' [F } thus satisfies the QC-QC characterisation 3.9, and so does Trq 7/ [ Y2, jwly (wl"]®

) (7] =, Wl = w.

Conversely, consider a set {W[T]}r of positive semidefinite matrices that sum up to the process
matrix of a QC-QC. Analogously to the proofs for QC-FO and QC-CC superinstruments, we
define the matrix Wy == 32, Wl @ \r>(7’\F, € E(’HPAJI\PFF'), , which is the process matrix of
a (deterministic) QC-QC as per Proposition 3.9, with the additional output space H* ", We
can thus find an explicit implementation as per Proposition 3.8 of Wy, i.e., we have that

Wext = TraN_H iwext><wext|7 with

o k k k k FF’
|Wext) -—kzk Vo 0= Vo) Vo) * = V™ oot VI ey )
1y N

(3.79)

Each probabilistic process matrix Wl can then be obtained as in Eq. (3.78), with

VREE ) x )™ O

i {ki7 ,kN 1}1<3N>> {k1,....kn—1} kN
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We then have that a given matrix Wl e L(HP AP F ) is the process matrix of a probabilistic
QC-QC if and only it is an element of a quantum superinstrument with quantum control of

causal order {Wl1},, characterised as in Proposition 3.13 above.

Similarly to the example that we discussed above for the QC-CC case, the matrices Wi\ (xy},kn)
in Sec. 3.5 are probabilistic process matrices that constitute the quantum superinstrument
{W(IC\{kN},kN)}kN- They arise when the quantum instrument at the end of the circuit measures
the control system C'; (while also transforming the output state of the last operation and the

ancilla), that is, by taking » € N and \Vj?\?k[g} ko)) = Orky |V/\7\}{?kN},kN ) in Eq. (3.76).

As another example, let us once again consider the quantum switch, with its process matrix
description Eq. (3.71), and where the control qubit is measured at the end of the circuit in the basis

{I4),]-)}, with |+) := % The circuit operations that constitute the corresponding quantum

superinstrument as per Eq. (3.78) are |qu®k1>) = |]1>>PtA£1 ® k1) and |V®7€’f2>) = |]1>>AkO1AI€2 as
in Bq. (3.70), and [V73R)) = 12 ) AR,

The superinstrument is therefore {WH W11 with WH = | Yw*|, and

1 P g\ PAL 1\ AQAL 1\ AQF P g\ PAL 1\ AQ AL 1\ AO R
) = 5 (1) )P4 A4 )R ) )P L ) AR) (ss0)
We then have that W = Wit + wi-l = Ty F. Wawiteh 1s indeed a QC-QC process matrix. In fact,
it is even a QC-CC process matrix, since it is causally separable. Nevertheless, {W[H, WH} is
not a QC-CC superinstrument; in order to realise it, the two causal orders need to “interfere” in

the switch before the control qubit is measured.

Indeed, the matrices W&l do not satisfy the additional constraints in Proposition 3.12. That is,
W] cannot be decomposed as WE = W([i]Q’F) + W([;f]l’F), such that, with W o py = W([1+,12,F) +
W([;%’F) and Wiy py = W([;f]I’F) + W([Z_,}I,F)’ we obtain a decomposition of W = W 5 )+ Wia 1 r)
as in Proposition 3.6. (This follows from the fact that WH are rank one projectors, and can
therefore not be further decomposed into a (nontrivial) sum of positive semidefinite matrices,
and neither W[+ nor Wl satisfies individually the constraints on either W 2,r) or Wia 1 )y in

Eq. (3.27)).

Note that the example we described here is precisely the superinstrument that we use in the
discrimination task between commuting and anticommuting unitaries (cf. Section 1.6). Indeed,
consider the case where we prepare the control qubit in the state |—i—>Pc and the target system in
some fixed state |@ZJ>P“, take the input operations of the quantum superinstrument to be unitaries

Uy and Us, and discard F;. The output of the superinstrument

pH = Te (W (M) @ (w7 @ (U0 DA © ([U)(02)7) 4 © 17 (3.81)
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is then simply the probability to obtain the outcome “+” or “—”. We find that pl*] = 1 and
pl=l = 0 if the two unitaries U; and Us commute, and, vice versa, pl~) = 1 and plt! = 0 if they

anticommute, allowing us to discriminate between the two cases with certainty.

We thus recover straightforwardly this known advantage of the quantum switch over causally sep-
arable processes. However, the characterisation of the full class of QC-QC and the corresponding
superinstruments now also allow us to go beyond that simple, canonical example, and to search
for new applications of physically realisable, causally nonseparable processes in a systematic way.

In the next section, we present an illustrative example.

3.7 Applications

The discrimination between commuting and anticommuting unitaries considered above is an
example of a “higher-order quantum computation” problem, i.e., a task with the aim of generating
some desired outcome from some unknown, black-box input operations. Other examples of
such tasks that have been studied before are, for instance, the cloning [56], the storage and
retrieval [56], or the replication of the inverse or transpose [57, 62] of some undisclosed operation

of which one or multiple copies are available.

Here, we are particularly interested in tasks for which QC-QC provide an advantage over QC-CC.
In order to quantify how a given class of circuits performs for some task, one needs to find the
circuit that maximises some figure of merit, such as for example the channel fidelity between
the desired “target” channel and the output of the supermap, or the success probability of the
task. The characterisation of circuits in terms of process matrices allows to conveniently perform
this optimisation by semidefinite programming. This approach has been used, for instance, in
Ref. [58] to compare superinstruments where the input operations are applied in parallel*! with
QC-FO superinstruments for certain specific tasks. In Ref. [62], where the exact, probabilistic
inversion of an unknown unitary operation was studied, general quantum superinstruments>?
were also considered. The characterisations we gave here now enable us to include the new
classes of QC-CC and QC-QC in the comparison, and, in particular, to identify tasks for which
QC-QC perform better than QC-CC.

We now present a concrete example of a task for which we find indeed a higher success probability
for indefinite causal orders, and in particular a gap between QC-CC and QC-QC. It is based
on an equivalence determination task studied in [58], where one has two reference boxes that
implement black-box qubit unitary operations U; and Us, and a target boxr that implements
either U; or Us with probability 1/2. The aim is to determine which of the two operations

is implemented by the target box, while using each of the three boxes once. We denote the

2In that case, the constraint is that the positive semidefinite matrices wlr constituting the superinstrument
O 2O 4O T AT 4T
sum up to a matrix of the form ) Wl = Wl @147 4245 with W' € L(HA14243) (see Ref. [58] for the detailed
characterisation).

22These are defined as a set of positive semidefinite matrices {W e E(HPA%)F)}T, whose sum W =3 wlrl
is a (general) valid process matrix [62].
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input and output spaces of the reference boxes as HAT and HAY (with ¢ = 1,2), those of the
target box as HA3 and ’HAg, and the quantum superinstrument that we have at our disposal
by {W[i]}i:m, with Wl e [,(HA{OAéoAgO), where P and F are trivial, and the outcome i of
the superinstrument corresponds to our guess of which operation is implemented. The success

probability (for some specific U; and Us) is then

1 % 1 i
P, =5 3, W= 37 Te(wl - 11) (3.82)
i=1,2 i=1,2

with Tl = [Un){(U1] © [U2)){(Uz| @ |Us))(Usl.

For the case of completely unknown U; and Us, Eq. (3.82) needs to be averaged over the Haar
measure. Averaging numerically over many pairs of Haar random unitaries, and optimising the
superinstrument in Eq. (3.82) by SDP, under the constraint that it belongs to the respective
class whose performance we want to determine, we did not find any advantage of indefinite
over definite causal orders for this particular task. We recovered the success probability of
0.875 found in Ref. [58] for superinstruments with an application of the boxes in parallel as well
as for (general) QC-FO quantum superinstruments, and we found the same value for QC-QC

superinstruments (and also for general quantum superinstruments).

We therefore considered the case where we have additional information about the unitary
operations, and where they are drawn from some given, finite set Y = {Uq, ..., Uy} with uniform
probability. We considered various sets U of simple one-qubit gates and indeed found a gap
between the different classes for some choices. Two examples exhibiting a significant difference
between QC-CC and QC-QC, as well as between QC-QC and general indefinite causal order, are

shown in table 3.1.

u PAR | QC-FO | QC-CC | QC-QC | IND
{1,Rx,Ry,S} || 0.7738 | 0.7910 | 0.7910 | 0.7939 | 0.7942
{Y.Rx,Ry, T} || 07959 | 0.8080 | 0.8080 | 0.8093 | 0.8101

TABLE 3.1: Success probabilities for the equivalence determination of unitaries from a given set ¢/. Here,

Y is the Pauli-Y gate, Rx = % ( fl _1i) and Ry = %(% *11) are Bloch sphere rotations by 7/2 around

the z and y axis, respectively, S is the phase gate (}?) and T is the phase shift gate ((1) eif/4 ) PAR

stands for application of the boxes in parallel, QC-FO is the maximum of the three success probabilities

for the possible fixed order configurations (i.e., with the target box before, between or after the reference

boxes), QC-CC and QC-QC denote the class of superinstruments with classical and quantum control of
causal order, respectively, and IND stands for general quantum superinstruments.

We also found advantages in other variants of the above equivalence determination task. For
instance, we considered reference and target boxes that perform general quantum channels
(CPTP maps) instead of unitary operations. In that case, one has II; = C; ® Cy ® C; in
Eq. (3.82). Averaging over a large number of random pairs of quantum channels (which we
generated with getlab [63]), we found success probabilities of 0.5666 for parallel application of the
black boxes, 0.5667 in the fixed-order case, 0.5714 for QC-QC and 0.5715 for general indefinite

causal order.
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We also studied another variant of the task where the target box implements two different
functions of the reference boxes, i.e., we have U; = f1(U1,Us) or U; = fo(Uy,Us) (instead of
U; = Uy or U; = Usy), and we indeed found higher success probabilities for QC-QC for some
choices (when averaging numerically over a large number of Haar random unitaries). Three

examples are given in table 3.2.

(U, Uy) | f2(Uy,Uy) || PAR | QC-FO | QC-CC [ QC-QC | IND
LUUT | UohUd | 0.6169 | 0.6681 | 0.6681 | 0.6854 | 0.6868
U0, UUy | 0.6597 | 0.6814 | 0.6856 | 0.6926 | 0.6932
UUU; | UUaU, || 0.6403 | 0.7070 | 0.7070 | 0.7133 | 0.7138

TABLE 3.2: Success probabilities for the discrimination task between two functions fi(U1,U2) and
f2(U1,Uz) implemented by the target box.

We also started investigating tasks where one is given several copies of a unitary operation U,
and the aim is to generate some function of U, such as for instance its inverse UT, or its transpose
U”T. One can consider variants of these tasks where the desired transformation is realised
approximately (i.e., one optimises the channel fidelity [57]) or perfectly, but only with some finite
probability of success, which is to be optimised [62, 64]. One can furthermore consider variants
where the input state of the circuit is provided only after the black-box operations have been
processed (so-called quantum learning protocols [65, 66] or delayed input state protocols [62]). In
some first numerical tests, we could not identify any gaps between QC-QC and QC-CC in these
kind of tasks, although some gaps between general process matrices and QC-QC could be found.
However, more detailed studies are needed, and it needs to be clarified whether, similarly to the
example discussed above, advantages of QC-QC can be identified when additional information

about the unitary operations is available.

3.8 Discussion

In this chapter, we introduced two new classes of circuits, those of quantum circuits with classical
and quantum control. We described these circuits, and characterised the sets of process matrices
they define, generalising similar results for quantum circuits with fixed causal order, or quantum

combs.

Using similar techniques as for witnesses of causal nonseparability, one can straightforwardly
verify whether some process matrix is in a given class or not. For instance, one can show that the
classical switch does not have a fixed order, that the quantum switch does not have a classical
control, or that the process matrix W°P considered in Sec. 1.2.3 or the tripartite “classical”
example of Baumeler et al. [67] are not of the quantum control type (note that this also follows
from the fact that these can violate causal inequalities, while we showed that QC-QCs cannot; in
the case of WO the problem again reduces to a causal witness (cf. Sec. 1.2.3), since for N = 2
and trivial global past and future systems, QC-QCs reduce to simple classical mixtures of the

two possible orders).
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Our study here represents a “bottom up approach” where, starting from some basic assumptions,
we constructively obtain a large class of process matrices with a physical interpretation. In
particular, an important assumption that we made in our construction, and that allowed us to
indeed obtain valid quantum supermaps, is that each input operation of the circuit is applied
once and only once. We point out, however, that in the case of quantum control, with the
time of the operations being controlled coherently, this assumption is not so clear, and, in this
connection, there is some debate on whether these protocols are “realisations” or “simulations”
of quantum processes with indefinite causal order. We will return to this point in Chapter 7,
where we will show that the statement that each operation is applied once and only once can be

made more precise by resorting to the notion of time-delocalised subsystems [38].

In the fixed-order case, one finds that the class of circuits than one obtains through the construc-
tive approach matches with the most general process matrices that respect the corresponding
fixed causal order. Here, we find a gap between what we obtain from our constructive (“bottom-
up”) approach, and what is obtained with an axiomatic (“top-down”) approach by just imposing
some consistency constraints, which leads to the class of general process matrices. This raises
the question of where this gap comes from. Is it just due to a lack of imagination, or is there

some deep underlying reason for it?

What other interesting properties does the set of QC-QC process matrices we identified here
have? Could it be true, for instance, that it contains all the process matrices that cannot violate

causal inequalities?

On the more applied side, an interesting question is which experimental platforms are most
suitable in order to realise new examples of QC-QC, beyond the quantum switch, concretely in
the lab. For instance, photonic implementations similarly to those of the switch, with spatially
separate “boxes” realising the operations Ag, and the control system including the path, are

conceivable.

Furthermore, we found that our approach here is very useful in order to more systematically
investigate the question of what advantages can be obtained for quantum information processing
with physically realisable processes beyond fixed order quantum circuits. Studying various tasks,
and identifying those where quantum circuits with quantum control yield an advantage, will

shed light on this question.
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Chapter 4

Communication through coherent

control of quantum channels

This chapter is based on the publication:

Alastair A. Abbott, Julian Wechs, Dominic Horsman, Mehdi Mhalla, and Cyril Branciard.
Communication through coherent control of quantum channels, arXiv:1810.09826 [quant-ph]
(Ref. [34]).

Secs. 4.1 to 4.4 and 4.7 correspond to the main text of the paper, with some minor modifications
to avoid repetitions and to integrate the paper into the broader context of the thesis. Secs. 4.5
and 4.6 are taken from the appendiz of [34]. My main contribution to this paper was to perform
some initial calculations, together with Alastair Abbott and Cyril Branciard, which led to the

main results of [34]. I also developed Sec. 4.5 and an earlier version of the proof of Eq. (4.9).

As mentioned in Sec. 1.6, it was found that the quantum switch enables some surprising classical
and quantum channel capacity enhancement effects. When certain zero-capacity channels are
inserted into the quantum switch, the resulting global transformation still allows information to
be transmitted, in a way that is impossible if their causal order is fixed or classically controlled.
More particularly, in a recent letter [29] it was shown that for two completely depolarizing
channels, information about the initial state of the target system can be acquired after the
passage through the switch, despite the fact that a completely depolarizing channel by itself (and,
by extension, any causally ordered composition of two such channels) always outputs a completely

mixed state. This communication advantage has also been confirmed experimentally [21, 22].

It is perhaps tempting to attribute this result to the indefinite causal order between the channels.
In this chapter, we present the results from Ref. [34], where we showed that the same phenomenon
can be observed in an even simpler setup, where one coherently controls between applying one
of two identical completely depolarising channels to the target system. Such a situation involves
no indefinite causal order; we argue that these results should therefore instead be understood as

resulting from coherent control of quantum communication channels.
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Motivated by this example, we then revisit more generally the notion of coherent control of
arbitrary quantum channels by exploiting a control system to determine which channel is used

to transmit a state rather than the order in which two communication channels are used.

It turns out that—in contrast to the quantum switch [3, 29]—the situation where channels
are controlled coherently cannot be described in terms of a quantum supermap, and does
therefore not fit into the framework we set up in Chapter 3. In particular, the action of the
global channel in this case depends not only on the descriptions of the individual channels as
completely positive trace-preserving (CPTP) maps—i.e., their standard description as “quantum
channels” [30, 31, 68]—but also on more fine-grained information about their specific realisations,
which includes, but goes beyond, relative phase information; in general, we find that, in order to
completely describe the action of a coherently controlled quantum channel, one needs to specify
a “transformation matrix” depending on the implementation of the channel, in addition to its
description (e.g., in terms of Kraus operators). This additional information is in fact accessible
in the output state of the joint control-target system and allows two different implementations
of what is usually considered to be the same channel to therefore be differentiated. These results
highlight the subtleties involved in describing “controlled channels”, and show that, without
specifying this extra information on the specific channel implementation the notion is in fact
ill-defined.

4.1 Communication through the “depolarising quantum switch”

Let us first recall the case of the quantum switch with two completely depolarising channels, as
studied in Ref. [29].

We consider once again the quantum switch, with a d-dimensional target system and a two-
dimensional control system, which we initialise in a fixed state |+)¢ = %(\OV + [1)9), as in
Sec. 1.5. Viewed as a quantum supermap, the quantum switch then takes two input operations
Co and C; (which we take to be CPTP maps here), and applies them to the target system in
a superposition of orders. The result is a global channel S[Cy,C;] from the global input target
system to the joint control-target global output system. In Ref. [29], it was observed that, if the
CPTP maps C; are fully depolarising channels N; (which map any initial target state p!, to the
maximally mixed state %t), then the global channel SNy, 1] maps p!, to the joint control-target
state
¢ 1t 1

1
ct - 1/¢ 1 c — 4.1
Pout 9 ® d + 2 HO>< | + ‘ ><O’ ] ® d2p1n7 ( )

which is not %t but instead retains some dependence on p! . Thus, information can propagate
through the “depolarising quantum switch” despite this being impossible for the channels N,
N1, N1 oNy, and Ny o N individually. This surprising result arising in the presence of indefinite
causal order has recently been subject to experimental confirmation [21, 22], and generalised to

more complex setups that put more channels in a superposition of different orders [69].
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FIGURE 4.1: The inset shows a typical photonic implementation of the quantum switch [3, 25|, in which

the control qubit is encoded in the polarisation of a photon which is routed by polarising beamsplitters

(PBS), and the target system is encoded in some internal degree of freedom of the photon (as e.g. in

Refs. [19, 22]). In Ref. [34] we consider only the “first half” of the quantum switch process (main figure).

This implements a coherent control between the two boxes implementing Co and C; that the target

system traverses. As we show, the above diagram is in fact ill-defined since, when controlled coherently,
the maps C; do not fully determine the output state p<i; see Fig. 4.2.

Note that, since the switch is a quantum supermap, the resulting channels S[Ny, 1] (and more
generally, S[Co,C1]) depend only on the input CPTP maps—something that will no longer be

true in the setup with coherently controlled channels considered below.

4.2 Communication through coherently-controlled depolarising

channels

Remember from Sec. 1.5 that in a standard interferometric implementation of the quantum
switch (such as in Refs. [16-22]), the target system is routed to the switched operations, which
here correspond to communication channels, via some beamsplitters. In the following, we shall
consider instead the state of the joint control-target system after traversing only half of such
a quantum switch; that is, after the target system has passed, in a superposition, through
the communication channels only a single time. This situation, a possible implementation of
which is shown in Fig. 4.1, amounts to coherently controlling between applying the operations
implementing Cy or C; to the target system. By preparing the control qubit in the state |[+), a

“superposition” of the two operations is thus applied’.

We note that in general, coherent control of completely unknown quantum operations is impossible.
However, in interferometer-type situations, the setup provides additional information about the
structure of the joint control-target Hilbert space that makes such control possible [70-73]; indeed,
coherent control of unitary operations by such means has been demonstrated experimentally in

many scenarios [74-78].

Let us consider, as in Ref. [29], the case where the two operations implement fully depolarising

channels (C; = N;), and consider first the concrete case analysed in Ref. [29] and implemented

LOur calculations below generalise easily to any other initial state of the control (not necessarily |+)).
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experimentally (for a qubit target system) in Ref. [22] where these are realised by randomising

over a set of d? orthogonal unitary operators {Ui}?ial. For each channel, one then indeed has
Nopi(phy) = d i Uiy U =

For each random choice of unitary operators (U;,U;), the control-target system therefore
undergoes the unitary evolution [0)0|°® U; + [1)}1|° ® U; 2. If the control qubit is initially in
the state |[+)¢ and the target system is in some state |¢/i,)", the joint system thus evolves to

@) = == (10)° ® Uy [s)" + [1)° ® Uj [thn)’) (4.2)

1
V2
Averaging over all choices of (U;, U;) one finds that the output state is

1© 1t 1
Pout = d42’¢)w Nl = = @ — + S[10) (1 +[1){0/] @ Tp}, T" (4.3)

where T' = d% S5 Ui and ph, == |4 Y¢in|". By linearity, Eq. (4.3) holds for arbitrary inputs pf,,
and the setup thus induces the global channel M mapping pf, — p&,;.

It is immediately clear that p<, depends in general on p! , and thus some information can be
transmitted through the setup. If, on the other hand, one classically controls which channel
is applied, no information can be transmitted. Indeed, if the initial state of the control qubit
is diagonal, or if it decoheres, in the Pauli o, eigenbasis, then one can easily check that all
dependence on p! disappears in pc,. Thus, the global channel M arising from coherently
controlling between ANy and N provides a communication advantage over classical control. This
mirrors that found using the quantum switch in Ref. [29], where it was seen to arise when
applying Ny and A7 in an indefinite causal order. In the example above, however, there is no
indefinite causal order and yet the effect remains, contradicting any possible intuition that it

should be attributed to causal indefiniteness (a conclusion also recently reached in Ref. [79]).

It was further noted in Ref. [29] that if one traces out either the control or target system from
the output of the depolarising quantum switch one obtains the completely mixed state, and
thus information is transmitted solely in the correlations between the control and target states.
In the present example, while it is still true that if the control is traced out the target system
is left in the completely mixed state, if one traces out the target from Eq. (4.3) one obtains
Put = 5(1°+ Te[Tpl, TT)o¢), which still depends on pf,. Nevertheless, the control system itself
never contains all of the information about the input target state that gets transmitted to p<t,
(it only contains Tr[T'p!, T'1], while p&t, contains Tp!, T'1). Note that in the setup of Fig. 4.1, just
as in the depolarising quantum switch, the subspace on which each channel acts has nontrivial
“spread” over both the target and control systems [38] and so the channels cannot strictly be
said to act trivially on the control system. Indeed, in both cases the global channel entangles the

two systems and gives a state containing some delocalised information about the target. This is

2Note that U; and U; (and the Kraus operators K;, L; considered later) must be written with respect to a
common reference phase. We also assume that the arms of the circuit do not introduce any additional relative
phases).
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conceptually similar to the effect of quantum phase kickback associated with controlled unitary

operations [30, 80], a connection further explored in Refs. [79, 81].

4.3 Dependence on channel implementation

The approach employed above of randomising over unitary channels is not, however, the only
way to implement a fully depolarising channel. Recall that in general, a quantum channel C is
defined as a CPTP map, and can be described in terms of a (non-unique) set of Kraus operators
{K;}; satisfying >, KJK, = 1, such that the output of the channel is given by C(p) = >, Kingr
for every density matrix p [30, 31, 68]. Note in particular that C may be applied to a subsystem
in a subspace of some larger Hilbert space, as is the case both in the quantum switch and the
scenario of Fig. 4.1. There, however, if the channels Cy and C; are not unitary—or not described,
as previously considered, as a randomisation over unitary channels—it is a priori unclear how to

determine the global channel mapping p!, — p&, from the Kraus operators of Cy and C;.

One possible approach to doing so is to “purify” the channels via (independent) Stinespring
dilations [82]. Any channel C with Kraus operators {K;}; can indeed be extended to a unitary
operation by introducing an environment in an initial state |€)¢ and considering the operation
that acts on the system under consideration (in our case, the target) and the environment as
[Yin) @) = 3 K [1hin) ' ®[1)¢ == |®out )", where the ket vectors |i)° are (normalised) orthogonal
states of the environment. After tracing out the environment, we recover Tr, |<I>0ut>(<l>out\te =

> K i Xt | K;r = C(|¢hin)¥in|"), as required.

In the setup of Fig. 4.1 where the channels Cy and C; have Kraus operators {K;}; and {L;};,
respectively, one may therefore purify the channels by introducing two, initially uncorrelated,
and |e1)?*. Note that the control qubit must then be

seen as controlling the action of the purified unitary extensions of the channels not only on the

environments with initial states |g¢)“

target system, but also on the corresponding environments. This is nevertheless sensible in the
interferometric picture of Fig. 4.1 where the channels may be seen as black boxes with “internal”

environments that a photon traverses (in a superposition of “here” and “there”).

Under these controlled, purified channels, the combined control-target-environments state evolves
unitarily from |+)¢ ® [1hin)’ @ |e0)° @ |e1)" to

\[\0 ZKWm ® 1) @ len)™ + \f“ ZL [$in)" @ [e0)™ @ [5)" . (4.4)

After tracing out the environments, the resulting joint control-target state p<, is found to be

[10){01° @ Colpiu) + I1){1I° @ Ca(pin)] + %UO><1IC ® TophaT] + 101 © Tapl,Tj] (4.5)

N | —

ct __
Pout =

with Tp == >, (eo|?) K; and T} = Zj<51]j>Lj
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FIGURE 4.2: A corrected version of Fig. 4.1 in which the description of the two operations, implementing
the channels Cyp and C; on their respective subspaces, have been supplemented by the transformation
matrices Ty and 17 needed to fully specify the output state p<hy.

The output state (4.3), obtained when Cy and C; are depolarising channels implemented as
a classical randomisation over d? orthogonal unitary operators Uj, is recovered by taking
K; = 1U;, Lj = 1U;, and the initial states of the environment to be |g0)® = Z?ial L]iyee,
len)t = 2?2:_01 é |7)*. Note, however, that a different choice of orthogonal unitary operations
(even due to the addition of a relative phase between them, so that, taken individually, they would
still implement the same local unitary channels) would have led to a different output state in
Eq. (4.5). If we had instead taken the environments to initially be in the states |0)*° and |0)“* and
chosen a set of orthogonal unitary operators such that Ky = Ly = é]l, we would have obtained
Eq. (4.3) with T' = é]l—vvhich7 incidentally, coincides with the state of Eq. (4.1) obtained in
Ref. [29] as the output of the depolarising quantum switch. We nevertheless emphasise that
Eq. (4.5) gives the output control-target state for any description of the channels in terms of

Kraus operators.

ct

ot depends on the implementation of the channels Cy and

The crucial observation here is that p
C1 [83, 84]. The interferometric circuit in Fig. 4.1 is therefore not fully defined by the channels
Cp and C1, or the Kraus operators chosen to represent them. This may appear surprising given
that, in the usual paradigm, quantum channels are understood to be fully characterised by their
(non-unique) Kraus representation [30, 31, 68]. However, one should note that such a description
of a channel is unchanged under addition of any global phase. On the other hand, any such
“global” phase applied by one of the channels in Fig. 4.1 is only applied to the corresponding
arm of the interferometer and therefore, in the overall controlled circuit, becomes a “relative”
phase with physical significance. In the case where Cp and C; are unitary, the fact that Fig. 4.1

is only defined up to such a phase on the unitaries is well known [76, 80].

What we see here, however, is that the output of the interferometric circuit depends not only
on any relative phases between (the Kraus operators of) the two channels, but also on a more
detailed description of their implementations. More precisely, one requires some additional
information encoded in the matrices Ty, T3 introduced in Eq. (4.5) in order to fully specify
the global channel M|Cy, Ty, C1,T1] : pt, — p, induced by the circuit; see Fig. 4.2. We call
these the “transformation matrices” of the channel implementations. In the description above in
terms of a Stinespring dilation, these depend not only on the set of Kraus operators used to
decompose the channel, but also on how these are combined (with coefficients that depend on
the environment states) to define Ty := 3=, (eoi) K; and T1 := 3 ;{e15) L;.
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We can in fact completely characterise the transformation matrices T' obtainable from some
realisation of any given channel C, by deriving a general constraint expressed in terms of the
Choi-Jamiolkowski representations of C and T'. In the appendix of Ref. [36], we show that the

set T¢ of all possible transformation matrices T' of C is
Te = {T : |T) € range(C) and (T|CT|T) < 1}. (4.6)

where C' is the Choi-Jamiolkowski matrix of C, and CT is its Moore-Penrose pseudoinverse.

Consider for example an identity channel Z, whose Choi-Jamiolkowski representation is I = |1))}{(1]
(in any dimension); its range is the span of |1)) only, and its Moore-Penrose pseudoinverse is

It = % = %. Egs. (4.6) and (1.4) imply that

Tr={T=0al:aecCla <1} (4.7)

Any such T'= a1 with |a| <1 can indeed be obtained by taking for instance {K;}; = {Ko =1}
and (g9]|0) = . As one can see, even the identity channel does not define a unique transformation
matrix. The freedom one has on its possible transformation matrices is not just due to a possible
global phase (which would just restrict « above to |a| = 1), but also to the possible coherent
control of some operation [¢) @ [€)° — [¢)" @ [0)¢ that (while acting trivially on the target
system) acts nontrivially on the environment. Note that Eq. (4.7) generalises straightforwardly
to any unitary channel i : p — UpUT, whose possible transformation matrices are of the form
T = aU with |o| < 1.

For a d-dimensional fully depolarising channel NV, the Choi matrix is N = é]l; its range is the
full Hilbert space H; ® Ho, and its Moore-Penrose pseudoinverse is N* = d 1. Noting that
(T|T)) = Tx[TT], Eq. (4.6) implies that

T ={T : T[1'T] < é} (4.8)

Any such T satisfying Tr[TTT] < é can indeed be obtained by taking for instance the set of
Kraus operators {3U; fial (where the U;’s are again orthogonal unitary matrices) and |¢)© such
that (go|i) = (Ui|T) = Tx[U; T).

Under the constraint (4.8), applied to both T and T3, Eq. (4.5) characterises all possible output

states that one can obtain from the setup of Fig. 4.2, for any implementation of the channels
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Co,C1 = N.

4.4 Distinguishing different implementations of coherently-con-

trolled channels

The dependence of the output of the circuit of Fig. 4.2 on the implementation of the channels
means that it is also possible to differentiate between two distinct implementations of the same

quantum channel with different transformation matrices.

Consider the case where Cy has a single, fixed implementation with a transformation matrix
To, while C; can have two different possible implementations, with 77 # T]. The global
channels Mp, = M]|Co,To,C1,T1] and MT{ = M(Co, T, Cy,Ty] thus differ in general. If T}
and 77 are equally probable, then the maximal probability of successfully distinguishing these
two channels—and thereby the two implementations of C;—is (1 + D(Mr,, Mry)), where
D(Mry, Mrr) = HIMz, — Mo is the diamond-norm distance between the two global
channels [85]. In the relevant paper [34], we show that

DMz, Mgy) < < |7 =T (4.9)

N | =

(where ||-||2 is the spectral norm), and that this upper bound can be reached with Cy =
Z (the identity channel), Tp = 1 by performing optimal state discrimination between the

two output states of the global channel obtained for the input p!, = |ty Xtin| maximising
(W] (T = TN (T1 = TY) [thn).-

It is indeed well-known, for instance, that the interferometric setup of Fig. 4.2 allows one to
perfectly discriminate whether the lower arm applies the operation |0)! — |¢)! or |)! — — |
(the unitaries +1), even though these both correspond to C; = Z (but with 77,7} = +1) on the
relevant subspace. As another, perhaps more interesting, example consider the case where C; = N’
is the fully depolarising channel, with the two possible transformation matrices Tl(l) = j:% |0X0].
We have %HTl -1 H2 = %, so that these two implementations of the depolarising channel can

be distinguished with probability 5(1+ =) (= 0.85 for d = 2).

4.5 Channel implementation independence for the full quantum

switch and other quantum processes

In this section, we show explicitly that for the quantum switch, the transformation S[Cp,C1] it
induces has no dependence on the implementation of Cy and Cy, and that this is more generally
true in any setup in which each channel is always applied once and only once to the target
system. In particular, it holds also for the quantum circuits with quantum control we considered
in Chapter 3.
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For the case of the full quantum switch, each of the two channels Cy and C;, with Kraus operators
{K;}; and {L;};, is applied once and only once on the target system. Considering a purified
version of the channels via a Stinespring dilation, as described in Sec. 4.3, the state at the output

of the interferometer (see the inset of Fig. 4.1) reads
1 . .
7 0)° @ > LiK; i) @) @ [5) + \[ 1H)°® ZK Lj [$n)" @ |1)° ® |5) (4.10)
. .J

In contrast to the output state (4.4) for the circuit of Fig. 4.1, no terms appear in which either
environment is untouched and remains in its initial state. After tracing out the environments,

one obtains

1 C C
et =5 (10X0I° ® C1 0 Co(pfy) + 1117 @ Co 0 Ci (o)

+10) (1@ 3 L Kyl LUKT + [1)(0f° @ ZKiLjpangL;r-), (4.11)

7.7 27]
which depends neither on the initial state of the environments, nor on the sets of Kraus operators
chosen to describe each channel. Indeed, for any other Kraus representations { M, }, of Cy and
{Ng}s of Ci, one has K; =3, uir M, and L; = Y, vjs Ny, where u;, and vj, are the elements of

unitary matrices [30]. We thus obtain

ZL Kiph LIK] = Z Z Wiy V35 05 Ny M ply NI M,

i, r,r’,s,s
S 88 NoMyph NI MY, = 57 Ny M, pl, NI M} (4.12)
r,r!.s,s! TS
(where ¢ is the Kronecker delta), and analogously for the term >ij L;pt K] TLT
More generally, consider a combination of multiple channels Cyp,...,Cy with Kraus operators

{Kz‘(é))}iov e {Kz‘(JJVV)}iw and assume that for any possible initial state |¥,) sent through the
setup, each channel is applied once and only once (not necessarily in a definite order). Considering
a Stinespring dilation of the channels with environment initial states |e9)® ..., |en)V, this

means that the joint initial state evolves as

Uin) @ [e0)° @ - @ [en)™ = S FKY, . E) [W) @ i) © - @ [in)Y . (4.13)

10, AN

where each F(K((?), .
each K i(z) appears once and only once, in possibly different orders (e.g., for the quantum switch:
|Win) = |[)°®@|¢hin)’ and F(K;, L;) = [0Y0|°® L; K;+|1)X1|°® K;L;). For any such transformation,

a similar calculation as for the full quantum switch can be conducted, which shows that after

,Ki(N)) is an operator composed as a sum of product terms in which
N

tracing out the environments, the final output state does not depend on the choice of Kraus

operators, nor on the initial states of the environments.
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As is straightforward to see, the global transformation induced by a quantum circuit with quantum

control (cf. Eq. (3.58)) satisfies (4.13), and does thus not depend on the implementation.

4.6 Holevo information of the coherently controlled depolaris-

ing channels

In Ref. [29], the authors quantified precisely how much classical information can be transmitted
by a single use of the depolarising quantum switch (i.e., its Holevo information [86, 87]). In the
appendix of [36], we presented a lower bound for the Holevo information of the global channel
M defined above. We found that significantly more information can be transmitted by this

setup than with the full depolarising quantum switch.

The Holevo information of a channel C quantifies how much classical information can be
transmitted through a single use of C from a party A to another party B. It is defined as
X(C) = maxyy,, ,.y [(A; B),, where I(A; B), is the quantum mutual information calculated on
the state v .= >, pa |a)al 4, ®C(pa) B [86, 87] (i.e., [(A;B), = H(A),+ H(B), — H(AB),,, where
H(X), is the von Neumann entropy of the system X € {A, B, AB} in the state v). x(C) provides

a lower bound for the classical capacity of a quantum channel C.

In Ref. [29] it was shown that the Holevo information of the global channel S[Ny, V1], mapping
ph, to p<t, (see inset of Fig. 4.1), with p¢, = S[No, N1](pl,) given by Eq. (4.1), is x(S[No, M]) =
—% — %logQ % ~ (.05 for a qubit target system, while a more general formula for any dimension
d was also given.

For the global channel M|Cy, Ty, C1,T}] induced by the situation of Fig. 4.2, which maps p!, to
pc according to Eq. (4.5), a lower bound on the Holevo information x(M|Co, Ty, C1,T1]) can
(for a given pair of channels and transformation matrices) be easily obtained by simply taking
I(A; B),, for any particular choice of the weighted ensemble {p,, p,}. For two fully depolarising
channels Ny, N7 with Ty = T} = % 0)(0] for instance (which indeed satisfies Tr[T] T;] < 1
as required by Eq. (4.8)), taking {po = 2,p0 = |0X0|,p1 = 2,p1 = [1)}1]} gives the lower
bound x(M[No, T, N1, T1]) > 2log, 2, which is a significant increase over that obtained by the
depolarising quantum switch. For d = 2 this indeed gives x(M|Ny, Ty, N1, T1]) = 0.16; for larger
d this bound decreases as the dimension increases, but less rapidly than the (exact) Holevo
information obtained in Ref. [29]. It remains an open question whether our lower bound is tight,
both for the transformation matrices T; as well as for any other transformation matrices for two

completely depolarising channels.

We note that the fact that the lower bound obtained here exceed the Holevo information for
the depolarising quantum switch obtained in Ref. [29] is perhaps not so surprising given the
differences between the scenario in Fig. 4.2 and that of the quantum switch. Indeed, in the
scenario we consider, the target system only goes through the depolarising channels (in a

superposition) a single time, while in the quantum switch the target system always goes through
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both channels (in a superposition of different orders). Thus, one may intuitively expect the

target system to be less “degraded” in the scenario considered here.

While we focused on depolarising channels to illustrate the ability for two coherently controlled
zero-capacity channels to transmit information, this is not the only case where one should
intuitively expect no communication to be possible. Indeed, any constant channel has zero
capacity [86, 87] and similar conclusions can be drawn for any such channel. Furthermore, while
this situation allows for the communication of classical information, we note that the authors of
Ref. [29] also investigated the transmission of quantum information through a quantum switch
that puts two dephasing channels in a superposition of orders [48] (see also Ref. [49]). In fact
the advantage found there with the quantum switch is also present in the analogous scenario of
Fig. 4.2; see [34].

4.7 Discussion

Coherent control of quantum channels was previously shown to be a resource for communicating
through noisy channels in the technique of “error filtration” [88]. Our analysis, following that of
Ref. [29], shows how it provides more general communication advantages, increasing the capacity
of transmission in the absence of postselection and even in the extreme case of completely

depolarising channels.

Our analysis illuminated the fact that the global transformation implemented by the circuit in
Fig. 4.2 depends on the implementation of whatever channels are used. This stands in contrast
to the usual paradigm of quantum channels, where a channel is defined as a CPTP map, and
where all descriptions in terms of Kraus operators, or all purifications of a quantum channel,
are equivalent [30, 31, 68]. Although such a description suffices if a channel is only ever used in
isolation, by exploiting quantum control (something possible when the channel is supplied as a
“black-box” or a usable communication channel [70]) it is in fact possible to extract information
about how a channel is implemented, opening up the possibility to use coherent control as a tool

for, e.g., error correction [89], quantum channel security [90] and characterisation [84].

Our results thus show that the notions of coherently controlling quantum channels—and, by
extension, their actions when composed in circuits—is, by itself, ill-defined. Nevertheless, the
setups in Figs. 4.1-4.2 that we have considered are perfectly realisable experimentally; indeed, they
are less demanding than implementations of the full quantum switch [16-22]. Our observations
here add to the call (e.g., in Ref. [70] for the control of unknown unitaries) for a generalisation
of the standard paradigm of quantum circuits to describe experimentally conceivable situations,
that would include the possibility for operations to be quantum-controlled (a general quantum
“if statement”), or more generally to be applied on subspaces only. In the situation we considered,
we saw that (generalised) quantum channels could not be defined only by the CPTP maps they

induce, but also required one to specify the “transformation matrices” T" introduced above. We
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expect that this approach can be used for more general situations than the one investigated here,

and leave its possible generalisation for future work.
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Chapter 5
Genuinely multipartite noncausality

This chapter is based on the publication:
Alastair A. Abbott, Julian Wechs, Fabio Costa, and Cyril Branciard. Genuinely multipartite
noncausality, Quantum 1, 39 (2017) (Ref. [35]).

It corresponds to Secs. 1 to 3.2 of the published paper, with some modifications to avoid repetitions
and to fit into the broader context of the thesis. Some relevant technical details about the
characterisation of the 2-causal polytope in the tripartite “lazy scenario” and the violations of
2-causal inequalities with process matrix correlations that were not given explicitly in the published
paper have been added. My main contribution to this work was to perform the analysis of the
tripartite “lazy scenario” described in Sec. 5.2, in parallel to the other coauthors in order to

compare the results, and to write up Section 2 of the published manuscript [35].

In Section 1.4.2, we defined causal correlations as the most general multipartite correlations that
are compatible with a definite causal order between the parties. Such correlations were studied
and characterised in detail in Refs. [14, 15], and include those compatible with probabilistic or

dynamical causal orders.

When analysing noncausal correlations in a multipartite setting, however, a natural question
arises: is the noncausality of these correlations a truly multipartite phenomenon, or can it be
reduced to a simpler one, that involves fewer parties? Indeed, there can be situations in which
no overall causal order exists, but where there still is a (“coarse-grained”) causal order between
certain subsets of parties, obtained by grouping certain parties together. The correlations that
can be established in such situations are more general than causal correlations, but nevertheless
restricted due to the existence of this partial causal ordering. The goal of this chapter is precisely
to address this question, and provide criteria to justify whether one really deals with genuinely

multipartite noncausality or not.

To make things more precise, let us give an example. Consider three parties A and B and C.
Each party receives an input z, y, z and returns an output a, b, ¢ respectively. The correlations
shared by A, B and C are described by the conditional probability distribution P(a,b,c|z,y, 2).
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In that tripartite scenario, a causal correlation is defined as one that is compatible with one
party acting first—which one it is may again be chosen probabilistically—and such that whatever
happens with that first party, the reduced bipartite correlation shared by the other two parties,

conditioned on the input and output of the first party, is causal (see Definition 1.3).

In contrast, a noncausal tripartite correlation P(a, b, c|z,y, z) cannot for instance be decomposed
as
P(a,b,c|lz,y,z) = P(alx) Py q(b, cly, 2) (5.1)

with bipartite correlations Py 4(b,c|y, z) that are causal for each z,a. Nevertheless, such a
decomposition may still be possible for a tripartite noncausal correlation if one does not demand
that (all) the bipartite correlations Py 4(b,cly,z) are causal. Without this constraint, the
correlation (5.1) is thus compatible with the “coarse-grained” causal order A < {B,C}, if B and
C are grouped together to define a new “effective party” and act “as one”. This illustrates that
although a multipartite correlation may be noncausal, there might still exist some definite causal
order between certain subsets of parties; the intuition that motivates the work we presented in
Ref. [35] is that such a correlation would therefore not display genuinely multipartite noncausality.
If we want to identify the idea of noncausality as a genuinely N -partite phenomenon, we should
exclude such correlations, and characterise correlations for which no subset of parties can have
a definite causal relation to any other subset. This idea was already suggested in Ref. [14]; in

Ref. [35] we defined the concept precisely.

In Sec. 5.1, we introduce the notion of genuinely N -partite noncausal correlations in opposition
to what we call 2-causal correlations, which can be established whenever two separate groups of
parties can be causally ordered; we furthermore show how such correlations can be characterised
via so-called 2-causal inequalities. In Sec. 5.2, as an illustration we analyse in detail the simplest
nontrivial tripartite scenario where these concepts make sense. We present explicit 2-causal

inequalities for that scenario and investigate their violations in the process matrix framework.

5.1 Genuinely N-partite noncausal correlations

The general multipartite scenario that we consider in this chapter is the one we introduced in
Section 1.4.1. Let us briefly recall some of the notations. A finite number N > 1 of parties
Ay, each receive an input zj from some finite set (which can in principle be different for each
party) and generate an output aj that also belongs to some finite set (and which may also
differ for each input). The vectors of inputs and outputs are denoted by Z = (x1,...,zxN) and
a = (ay,...,an). The correlations between the N parties are given by the conditional probability
distribution P(@|¥). For some (nonempty) subset K = {k1,...,ky} of N == {1,..., N}, we
denote by Tx = (zg,, ... ,mklm) and di = (agy, .-, akm) the vectors of inputs and outputs of
the parties in KC; with this notation, Zynx and @\ (or simply Zany and @ for a singleton
K = {k}) denote the vectors of inputs and outputs of all parties that are not in K. For simplicity
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we will identify the parties’ names with their labels, so that "= {1,...,N} = {A4,..., An},

and similarly for any subset K.

The assumption that the parties in such a scenario are embedded into a well-defined causal
structure restricts the correlations that they can establish, and leads to our definition 1.3 of

causal correlations—which, for clarity, we shall often call fully causal in this chapter.

Let us now characterise the correlations incompatible with an overall causal order, but still
compatible with a (“coarse-grained”) causal order between certain subsets. Note that if several
different nonempty subsets do have definite causal relations to each other, then clearly there
will be two subsets having a definite causal relation between them—one can consider the subset
that comes first and group the remaining subsets together into the complementary subset, which
then comes second. We shall for now consider partitions of A/ into just two (nonempty) subsets
K and N\K, and we thus introduce the following definition:

Definition 5.1 (2-causal correlations). An N-partite correlation (for N > 2) is said to be

2-causal if and only if it can be decomposed in the form

P(@@®) = Y qx Pc(ix|@c) Pege.ac (@il Eanc) (5.2)
PCKCN

where the sum runs over all nonempty strict subsets K of N, with g > 0 for each K, > x- g = 1,
and where (for each K) Pi(dx|Zx) is a valid probability distribution for the parties in I and

(for each K, Tk, dx) Px zc.ax (@n\k|Tank) is a valid probability distribution for the remaining
N—|K| parties.

For N = 2, the above definition reduces to the standard definition of bipartite causal correla-
tions [4], which is equivalent to Definition 1.3 above. In the general multipartite case, it can
be understood in the following way: each individual summand P (dx|Tic) Pz ax (@A Tan k)
for each bipartition {/C, N\K} describes correlations compatible with all the parties in K acting
before all the parties in N'\K, since the choice of inputs for the parties in N\ does not affect
the outputs for the parties in K. The convex combination in Eq. (5.2) then takes into account

the possibility that the subset K acting first can be chosen randomly.!
For correlations that are not 2-causal, we introduce the following terminology:

Definition 5.2 (Genuinely N-partite noncausal correlations). An N-partite correlation that is

not 2-causal is said to be genuinely N-partite noncausal.

'One can easily see that it is indeed sufficient to consider just one term per bipartition {/C, N\K} in the
sum (5.2). That is, for some given K, some correlations P’ (@|Z) = P (dx|Tx) Pt z. a\ (Ga\kc|Zari) and P7(@|T) =
Pe(ax| @) Pz a (@ |Zank), and some weights ¢, ¢” > 0 with ¢ + ¢ = 1, the convex mixture P(d|Z) =
q'P'(@|Z) + ¢" P"(@|Z) is also of the same form P(a|%) = Px(dx|Zx) Pc,zc,ax (@nc|Zang) (with Pe(dx|Zc) =
q' Pr(dk|Zx) + ¢" P¢(dc|Zk) and Pz s = P(@|%)/Pc(dx|Zxc)). This already implies, in particular, that
2-causal correlations form a convex set.
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Thus, genuinely N-partite noncausal correlations are those for which it is impossible to find any
definite causal relation between any two (complementary) subsets of parties, even when taking

into consideration the possibility that the subset acting first may be chosen probabilistically.

As shown in Ref. [12] for the bipartite case and in Refs. [14, 15] for the general N-partite
case, any fully causal correlation can be written as a convex combination of deterministic fully
causal correlations. As the number of such deterministic fully causal correlations is finite (for
finite alphabets of inputs and outputs), they correspond to the extremal points of a convex
polytope—the (fully) causal polytope. The facets of this polytope are given by linear inequalities,

which define so-called (fully) causal inequalities.

As it turns out, the set of 2-causal correlations can be characterised as a convex polytope in the

same way:

Theorem 5.3. The set of 2-causal correlations forms a convex polytope, whose (finitely many)

extremal points correspond to deterministic 2-causal correlations.

Proof. For a given nonempty strict subset K of N, P (dx|Tx) P z.ax (Gankc|Tank) defines an
“effectively bipartite” correlation, that is, a bipartite correlation between an effective party IC
with input Zx and output @i and an effective party N'\K with input Z Ak and output dyn g,
which are formed by grouping together all parties in the respective subsets. That effectively
bipartite correlation is compatible with the causal order? X < A\K. As mentioned above, the set
of such correlations forms a convex polytope whose extremal points are deterministic, effectively
bipartite causal correlations [12]—which, according to Definition 5.1, define deterministic 2-causal

N-partite correlations.

Eq. (5.1) then implies that the set of 2-causal correlations is the convex hull of all such polytopes
for each nonempty strict subset K of A it is thus itself a convex polytope, whose extremal

points are indeed deterministic 2-causal correlations. O

As any fully causal correlation is 2-causal, but not vice versa, the fully causal polytope is a strict
subset of what we shall call the 2-causal polytope (see Fig. 5.1). Every vertex of the 2-causal
polytope corresponds to a deterministic function @ that assigns a list of outputs @ = d@(Z) to
the list of inputs Z, such that the corresponding probability distribution Pget(&’]f) = dg.a() 18
2-causal, and thus satisfies Eq. (5.2). Since P$¢%(d@|¥) can only take values 0 or 1, there is only
one term in the sum in Eq. (5.2), and it can be written such that there is a single (nonempty)
strict subset K that acts first. That is, & is such that the outputs dx of the parties in K are

determined exclusively by their inputs Zx, while the outputs dynx of the remaining parties are

*The notation KC; < K2 (or simply Ag, < Ay, for singletons KC; = {Ak,}), formally means that the correlation
under consideration satisfies P(di,|Z) = P(dx,|Zar\k,)- It will also be extended to more subsets, with K; <
K2 < -+ < Ky, meaning that P(dx,u...ux,|Z) = P(dx,u.-uk; |f/\/\(lcj+1u-~u)€m)) forallj=1,...,m—1.

101



lsgy . genuinely N-partite
s ). noncausal

..... ‘3/1@, -

not 2-causal

FIGURE 5.1: Sketch of the fully causal and 2-causal polytopes (the shading should be interpreted as

indicating that the latter contains the former). The vertices of the polytopes correspond to deterministic

fully causal and 2-causal correlations, and their facets correspond to causal and 2-causal inequalities,

respectively. Correlations that are outside of the fully causal polytope are simply noncausal; correlations
that are outside of the 2-causal polytope are genuinely N-partite noncausal.

determined by all inputs Z. The facets of the 2-causal polytope are linear inequalities that are

satisfied by all 2-causal correlations; we shall call these 2-causal inequalities (see Fig. 5.1).

5.2 Analysis of the tripartite “lazy scenario”

In this section we analyse in detail, as an illustration, the polytope of 2-causal correlations for
the simplest nontrivial scenario with more than two parties. In Ref. [14] it was shown that this
scenario is the so-called tripartite “lazy scenario”, in which each party Ay receives a binary input
Tk, has a single constant output for one of the inputs, and a binary output for the other. By
convention we consider that for each k, on input zj = 0 the output is always a, = 0, while for
x = 1 we take a € {0,1}. The set of fully causal correlations was completely characterised
for this scenario in Ref. [14], which will furthermore permit us to compare the noncausal and

genuinely tripartite noncausal correlations in this concrete example.

As is standard (and as we did in the introduction), we will denote here the three parties by A, B,
C, their inputs z, ¥y, 2z, and their outputs a, b and ¢. Furthermore, we will denote the complete
tripartite probability distribution by Papc [i.e., Papc(abe|xyz) = P(abc|ryz)] and the marginal
distributions for the indicated parties by Pap, Pa, etc. [e.g., Pap(ablzyz) = Y. Papc(abc|zyz)].
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5.2.1 Characterisation of the polytope of 2-causal correlations

We characterise the polytope of 2-causal correlations in much the same way as the polytope of

fully causal correlations was characterised in Ref. [14].

As shown in Ref. [14], the minimum number of parameters needed to specify any probability
Papc(a,b, clz,y, z) in the tripartite “lazy” scenario—and thus the dimension of the probability
space under consideration—is 32 _, (2) (2" —1) = 19. (The sum runs over all possible combina-
tions of ones and zeros for the inputs x, y, z. For n ones in the combination, we have 2™ possible

outputs, and one of the corresponding probabilities is fixed because of normalisation.)

A suitable parametrisation of this probability space, also used in Ref. [14], is given by

P = (Pa(1]100), P(1]010), Po(1]001),
Pap(10]110), P45(01]110), P4p(11]110),
Ppc(10[011), P (01]011), Ppe(11]011),
P4c(01]101), P4c(10[101), Pac(11]101),
P4pc(100[111), Popc(010[111), P4 (001]111), Papc(110[111),
Papc(101]111), Papc(011]111), Papc(111]111)) . (5.3)

To find the vertices of the polytope, we need to determine all deterministic 2-causal probability
distributions P4pc, i.e., those which admit a decomposition of the form (5.2) with (because they
are deterministic) a single term in the sum, corresponding to a single group of parties acting

first. The corresponding deterministic functions @ can be specified as a table

x y z|a b c
0 0 00 O 0
1 0 0| X O 0
0 1 0,0 X5 O
0 0 110 0 X
1 1 0|X X O
0 1 1|0 X Ap
1 0 1 )\3 0 A1
1 1 1] X As A
with parameters A\p, - -+, Aj2 € {0, 1}, which satisfy additional constraints due to the compatibility

with a causal order between some complementary subsets of {A, B, C'}. For instance, if {A} <
{B, C}, the output a of A is determined exclusively by the input x of A, and one therefore has
A1 =X = A3 =\ If {B,C} < {A}, the outputs of B and C depend only on the inputs of B
and C, and therefore one has A5 = Ag, Ag = A1, A7 = Ag and A9 = A12. Similar constraints

arise for the other partitions of {A, B,C} into two complementary subsets.

It is straightforward to list all such deterministic functions that satisfy these constraints, and one

finds that there are 1520 of them. The corresponding correlations, or vertices of the polytope,
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are then, in the parametrisation we chose above,

- det
P; = ()\17 A5, Ag, A2(1 — Xg), (1 — A2) A, Aade, A7(1 — A1g), (1 — A7) Aio, ArAio,

(1= X3)A11, A3(1 — A1), A3A11, Aa(1 — Ag) (1 — A12), (1 — Ag)As(1 — Aq2),
(1 = X2)(1 = Ag) A2, AaAg(1 — Aiz), (1 — Ag)AsAi2, Aa(1 — Ag) Ao, >\4)\8/\12) (5.4)

With the full set of vertices at hand, we can now determine the facets of the polytope, which
in turn correspond to tight 2-causal inequalities, by solving the convex hull problem. For
that purpose, the software ¢DD [91] can be used. We find that the polytope has 21 154 facets,
each corresponding to a 2-causal inequality, the violation of which would certify genuinely
tripartite noncausality. Many inequalities, however, can be obtained from others by either
relabelling outputs or permuting parties, and as a result it is natural to group the inequalities
into equivalence classes, or “families”, of inequalities. Taking this into account, we find that
there are 476 families of facet-inducing 2-causal inequalities, 3 of which are trivial, as they
simply correspond to positivity constraints on the probabilities (and are thus satisfied by any
valid probability distribution). While the 2-causal inequalities all detect genuinely N-partite
noncausality, it is interesting to note that all except 22 of them can be saturated by fully causal

correlations (and all but 37 even by correlations compatible with a fixed causal order).

We provide the complete list of these inequalities, organised by their symmetries and the types of
distribution required to saturate them, in the supplementary material of the published paper [92],
and will analyse in more detail a few particularly interesting examples in what follows. First,
however, it is interesting to note that only 2 of the 473 nontrivial facets are also facets of the
(fully) causal polytope for this scenario (one of which is Eq. (5.9) analysed below), and hence the
vast majority of facet-inducing inequalities of the causal polytope do not single out genuinely
tripartite noncausal correlations. Moreover, none of the 2-causal inequalities we obtain here
differ from facet-inducing fully causal inequalities only in their bound, and, except for the

aforementioned cases, our 2-causal inequalities thus represent novel inequalities.

Of the nontrivial 2-causal inequalities, those that display certain symmetries between the parties
are particularly interesting since they tend to have comparatively simple forms and often permit

natural interpretations (e.g., as causal games [4, 12]).

For example, three nontrivial families of 2-causal inequalities have forms (i.e., certain versions of
the inequality within the corresponding equivalence class) that are completely symmetric under

permutations of the parties. One of these is the inequality

I = [P4(1]100) + Pp(1|010) 4+ Pc(1]001)]
+ [Pap(11|110) 4+ Ppc(11]011) + Pac(11]101)]
— Papc(111]111) > 0, (5.5)
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which can be naturally expressed as a causal game. Indeed, it can be rewritten as
P(abé = xyz) < 3/4, (5.6)

wherea=1ifx=0,a=aifz=1 (ie, a=za®zx® 1, where & denotes addition modulo 2),
and similarly for b and ¢, and where it is implicitly assumed that all inputs occur with the same
probability. This can be interpreted as a game in which the goal is to collaborate such that
the product of the nontrivial outputs (i.e., those corresponding to an input 1) is equal to the
product of the inputs, and where the former product is taken to be 1 if all inputs are 0 and there
are therefore no nontrivial outputs (in which case the game will always be lost). The probability
of success for this game can be no greater than 3/4 if the parties share a 2-causal correlation.
This bound can easily be saturated by a deterministic, even fully causal, distribution: if every
party always outputs 0 then the parties will win the game in all cases, except when the inputs

are all 0 or all 1.

Another party-permutation-symmetric 2-causal inequality is the following:

I = 1+ 2[P4(1]100) 4+ P5(1]010) + Po(1]001)]
—[Pap(11]110) 4+ Ppc(11]011) + Pac(11/101)] > 0, (5.7)

whose interpretation can be made clearer by rewriting it as

P4(1]100) + Pp(1]010) — P4p(11]110)
+ Pp(1]010) + Po(1]001) — Ppe(11]011)
+ P4(1]100) + P (1]001) — Pac(11101) > —1. (5.8)

The left-hand side of this inequality is simply the sum of three terms corresponding to conditional
“lazy guess your neighbour’s input” (LGYNI) inequalities [12, 14], one for each pair of parties
(of the form as in Eq. (1.36) in Sec. 1.4.2). That is, each of the three terms corresponds to a
causal game where two parties need to guess each other’s input when their respective input is 1,
conditioned on the remaining party having input 0. The negative bound on the right-hand side
accounts for the fact that any pair of parties that are grouped together in a bipartition may
maximally violate the LGYNI inequality between them (and thus reach the minimum algebraic
bound —1). This inequality can be interpreted as a “scored game” (as opposed to a “win-or-lose
game”) in which each pair of parties scores one point if they win their respective bipartite LGYNI
game and the third party’s input is 0, and where the goal of the game is to maximise the total
score, given by the sum of all three pairs’ individual scores. The best average score (when the
inputs are uniformly distributed) for a 2-causal correlation is 5/4, corresponding to the 2-causal
bounds of 0 in Eq. (5.7) and —1 in Eq. (5.8).% It is also clear from the form of Eq. (5.8) that

for fully causal correlations the left-hand side is lower-bounded by 0. This inequality is thus

3The bound of these inequalities, and the best average score of the corresponding game, can be reached by a
2-causal strategy in which one party, say A, has a fixed causal order with respect to the other two parties grouped
together, who share a correlation maximally violating the corresponding LGYNI inequality. For example, the
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amongst the 22 facet-inducing 2-causal inequalities that cannot be saturated by fully causal

distributions.

In addition to the inequalities that are symmetric under any permutation of the parties, there
are four further nontrivial families containing 2-causal inequalities which are symmetric under

cyclic exchanges of parties. One interesting such example is the following;:

I3 = 2+ [P4(1]100) + P3(1]010) + Po(1]001)] — [P4(1]101) + Pg(1]110) 4+ Po(1]011)] > 0.
(5.9)

This inequality can again be interpreted as a causal game in the form (where we again implicitly

assume a uniform distribution of inputs for all parties)
Plziydl)(a®z)=y(ze1)(bdz)=2(xd1)(chy) =0) < 7/8, (5.10)

where the goal of the game is for each party, whenever they receive the input 1 and their
right-hand neighbour has the input 0, to output the input of their left-hand neighbour (with C
being considered, in a circular manner, to be to the left of A).# This inequality is of additional
interest as it is one of the two nontrivial inequalities which is also a facet of the standard causal
polytope for this scenario. (The second such inequality, which lacks the symmetry of this one, is

presented in the supplementary material of the published paper [92].)

In the published paper [35], we also provide N-partite generalisations of some of the 2-causal

inequalities presented here.

5.2.2 Violations of 2-causal inequalities by process matrix correlations

One of the major sources of interest in causal inequalities is the potential to violate them
with process matrix correlations. In Ref. [14] it was shown that all the nontrivial fully causal
inequalities for the tripartite lazy scenario can be violated by process matrices. However, for
most inequalities violation was found to be possible using process matrices WAABI=C that are
compatible with C acting last, which means the correlations they produced were necessarily
2-causal. It is therefore interesting to see whether process matrices are capable of violating

2-causal inequalities in general, and thus of exhibiting genuinely IN-partite noncausality.

To look for violations of the 2-causal inequalities, we follow the same approach as in Refs. [12, 14].
Specifically, we write the 2-causal inequality that we want to test in the form I(P(a, b, c|z,y,z)) >
0, and we search for the quantum instruments {Mﬁio}, {Mﬁyfo}, {M(SI’ZS} and the (valid)
process matrix W € W C L(HA10 @ HP1o @ HC10) that minimise I(P(a, b, c|z,y, z)), where the

distribution P(abc|zyz) = dq,0 0b,yz Oc,y=, where § is the Kronecker delta function, is compatible with the order
A < {B,C} (or with {B,C} < A) and saturates Eqgs. (5.7) and (5.8).

“The bound of 7/8 on the probability of success can, for instance, be reached by the fully causal (and hence
2-causal) distribution P(abc|zyz) = da,z Ob,ay Oc,y=, compatible with the order A < B < C, which wins the game
in all cases except when (z,y,2) = (1,0,0).
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correlations P(a,b,c|z,y, z) are calculated via the generalised Born rule (1.31), which in this
tripartite case, reads

P(a,b,clz,y,2z) =Tr {(MA’O)T ® (MBroyT @ (MGro)T. W} . (5.11)

alz bly clz
For a value I(P(a,b,c|z,y,2)) <0, we have found a violation of the inequality.

For some given, fixed instruments, finding the process matrix that minimises I(P(a,b, c|z,y, 2))
is a semidefinite optimisation problem. Likewise, when the instruments of all but one parties,
as well as the process matrix, are fixed, the instruments of the remaining party that minimise
I(P(a,b,c|z,y,z)) can be determined by semidefinite optimisation. We therefore perform an
interative “see-saw” algorithm, as in Refs. [12, 14], where we start with some random initial
instruments, and then optimise the process matrix and the instruments of each party in turn.
We continue this iterative procedure until the algorithm converges. The minimum thus obtained
is not guaranteed to be a global one, but one can repeat the algorithm many times with different

initial random instruments and thus obtain a bound on the optimal violation.

Here, we were able to find process matrices violating all but 2 of the 473 nontrivial families of
tight 2-causal inequalities (including Eqgs. (5.5) and (5.9) above) using qubits, and in all cases

where a violation was found, the best violation was given by the instruments

{Mop = [1))}(1]}
{Mop = [0X0] © [1)(1], My = [1)(1] @ |0)O[} (5.12)

for all three parties (that also provided similar results in Ref. [14]). We similarly found that
284 families of these 2-causal inequalities (including Eq. (5.9)) could be violated by completely
“classical” process matrices® (i.e., process matrices that are diagonal in the computational basis), a
phenomenon that is not present in the bipartite scenario where classical processes are necessarily

causal [4].

While the violation of 2-causal inequalities is again rather ubiquitous, the existence of two
inequalities for which we found no violation is curious. One of these inequalities is precisely
Eq. (5.7), and its decomposition in Eq. (5.8) into three LGYNI inequalities helps provide an
explanation. In particular, the seemingly best possible violation of a (conditional) LGYNI
inequality using qubits is approximately 0.2776 [12, 14], whereas it is clear that a process matrix
violating Eq. (5.8) must necessarily violate a conditional LGYNI inequality between one pair of
parties by at least 1/3. Moreover, in Ref. [12] it was reported that no better violation was found
using three- or four-dimensional systems, indicating that Eq. (5.8) can similarly not be violated
by such systems. It nonetheless remains unproven whether such a violation is indeed impossible,
and the convex optimisation problem for three parties quickly becomes intractable for higher

dimensional systems, making further numerical investigation difficult. The second inequality

SIncidentally, exactly the same number of families of fully causal inequalities were found to be violable with
classical process matrices in Ref. [14]. It remains unclear whether this is merely a coincidence or the result of a
deeper connection.
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for which no violation was found can similarly be expressed as a sum of three different forms
(i.e., relabellings) of a conditional LGYNI inequality, and a similar argument thus explains why
no violation was found. Recall that, as they can be expressed as a sum of three conditional
LGYNI inequalities with a negative 2-causal bound, these two 2-causal inequalities cannot be
saturated by fully causal distributions; it is interesting that the remaining inequalities that
require noncausal but 2-causal distributions to saturate can nonetheless be violated by process

matrix correlations.

5.3 Discussion

The question whether some concept is genuinely multipartite arises naturally in scenarios
involving multiple parties. In Ref. [35], we aimed to clarify when noncausal correlations can be
considered to be a genuinely multipartite resource. In addressing this task, we first proposed
a criterion to decide whether a given correlation shared by N parties is “genuinely N-partite

noncausal”—i.e., its noncausality is indeed a genuinely N-partite resource—or not.

In particular, we introduced “2-causal” correlations, which are the most general correlations that
are not genuinely N-partite noncausal. We showed that 2-causal correlations form a polytope,
whose vertices are deterministic 2-causal correlations and whose facets define 2-causal inequalities.
We completely characterised the 2-causal polytope for the simplest nontrivial tripartite scenario
and found that almost all of the 473 nontrivial classes of 2-causal inequalities can be violated
by process matrix correlations. However, we were unable to find any violation for 2 of those
inequalities; this stands in contrast to previous studies of causal inequalities, where violations
with process matrices were always found® [4, 12, 14, 47, 94]. Although it remains to be confirmed
whether this is simply a failure of the search method we used, we provided some intuition why

such a violation would in fact be a surprise.

In this chapter we only discussed correlations that can or cannot arise given a definite causal
order between two subsets of parties. It makes sense to consider more refined definitions that
discriminate, among noncausal correlations, to what extent and in which way they represent
a genuinely multipartite resource. In Ref. [35], we addressed the question of how to refine
the definition of genuinely multipartite noncausal correlations. We proposed two possible
generalisations of the notion of 2-causal correlations, which we called M -causal and size-S-causal
correlations, respectively. The first criterion is based on the largest number M of subsets that
can be causally ordered while reproducing some given correlation, while the second criterion
instead looks at how large the subsets that can be causally ordered are. We refer to Ref. [35] for

an in-depth discussion.

SAt least for standard causal inequalities that bound probabilities directly; for entropic causal inequalities,
which only provide a relaxed characterisation of the set of causal correlations, no violations were found so far [93].
It would nevertheless also be interesting to investigate how genuinely multipartite noncausality can be characterised
with the entropic approach.
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Finally, in this chapter we only considered correlations from a fully theory- and device-independent
perspective. As already mentioned at the end of Chapter 2, it would be interesting to develop
similar notions within specific physical theories like the process matrix framework, and develop

a notion of genuinely multipartite causal nonseparability.
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Chapter 6

Anomalous weak values without

post-selection

This chapter is based on the publication:
Alastair A. Abbott, Ralph Silva, Julian Wechs, Nicolas Brunner, and Cyril Branciard. Anomalous
Weak Values Without Post-Selection, Quantum 3, 194 (2019). (Ref. [36])

The illustrative example in Sec. 6.3 is taken from Sec. 2 of the published paper. Sec. 6.4
corresponds to Sec. 8 of the published paper, with some of the calculations from the Appendix
of Ref. [36] reproduced in a somewhat simplified form in the text here. My main contribution
to this paper was to find a circuit implementation (cf. Chapter 3) for an initial example of a
bipartite causally ordered process matriz generating an anomalous weak value. Based on this
circuit implementation, we then established the simpler illustrative example presented here, and
the main result that anomalous weak values without post-selection can arise in sequential weak

measurements.

The main tool that we use in this thesis to study the causal structure between quantum events
is the process matrix formalism. There are, however, various other approaches that have been
developed to study questions revolving around the role of time and causality in quantum theory.
One such framework, aimed at formulating quantum theory in a more time-symmetric way, is
that of multiple-time states and -measurements [5]. In this approach, one considers situations
consisting of multiple preparation and measurement stages, and one describes them via so-called
multiple-time states, which are a new type of quantum state adapted to that kind of scenarios—i.e,
an object associated with different times that contains all the relevant information we have
about the physical system. In particular, one studies two-time states, which describe pre- and
post-selected quantum systems that are prepared in some given initial state, and that also end

up in some given final state at a later time.

In the context of such pre- and post-selected quantum systems, one often studies weak mea-

surements. In order to weakly measure an observable on a quantum system, one lets it interact
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weakly with another quantum system, the “pointer”, which is then subjected to a standard,
strong measurement. As a result of the weak coupling, the inevitable perturbation of the system
due to the measurement is small, but only little information about the system is obtained. One
can then associate a quantity called weak value to the measured observable, which, broadly
speaking, is some analogue of the expectation value occuring specifically in weak measurements,
and whose real part is the expectation value of the pointer position. Interestingly, the weak
value can lie outside of the observable’s spectrum, a phenomenon that is usually referred to as

an “anomalous weak value”.

In this chapter, we present a result that was obtained when studying questions concerning the
link between the process matrix formalism and two-time states. It is generally believed that
anomalous weak values are possible only when a non-trivial post-selection is performed. Here we
show, however, that this is not the case in general, and that in sequential weak measurements
(i.e., subsequent couplings of observables to different pointers, which are then jointly measured),
an anomalous weak value can be obtained without post-selection, i.e., without discarding any
data.

After giving some background information about pre- and post-selected quantum systems, as
well as weak measurements, we present a simple example of that effect. We consider a quantum
system that is subjected to a sequential weak measurement of two projection observables, and
show that the expectation value of the product of the two pointer positions can become negative.
We then show that this result can be associated to an anomalous weak value obtained without

post-selection, and analyse the phenomenon more generally for arbitrary observables.

6.1 The two-time state formalism

First, let us briefly introduce pre-and post-selected quantum systems, and their description in

terms of two-time states.

The most basic scenario described by a two-time state is the following: A quantum system is
prepared (or “pre-selected”) in a state [¢)) at some time ¢1. In the time interval between ¢; and
some final time 9, Alice can perform arbitrary quantum experiments on the system. Finally, at
to, an observable Q is measured, and the system is subjected to a post-selection onto one of the
measurement outcomes ¢, which is the eigenvalue (assumed to be non-degenerate) corresponding
to some eigenstate |¢) of Q That is, the experiment is discarded whenever the measurement of
Q does not yield ¢, and kept only if the outcome ¢ occurs and the system ends up in the desired
final state |¢).

In such a situation, all the information (in addition to the operation of Alice) that we need to
describe the experiment performed by Alice between ¢ and t5 is encoded in the initial and final
states |¢) and |¢). For instance, suppose that Alice acts on the system with a unitary U;, and

then performs a projective measurement with projectors { P, },, followed by another unitary Us.
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The probability for Alice to obtain a specific measurement outcome a is then given by

| (9| UaPul [9) |2
Yo [ (9l Ua P U [¢) [P

Pla) = (6.1)

That is, the probability of obtaining a, given that the measurement of Q yields ¢, is the probability
of obtaining a and then ¢, divided by the overall probability of obtaining q.

To capture all the information contained in the pre- and post-selected state in a convenient way,
one can now introduce a new mathematical object called a two-time state, which consists of both
a “forward-evolving” part ]¢>t1, living in some space of ket vectors HII, and a “backward-evolving”

part 4, (¢, living in a space of bra vectors Htﬁ. It is defined as [5]
U=, (9] @ )y, € Hi=Hy, @ H],. (62)

The dot e denotes an open slot, into which Alice’s operation will be inserted.

The basic situation considered here gives rise to a pure product two-time state. One can now
add several layers of complexity, and consider superpositions of such two-time states, which are
generally entangled between the forward-evolving and backward-evolving states, as well as mixed
two-time states [6] or multipartite ones, in which, for instance, both Alice and Bob can perform

experiments between the pre- and post-selection.

The link between two-time states and process matrices was established in Ref. [7] (and also
mentioned in Ref. [8]) where it was shown that process matrices are equivalent to a particular
subset of two-time states. To each process matrix, one can associate a two-time state that
generates the same probabilities for any operations performed by Alice and Bob, and that has
the particular property that the probabilities are linear in the operations. This is not true for
all two-time states—in general, a denominator that depends on the measurements chosen by

Alice and Bob appears in the probability rule and makes it nonlinear (similarly to the one in

Eq. (6.1)).

Vice-versa, for any linear two-time state, one can find a corresponding process matrix.

6.2 Weak values and measurements

After this overview of pre- and post-selected quantum systems, we will now introduce the concept
of weak measurements. We will then show that, when the two notions are combined, particularly

interesting phenomena can occur.

Quantum systems are modified when they are subjected to a measurement, and there is a
trade-off between information-gain and disturbance of the measured system. The general idea of
a weak measurement is to study the regime where the system is perturbed as weakly as possible,

while only little information about the system is obtained.
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Weak measurements are studied within the von Neumann scheme of quantum measurements.
In this model, quantum measurements consist of two steps. First, the system to be measured
is coupled via a joint unitary operation to an ancillary quantum system, the “pointer”, which

represents the measurement device. Second, a strong measurement of the pointer is performed.

More specifically, say that we want to measure an observable A with eigenbasis {|a)}, and the
corresponding eigenvalues ay, and the system to be measured is in a state [¢)) = > ¢k |ag). We

typically take the pointer to be initially in a state |p(0)), where

o(a)) = /OO do (27302)1/4exp [_(”5;‘;1)2] ) | (6.3)

—00

with {|z)}, a continuous eigenbasis of the pointer position Z. That is, the initial state of the
pointer is a Gaussian wave packet centred at a position z = 0 with spread (i.e., standard

deviation) o.

The standard choice for the unitary that couples the two systems during the “pre-measurement”

step is U = e"ﬁAt, where the Hamiltonian H is of the form H = 'yfl ® p, with p denoting the

momentum operator acting on the pointer, and 7 a coupling constant [95].

The resulting state of the system and pointer after the pre-measurement reads

9% |4 [o(0)) = 3 (Janax © 79 [} [0(0)) = 3 i faw) @ llgar))  (6.4)
k k
where tensor products are implicit, i = 1 and ¢ = yAt, and where we used that an operator of

the form e P acts as a displacement operator onto the pointer state, such that e~ lp(a)) =
lp(a+ ).

Whether the measurement is strong or weak depends on the overlap of the pointer states in
Eq. (6.4), and therefore on the parameters g and o. If g is sufficiently small compared to
the spread of the pointer o, the pointer states corresponding to the different eigenvalues of
A have a large overlap, which means that little information can be extracted from a single
measurement—however, the perturbation of the measured system due to the measurement is

small.

Weak measurements are often studied in conjunction with pre- and post-selected quantum
systems, as introduced in Section 6.1, since particularly interesting effects can arise in that
case [96]. Suppose that we want to perform a weak measurement in the two-time state scenario
described above, with a pre-selected state |¢)) and a post-selection onto the state |¢) of the
system. Assuming that we are indeed in the weak measurement regime, we can approximate the
global state after the coupling (Eq. (6.4)) by

&9 [) 0(0)) ~ (1 — igAp) [4) [0(0)) (6.5)
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For simplicity we will henceforth choose units so that g = 1, as only the ratio between the pointer
spread and ¢ is important. The strength of the measurement will then be controlled solely by the
pointer spread o, and the validity of the weak regime will depend only on this being sufficiently

large.!

Next, the system is post-selected onto the state |¢). The final state of the pointer is then (up to

normalisation)
(6] (1 — i4p) [9) [9(0) = (D) (1 — iA% §) [o(0))
~ (Bl) €447 (), (6.6)
where X
Af = W (6.7)

is the so-called weak value of the observable A given the pre-selection in the state [¢)) and
post-selection in the state |¢) [96].

P
The mean position of the pointer is thus displaced—via the displacement operator e AP , which

generates the (possibly unnormalised?) state \@(Ai» — AP l(0))—to
L {p(AD)] 2 e (A7)
(#) ~ ¥ 22 = Re(A9). (6.8)

(p(AD)Ip(AD))

Notably, the real part of the weak value can become very large when the pre- and post-selected
states are almost orthogonal, i.e. |(¢[¢)| < 1. In this case, the pointer is, on average, shifted by
a large amount. In particular, Re(Ai) can be outside of the interval [Amin(A), Amax(A)] (where
)\min(max)(ﬁ) = min(max), A, (A) and Aj, denotes the k™ eigenvalue of an observable), i.e. it can

be outside of the (convex hull of the) spectrum of A.

In that case, the pointer’s mean position moves beyond where it could have reached under simple
weak measurements on an arbitrary pre-selected state without any post-selection. Indeed, in the
absence of post-selection the expectation value of the pointer after the coupling (Eq. (6.4)) is

(now with exact equalities)

= (Y] (p(0)| P (1 @ &) e~ |p) | 0(0))
= W) (1@ s+ Ao 1) [$) |o(0)
= W A[Y) € [Amin(A), Amax(A)]. (6.9)
In the published paper [36], more precise conditions are given for the weak regime to be satisfied, and for the

approximations made below to be valid. Here, these conditions are o > |ax| Vk, and o > |AfZ|7 where Afz is the
weak value defined in Eq. (6.7).

()

Im(a)2
%|¢(a)) in Eq. (6.3) is properly normalised for a € R, while for a complex value of a, its norm is ¢ 402 . The

mean position of the pointer in the state |p(a)) (possibly after renormalisation) is (#) = Re(a) and its variance is
(2%) — (2)* = o [36).
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Note that (#), both with and without post-selection, can be determined experimentally by
performing sufficiently many measurements, despite the large variance of the pointer (indeed, to

obtain a given accuracy the number of measurements required scales proportionally to o2 [36]).

The definition (6.7) of a weak value can be generalised to post-selections on a given result for
any general quantum measurement [97, 98|, where the initial state is not necessarily pure, and
where post-selection is conditioned on a given result of an arbitrary POVM measurement on the
system, rather than a projective measurement. In that case, the weak value of the observable A,
given the pre-selection in the state p and the post-selection by the POVM element FE, is defined

as .
g Tr(EAp)

A = P
P Tr(Ep)

(6.10)

and the mean position of the pointer (when the post-selection is successful) is, as in Eq. (6.8),
() ~ Re(AF).

In particular, a trivial, deterministic measurement of the identity operator 1 (i.e., taking £ = 1
in Eq. (6.10)) amounts to performing no post-selection. This allows one to also consider a weak

value with no post-selection, defined as?

Ay = (P Alp) . (6.11)

With this definition, Eq. (6.9) gives () = A} = Re(A&): we recover the same relation as in
Eq. (6.8), although now A}ﬂ is restricted to lie in [Amin(A), Amax(A)] since here it is simply equal

to the expectation value of A.

The phenomenon of a weak value outside the spectrum of A is referred to as an “anomalous
weak value” [96, 100, 101] since it conflicts with our classical intuition, which would lead us to
expect (Z) to lie within the range of the spectrum of A. Given the analysis above, it is rather
natural to attribute the origin of anomalous weak values to the presence of post-selection, an

opinion that indeed seems to be widely shared in the community.

6.3 An anomalous weak value without post-selection

Contrary to what one might expect from the discussion in the last section, anomalous weak values
can in fact be observed in the absence of post-selection and without discarding any outcomes.
This effect was first found when studying whether anomalous weak values can arise in scenarios
described by process matrices, with the parties performing weak measurements—a question that
arises naturally in the context of the above-mentioned correspondence between two-time states
and process matrices. In particular, one might conjecture that physically meaningful process

matrices, such as the deterministic circuits considered in Chapter 3, cannot give rise to anomalous

3 Note that the weak values Ail/, (in the absence of post-selection) and Ai (when one post-selects on the initial
state, a situation called “re-selection” and studied in Ref. [99]) coincide. However, we emphasise that these
correspond to different physical situations; in particular, without post-selection no data is discarded.
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weak values. As it turned out, there is a counterexample to this conjecture, and physically
realisable process matrices can indeed generate anomalous weak values. More specifically, we
found that in a situation where two successive weak measurements of projection observables
(whose spectrum is {0, 1}) are performed on a quantum system, associated with two different
pointers, the average of the product of the pointer positions, as well as the corresponding weak

value, can become negative.

We will now illustrate that effect with a simple example. Let us consider a qubit system initially
prepared in the state |0), undergoing a sequence of two weak von Neumann measurements of the
projection observables |¢;)(1;] (j = 1,2). That is, the observables are successively coupled to

the two pointers, which are then jointly measured (see Fig. 6.1).

P10 =il (¥1 ]2 -
|02(00)— _ —i|epa) (eho|@p
(weak) e TRt

(weak)

FIGURE 6.1: We consider a sequential weak measurement of two projection observables, with two
different pointers that are measured jointly.

10) — (I

The states [1;) and their orthogonal states Wj) are defined as

) = 210) - (1P

V3 1

9y = 5210+ (175 1), (6.12)

To each measurement is associated a pointer in the state [¢;(x;)), where x; is the mean position
of the pointer wavefunction. The two pointers are initially independent, and both centred at

x; = 0. The initial state of the system and pointers is therefore

[Wo) = [0) l1(0)) [2(0)) . (6.13)

Following the von Neumann measurement procedure described earlier with interaction Hamilto-
nians [ i =5 |¥j)X¥;] bj, the average post-measurement position of the corresponding pointer is
(with appropriate units so that v;At; = 1 as before) z; = 1 if the state of the system is |t;); if
the state is \¢j‘> then the pointer does not move. The state of the system and pointers after the

interaction with the first pointer is thus

[@1) = (Ja)eoa] e + [ ot | 11) 1 [ Do)

=) e (D) 2 0) + 2 ) 11 (0) 2(0)) (6.14)
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After interacting with the second pointer, it evolves to

[@a) = (ool €77 + [0 Yooy | 12) 1y [@1)

- % 2) |1 (1)) |p2(1)) + 2 [¥2) l1(0)) [02(1))

Lo (D)leal0)) + L2 0dler 0120 (6.15

Tracing out the system, one finds that the joint pointer state is

Mz =N @ [62(1)) @2 (1)] + [N | @ [62(0))2(0)] (6.16)
where
2) = 2 (lea(1) ~ 311 (0))),
9 = L (Jor(1)) + e2(0)) (6.17

are (generally unnormalised) states of the first pointer. The norms of these states, and thus the
weight of each state in the mixture 712, depend on the strength of the first measurement through

the overlap (¢1(1)|¢1(0)) of the corresponding pointer states.

Finally the positions of the pointers are measured. The quantity of interest is the average of
the product of the pointer positions, i.e., the expectation value (Z; ® Z2). From Eq. (6.16), and
using the facts that (p2(1)|Z2|p2(1)) = 1 and (p2(0)|Z2|p2(0)) = 0, we simply find that

(21 ® &2) = (7] 21 D) (@a(1)] £2 [@2(1)) + (@] 21 |BL”) (02(0)] £2 [2(0)) = (@] 21 [@1Y) .
(6.18)

Considering Gaussian pointers with widths o; for each measurement, and using the explicit
forms of Eq. (6.17) for |¢gl)>, together with Eq. (6.3) for the first Gaussian pointer, one has

. R 1 R R 1 -1
(1 ® &2) = E(l = 3{p1(D)]21]¢1(0)) — 3 (1(0)|21]1 (1)) ) = 6 (1 —3e 80%) . (6.19)
Notice that this quantity depends on o7 but not on o9: the strength of the second measurement

has no effect here and can be made as strong as one wishes.

Since both observables being measured are projectors with spectra {0, 1}, one would naturally
expect an average value within the range [0, 1]. Regardless of the strength of either measurement,
each pointer, taken individually, indeed has an average position in [0, 1]. Specifically, one can
calculate (Z1) directly from the state after the first measurement, Eq. (6.14), as the second

measurement does not interact with the first pointer at all. Observing that only the first term
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from Eq. (6.14) contributes (because (p1(0)|Z1 |¢1(0)) = 0), we therefore have

(1) = 7 (aln) (o1 (D aler (D) (22(0)](0)) =
(6.20)

For the second pointer, since (p2(0)] 22 [¢2(0)) = 0, we find from Egs. (6.16), (6.17) and (6.3)
that

(@) = (@V1B) (pa(1)|E2la(1)) = (@170 = (6.21)
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which ranges from (Z3) & 1/4 when the first measurement is weak (o7 > 1), to (Z2) ~ 5/8 when
it is strong (07 < 1). In the latter regime, Eq. (6.19) gives (1 ® Z2) ~ 1/16, which is consistent
with the above argument. However, if the first measurement is sufficiently weak, the average

value can become negative; in the limit o7 — co we get

1
(81 @ 22) = —2. (6.22)

This pointer reading is anomalous in that it gives an average value outside of the natural
range of [0, 1] that one would expect for the average of a product of two binary 0/1-valued
measurements. As we will discuss in more detail below, this result can be linked to an anomalous

weak value without post-selection, (|1a)(1a] - |1)Xw1])d = (0[wa)(balth1 X201|0) (see Eq. (6.30)
below); specifically, we have here

(1@ ) = Re ((0162) (ol (w1 ]0)) = —. (6.25)

We emphasise that this anomalous value is obtained despite the absence of post-selection. This
effect can nevertheless be understood intuitively by considering that the second measurement
acts as an effective post-selection on [¢)9), as the corresponding pointer moves only in this case.

This becomes apparent upon rewriting the above weak value as

(a]th1) (¥1]0)

(Oluba) (1) (1]0) = [{wal0) == 7

(6.24)
which differs from the standard weak value (|@Z11>(@Z)1|)g)2 for a post-selection on |19) only by the
factor |(12]0)|%, which is the probability that the projection of |0) onto |t)2) is successful. As it
turns out, this factor ensures in particular that the anomalous weak value without post-selection
cannot be arbitrary large, a fact that we prove further below. As we show in the published

paper [36], a sequence of two projection observables A and B (with eigenvalues 0 and 1), the
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above value of —1/8 for the real part is indeed the most anomalous value obtainable.

6.4 Analysis for arbitrary observables

In order to analyse more generally the phenomenon exhibited by the previous example, let
us consider the general situation where a sequence of weak measurements is performed, each
involving a coupling to a different pointer; these pointers can then be jointly measured following
the sequence of interactions and, potentially, a post-selection on the system. Such sequential

weak measurements were studied in Ref. [102, 103].

For the case of two sequential weak measurements, as in the example of the previous section,
consider thus a system prepared in the pure state [¢)), which is subjected to a sequential
weak measurement of the (generally noncommuting) observables A (= 32, ay |ax)ax|) then B (=
> b |bm X(bi|), before being post-selected onto the state |¢). The system-pointer interaction
Hamiltonians are H; = Y1 121]31 and Hy = 723152. We will choose again, for simplicity, the coupling
constants and interaction times such that v;At¢; = 1, and take Gaussian pointers initially in the

states |p1(0)) and |p2(0)) with widths o1 and o9, which dictate the measurement strengths.

Similarly to Eq. (6.4), the system-pointer state after the coupling is

e B ) 161 (0)) |2(0)) = 3 (hlax) (axly) 1) @ loa(an)) ® [ealb)  (6.25)
k,l

The (unnormalised) final state of the two pointers after the post-selection is given by

W) = (bilag) (arlv) (D1by) [¢1(ar)) @ [@a(br)) - (6.26)

k1l

With the expression for the Gaussian pointer of Eq. (6.3), and taking the weak regime approxi-

mation in which o1 > |ag — ax/|, o2 > |bj — by|, one finds, to the lowest order,

ax + ay (on o) ax + ag (e ey

~ /T 52 / — p.

(prlaw)tlpr(an)) = =—F—e ™1 ~—=F—  (alaw)ler(ar) =e 1 ~1
(6.27)
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and similarly for (o (by)|Z2|p2(b;)) and (w2 (by)|w2(b;)). Therefore, the expectation value of the

product of the pointer positions, given that the post-selection was successful, is

Tr (21 @ 2 |NP|)
Tr (|W)(Wl)
~ twr (D1bu)bilak Nak | )b ar Nak by )Xbr| ) (ar + ar) (b + bir) /4
| (¢ly) |2

_ 1{@|BAW)I) + (@l A[)|Blo) + (9|Blv)Xw|Al6) + (o)X |AB|6)
1 [ (1)

1o (CBAW | ((@lA) WIBle)
=2 lR ( 919) )*R ( G10) (0lo) )]

(T1 @ &9) =

:%@mKBAﬁy+RqA$B$ﬂy (6.28)

Here, we introduced the sequential weak value (BA)?;, which, in analogy to Eq. (6.7), is defined*
as [102]
(9|BA|y)
(BA)? .= 20 (6.29)
v (ol¥)

While the notion of an anomalous weak value for single (non-sequential) weak measurements is
intimately linked to the pointer displacement (and even justified) by the relation (Z) = Re(Af;),
we find (cf. also Refs. [102, 103]) that the relationship between the mean pointer positions and
(BA)z is more subtle for sequential weak measurements. This cautions that some care must be

taken when linking (possibly anomalous) pointer positions to weak values.

The sequential weak value of Eq. (6.11) can be generalised to the case without post-selection, by

defining, in a similar way to before, the sequential weak value with no post-selection as
(BA)j, = (Y| BAy). (6.30)

Indeed, this quantity has previously been considered in the study of time asymmetry in sequential
weak measurements [104, 105] and their quasiprobabilistic interpretation [106]. Connecting this
to the pointer positions, contrary to Eq. (6.28) (which was obtained with post-selection), we

recover here the direct relation®

(#1 ® 2) ~ Re[(BA)y], (6.31)

* While this terminology is standard (see, e.g., Refs. [102, 103]), note that this should be read as the weak
value for measuring A then B and not the weak value of BA, which indeed is not a valid observable in general
since it may not be Hermitian. As Eq. (6.29) shows, this quantity nonetheless behaves as if it were the weak
value of BA.

®As in the single measurement case, the weak values (BA)y, (in the absence of post-selection) and (BA):ﬁ (in
the case of “re-selection” [99]) coincide; cf. Footnote 3. Recall, however, that these correspond to different physical
situations; crucially here, the mean pointer positions in Egs. (6.31) and (6.28) differ in general between these
scenarios.
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as anticipated already in Eq. (6.23), which holds as long as the first measurement is sufficiently

weak [106]. Indeed, the state of the pointers after tracing out the system in Eq. (6.25) is

n=_ ({bilarXarl¥Xlaw Xaw|b) ) le1(an)) (er(aw)] @ lo2(br) (p2(br)] - (6.32)

klK'

and we obtain

Tr(n)) ~ ]%;/ <bl|ak><ak|¢><w|akl><ak/‘bl> (ak + ak’)bl/2

= S(WIBA) + (WABlY) =Rel(BA)] (63

This justifies that our earlier illustrative example could indeed be interpreted as yielding an
anomalous weak value without post-selection. Crucially, although for a single measurement
without post-selection A& is simply the expectation value of A, no such interpretation can be given
to (BA)&: it is the weak value of a sequence of measurements and simply behaves as if it were the
weak value of the operator BA which, as already mentioned, is only Hermitian — and thus defines
an observable — if A and B commute (see also footnote 4). In particular, this implies that unless
A and B commute, (BA),, need not be contained within the interval [Amin(A, B), Amax (A, B)],
where Apin(max) (4, B) = min(max) ¢ Ak (A)A¢(B), as one would naturally expect for the product

of outcomes for a measurement of A then B [107, 108].

Nevertheless, as we noted after Eq. (6.24), the value of (BA)}L cannot be amplified arbitrarily.
It is possible to place a more quantitive bound on the values that it can in fact take. Using the

Cauchy-Schwartz inequality, we indeed have

(BAYL| = [(IBAW) | </ (w]421) W|B2[g) < ||A] 1B (6.34)

(where [|-]| is the spectral norm). Thus, although the mean pointer position can show anomalous
weak values without post-selection, the magnitude of the mean pointer position cannot be pushed

outside what one can obtain using strong measurements.

The bound above implies in particular that for observables with symmetric spectra (with
respect to 0), the real part of the weak value — and therefore the mean product of pointer
positions, see Eq. (6.31) — cannot be anomalous; anomalous pointer positions are only obtained
for observables with asymmetric spectra, such as projection observables. Nevertheless, one can
also obtain complex weak values for observables with symmetric spectra. Take, for example,
a system initially prepared in the (+1)-eigenstate |0) of the Pauli matrix 6,, on which a
sequential weak measurement of the Pauli observables 6y and 6 is performed. One thus obtains
(0xoy)§ = i. The imaginary part of the weak value here can be detected by measuring the pointer
momenta [36, 103, 109]. Such complex anomalous weak values cannot be obtained without

post-selection with only a single weak measurement or a sequence of weak measurements of
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commuting observables, and can thus themselves be considered anomalous in this sense.

6.5 Discussion

In this chapter, we presented a result from Ref. [36], where we showed that anomalous sequential
weak values can arise in scenarios without post-selection. We put the result into the context
of this thesis by recalling the notion of pre- and post-selected quantum systems and their link
with the process matrix formalism, and we recalled the concept of weak measurements and
(anomalous) weak values. We then illustrated the main result via an example with projection

observables, followed by a more general discussion of the effect.

The observation that anomalous weak values are possible without post-selection is already quite
interesting in itself, since usually post-selection is considered to be a fundamental ingredient in the
occurence of anomalous weak values, and it is surprising that this ingredient can be relaxed [110].

The phenomenon has been subject to experimental confirmation very recently [111].

In the publication [36], we furthermore consider the case with more than two measurements,
and we derive bounds on how anomalous a weak value can be obtained in such a scenario. We
also discuss some questions that arise in this context about the relation between weak values
and pointer positions. In the case of sequential weak measurements, the link between the two
turns out to be more subtle than for standard, single weak measurements, where the expectation
value of the pointer is simply the real part of the weak value. While for two weak measurements
without post-selection, the expectation value of the product of the two pointers is equal to the
real part of the weak value, for more measurements (as well as for the case of two measurements

with post-selection), this direct relationship does no longer hold.

Finally, we consider some implications of our results for the problem of distinguishing between
different causal structures. We point out that the effect identified above does not arise in a
weak measurement of a product observable on the parts of a joint system, and an anomalous
weak value without post-selection could thus be used to discriminate between that case and
the sequential one. An interesting question is also whether in scenarios with indefinite causal
structure, anomalous weak values or pointer positions which lie further outside the expected

range than possible in a well-defined causal structure can be obtained.
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Chapter 7

Noncausal processes on

time-delocalised subsystems

In this chapter some work in progress, conducted in collaboration with Ognyan Oreshkov and
Cyril Branciard, is presented. The results of this chapter will be further developed and clarified

i an upcoming manuscript.

One of the principal questions of this thesis is which process matrices—or, in the terminology of
Chapter 3, quantum supermaps—have a physical interpretation, and how they can be realised in
practice. In Chapter 3, we characterised some particular classes of quantum supermaps, and we
showed that they can be implemented by inserting the input operations into certain circuits. In
particular, we introduced the class of quantum circuits with quantum control (QC-QC)—a large
class of quantum supermaps, containing the quantum switch as a prime example, which are
causally nonseparable in general, and which can be realised through coherent control of which

input operation is applied at any given time.

There is, however, some debate on whether these protocols can really be seen as “realisations”

of the corresponding supermaps with indefinite causal order, or whether they just “simulate”
these supermaps. In particular, an assertion that has often been called into question is that the
input operations of the supermap are really applied once and only once in the experiments that
are claimed to realise the quantum switch. This shows that it is necessary to clarify the exact
sense in which these protocols with coherent control of the order of the operations “realise” the
corresponding causally nonseparable process matrices, and, more generally, what one means by

a “physical realisation” of a higher order transformation.

For the quantum switch and its implementation with controlled operations at different times,
this issue was addressed in Ref. [38], where it was shown that the input and output systems in
the mathematical description of the higher order transformation correspond to concrete, physical
systems in the experiments, on which the operations are thus indeed applied once and only once.

These systems are time-delocalised subsystems, that is, they are nontrivial subsystems of some
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composite systems, consisting of elementary subsystems that are associated with different times.
The arguments from Ref. [38] also apply to the quantum circuits with quantum control that we
introduced in Chapter 3, justifying why they can be seen as realisations of the corresponding

causally nonseparable process matrices.

As we will show here, one can even go beyond QC-QC, and find examples of supermaps outside
of that class which have a realisation on time-delocalised subsystems. It was already shown
in [38] that the argument generalises to all bipartite process matrices with a unitary extension—a
particular class (cf. Sec. 7.3) which, although a priori more general than QC-QC, was in fact
shown (in the bipartite case) to coincide with QC-QC [112, 113], cf. Sec. 7.4.

In this chapter, we now show that this proof can be generalised to the tripartite case. That
is, we show that any tripartite process matrix with a unitary extension has a realisation on
time delocalised subsystems, and we show how to construct the realisation and identify the
subsystems explicitly. Remarkably, in the tripartite case, the class of tripartite processes with
a unitary extension is strictly larger than that of QC-QC; in particular, it contains noncausal
processes. The results of this chapter therefore show that noncausal processes with a realisation

on time-delocalised subsystems exist.

First, we will introduce the concept of time-delocalised subsystems, and we will show how the
considerations in Ref. [38] apply to the class of QC-QC supermaps that we studied in Chapter 3.
Then, we recall the argument for unitary extensions of bipartite processes. We then discuss
the general tripartite argument, and we discuss an example of a tripartite unitarily extensible

noncausal process on time-delocalised subsystems.

7.1 Time-delocalised quantum subsystems

Let us first clarify what is understood by a time-delocalised quantum subsystem.

Consider a joint quantum system X, which is composed of several subsystems Xi,..., X,
associated with Hilbert spaces HX1, ..., HX" (of dimensions dx,,...,dx, ). Its state space HX
is obtained by taking the tensor product HX := A HX:, and thus naturally carries a tensor

product structure.

This tensor product structure is however not the only one that can be assigned to HX. That is,
there are many other ways to view HX as the state space of some multipartite quantum system.
Equipping H¥X with a tensor product structure means choosing an isomorphism (i.e., a unitary
transformation) 7 : HX — R, HYm where HY1, ..., HY™ are Hilbert spaces of dimensions
dy,,...,dy,, , with TI"™ dy, = dx [114]. Such a choice establishes a notion of locality on H™¥,
and defines a decomposition of the system X into subsystems Y7i,...,Y,, (sometimes referred to

as virtual quantum subsystems [115]), which are generally different from the “original” systems
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X1,...,X,". For instance, the operators in E(’HX) that are local on the subsystem Y; are those
of the form 771 (MYs @ 1Y Yi-tYirrYm)r with MY € L(HY).?

Most generally, a quantum subsystem is associated to a tensor factor of a subspace of some
larger Hilbert space [117-119].

In a quantum circuit?, there is some background time parameter according to which quantum
operations are ordered. Each Hilbert space is thus associated with some definite time, and
one usually takes tensor products of Hilbert spaces at the same time. One can however also
consider a tensor product of Hilbert spaces that are associated with different times. When
one then considers a tensor product structure on that joint Hilbert space which is different
from the “original” one, the corresponding subsystems are in general not associated with a
definite time. This is what is meant by a time-delocalised subsystem, and as we will see, it is on
such time-delocalised subsystems that quantum circuits with quantum control, as well as the

generalisations we present in this chapter, are realised.

7.2 Quantum circuits with quantum control of causal order on

time-delocalised subsystems

For simplicity (and since it is the case of interest for the considerations in the later sections),
we will focus on QC-QC with two input operations. The case of QC-QC with N operations is

analogous.

The physical circuit we consider thus has the general form shown in Fig. 7.1.

B B

Ty T 15 T,

4 vl W vy —r

Cy i Co G

p——V,

I |
a1 %) a3 '“

Ficure 7.1: A QC-QC with two input operations.

The physical, time-local subsystems in this circuit are the initial and final systems P and F,
the target systems T3, T}, T, Ty (whose Hilbert spaces H't, HT1, HT2 and HT: are taken to be

'Except if 7 is of the form U1X1_>Y1 ® - ® U™ with unitaries Uy : HX' — H' etc. (and up to
permutations).

2Equivalently, specifying the algebras of operators that are local on the different subsystems also defines the
tensor product structure [116]. In Ref. [38], tensor product structures are defined in that way.

3That is, in a “standard” quantum circuit (QC-FO), and also in a QC-CC or QC-QC, when described in
terms of a common “target” input and output system at each time slot on which the operations are applied (cf.
Sec. 3.5.1).
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of the same dimension d), the control qubits Cy,C],Ca,Ch and the ancillas oy, ag, 3. They are
connected by circuit operations Vi, Va and V3, which are isometries of the form (cf. (3.52)(3.54))

PTioq PTyon

Vi) = Vg™ 0 + [V547) e

"72» _ |f/®j43>>T1'a1Tzoz2 |0>C2 ‘O>Ci + |%}A»T{a1Tzag |1>C2 |1>C{

TyasFas TyasFas

)¢ . (7.1)

V) = | {A}B» 0)% + [V (B}, T a)

Since we restrict to the 2-operation case, we can simplify some of the notations that we used in
Chapter 3. We choose the notation A and B (instead of A; and Ajy) for the input operations of
the circuit?, with input (output) Hilbert spaces HA1, HB1 (HA0, HBo), and we denote the states
of the control systems corresponding to “A first” (i.e., |0, A) and |{A}, B)) by |0) (represented
by a white dot in Fig. 7.1), and those corresponding to “B first” by |1) (represented by a black
dot in Fig. 7.1).

Between ffl and Vg, the controlled operation

Ay =AY o) 0y 4By T 1yC ) (7.2)
is applied. Between Vs and V3, we have
Ay = [BY "2 10)% 0)% + |AY 272 1) 1) (7.3)

The global transformation from the past to the future that this circuit implements is
MPF = Tro, [VIV]PF with

|V>>PFa3 _ “”‘/1>>PT1C10¢1 « |A1>>T101T1'C1 " |V2>>T1/c£a1T2620(2 « |A2>>T2C2T2/C§ " |‘~/.3>>T2/Céa2FO<3 ' (74)
This can be simplified to
o / I~ PTia ~ T a1 Tha TiasFa
V)PFes =(10) [0)2 [0) [0y (Vg™ w (VP ) 1 2 s V) 2™
+ ’1>C1 ‘1>C2 |1>Ci ’1>C§ 17 ¥ %B»PTlal N |%}A>>T1Q1T2a2 ‘ ar A>>T2a2Fa3)
I c’ C T Ty T} I c’ C Ty T>T}
x (10)C [0)5T ) [0y JAY T |BY T 4+ (1) 1) 1) [1)% [BY T A) ).
(7.5)

The process matrix corresponding to this QC-QC (cf. Def. 3.7 and Proposition 3.8) is Trq, |w)(w|,

with the process vector

BoasFas

A A
|w>PAIOBIOFa3 — |‘/®T6A>>P 101 % |‘/@j43>> oa1Bras

« VAT B)

B»PB[ozl N ‘ ; BA>>Boa1A1a2 >>Aoa2Fa3

+ Vg « |Vig {B} A

(7.6)

4For the operations themselves, as well as for their labels.
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and when we insert the operations, we obtain
PF PA;oB1oF A B
(V)75 = |w) HOTIOTE w AP [ B) IO (7.7)

The claim is now that for a suitable choice of tensor product structure, giving rise to time-
delocalised subsystems, Eq. (7.5) takes the form of Eq. (7.7) (i.e., the circuit in Fig. 7.1 is indeed
precisely described by Eq. (7.7)).

To see this, let us consider the Hilbert space Hi, = H11T2 @ span{]00)°1? | [11)“1¢2} which is a
subspace of HTlT?ClCQ, and assign it a tensor product structure 7y, : Hin — HAT @ HBr @ HE
(with dim HA" = dim HB’ = d and dim H? = 2), given by the isomorphism

Tin = |O>R <OO|C1C2 Q :H_Tl_>AI ® :H_T2_>BI + ’1>R <11|C1C2 ® ]]_T1—>BI ® ]]_TQ—>A1 (78)

(with 1X 7Y denoting the identity from H¥X to HY). Similarly, we consider the Hilbert space
Hou == HT1T2 ®Span{\00>cic§ , ’11>C{C§} (which is a subspace of HT172¢1%) and assign it a tensor

product structure Tout : Hout — HA0 @ HPO @ HE given by the isomorphism

Tout = |07 (00]1€2 @ 171740 @ 173 Bo 4 |1 (11|41¢2 g 1Ti7Bo @ 13740, (7.9)

With respect to these choices of tensor product structures, we have

PTioq >>T{a1T2a2 TiasFas

10) [0)2 [0)°1 |0) [V 5) |V « [ViATs)

116 [1)% (1) )% [Ty e Tty s T )

{B},A
’ PAr« Apai1Bra Bpas Fas
= 0) R 10) [V T w (VB O I s VG oo
IR IR Vg T s o e s gl ot (7.0)

and

10)C 0y [0y J0)C5 | AYTTH | BY T2 4 1)Cr [1)C |1)Ce 1y | BY T | A) 2T
= (1) |aptido | By Prbe (7.11)

and when taking the link product of the right-hand sides in Eq. (7.10) and Eq. (7.11), we
indeed obtain Eq. (7.7). We thus have indeed identified the concrete, physical (time-delocalised)
subsystems with respect to which the circuit in Fig. 7.1 is precisely described by the process
matrix (7.6). The input systems A; and By are subsystems of 7775C1Cy (the linear operators
in L(HT17201C2) that are local to these subsystems are given by 7., (M4 @ 151%)7, and
i (MBr @ 14181y, respectively) and the output systems Ap and Bp are subsystems of
TIT3C;Ch (the linear operators in £(HT172€1%) that are local to these subsystems are given by
Tob(MA0 @ 180 )7 and 7,1 (MPo ® 1408) 7, respectively).

ut

127



The fact that Alice’s and Bob’s operations are applied on these input and output systems can in
principle experimentally tested by tomography, i.e., by preparing suitable states on the input

systems, and suitable measurements on the output systems [38].

7.3 Bipartite unitarily extensible process matrices on time-delo-

calised subsystems

We will now move on to a particular class of unitary quantum supermaps with two input
operations, which were first introduced in Ref. [60]. Such supermaps are defined as those which
output a unitary transformation whenever all input operations are unitaries, and they are

characterised by rank-one process matrices of the form Wy = |U){(U|, where U is a unitary
U - ’HPAOBO - fHFAIBI‘

In Ref. [60], the question was raised whether any process matrix can be recovered from a larger
process matrix of that form, by preparing some fixed state in the global past space, and tracing
out the global future. It was found that this is not the case, and that there are process matrices

which do not have such a unitary extension (for instance, W°® from Sec. 1.2.2).

It was then shown in Ref. [38] that any unitary bipartite process matrix has a realisation on
time-delocalised subsystems. We will briefly sketch the proof here. For a more detailed discussion,
see Ref. [38].

I) 1) I1T)
A, F‘ Ao l Fl A Bi ’ Fl
N | | w(Us) | ) 0, |
U X g a " U T’ b's
[ A L U B,l = B,‘ = [ A 3
| | | wiUs) | | U, |
4 7l Al ] Al ] ]

FIGURE 7.2: For a unitary process with two input operations, we have that \U))PAIOBIOF

[Ua) 10450 = un (Ua)) 4171 s [wa(Ua)) PO 40T = [Ur) POPAIY | A0XEIE s U4 ) Ar0 Ao,

*

The argument is based on the equivalence shown graphically in Fig. 7.2. One considers some
bipartite unitary supermap, described by a process matrix |[U)(U|. When one plugs a given
operation into the slot of Alice (I) (which we can assume to be unitary without loss of generality,
since one can always use additional ancillary spaces HAT and HA0 to purify it), one obtains a
reduced supermap with one input operation (that of Bob). This reduced supermap is a quantum
circuit with fixed causal order (trivially, as it has only one input operation). It therefore has
a realisation as in (II) (with circuit operations wq(Ua) and ws(U,) that depend on Alice’s
operation, and that can be taken to be unitaries, as the reduced one-operation supermap is still

unitary).
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The claim is now that this circuit (II) is a realisation of the process |U){(U| on time delocalised
subsystems, as one can again establish a precise correpondence between the input and output
systems in the process matrix, and some concrete, physical input and output systems in the

circuit.

For Bob’s operation, this is obvious. It is applied at a fixed time, on the time-local input
and output systems By and Bp. The situation is not so clear for Alice’s operation, which is
applied somehow “within the circuit operations” w;(Uy4) and wa(U4) that constitute the circuit
(IT). Tt turns out that one can make this statement precise, and identify the concrete, physical

time-delocalised subsystems on which Alice’s operation takes place in (II).

Alice’s time-delocalised input system is a subsystem of PBp, and Alice’s time-delocalised output
system is a subsystem of B;F. To see this, and to identify these subsystems explicitly, one
considers the right-hand side (III) of Fig. 7.2. The equivalence between (I) and (III) follows from

the fact that we can decompose the unitary |U)) as
’U>> — ’Ul»BOPAIX % ’UQ»AOXBIF (712)

with unitaries U; : HPBo — HAX and U, : HA0X — HB1F . Such a decomposition always
exists, and can be constructed explicitly. This follows from the validity conditions satisfied by
|UN(U|, which imply that _a,15,r [UNU| =0, as well as 1_pp,ja,o5,F [UNU| = 0°. These
are precisely the conditions that mathematically characterise a quantum comb with global past

space HP'Po  global future space HPF" and one input operation for Alice (cf. Eq. (2.12)).

It follows that Alice’s input space HAI can be identified with a tensor factor of the Hilbert
space HPBo 6 and Alice’s output space HA0 can be identified with a tensor factor of HB1F.
Again, the claim that Alice acts precisely on the systems we identified can in principle be tested

experimentally by tomography [38].

7.4 Generalisation to tripartite unitarily extensible processes

In Ref. [38], the question was raised whether the bipartite construction can be generalised to more

parties. Indeed, the equivalence between (I) and (III) in Fig. 7.2 generalises straightforwardly to

®To see this, consider the validity conditions (cf. Eq. (2.11)) of a process matrix with global past P and global
future F', and two parties in between

() 1-Bolaror [UNUI=0 (1) 1-sojzror lUNUI =0
(ii)) (1-aoli-so)r [UNUI =0 (i) (-plasosror [UMU] = 0. (7.13)

Adding (i) to (iii) with B; traced out and replaced yields j1—ag)1B;0F [UNU] + —aoii—Bo)B F lUNU| =
1-ao]BF [UNXU| = 0. Adding (i) with B traced out and replaced to (iv) yields 1-p,1B;a,6F |[UNU| +
[1-PlA;oBroF [UNU| = [1-PBolAr0oBIF |UNU| = 0. - ~

5More precisely, the argument in Ref. [38] is that there is a tensor product structure #5520 = #A1 @ #* | such
that U; maps identically H*! to HA7, and H*X to HX. Tt is then argued that the identities can be suppressed, so
that Us can directly be taken to relate the different subsystem decompositions [38]; similarly for Alice’s output
system.
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the multipartite case. One can, for instance, decompose any tripartite unitarily entended process

as on the right-hand side in Fig. 7.3, which follows analogously from the validity conditions.

1) I11)
l | g A B A
“ | “ U, |
Co | | Aol Bol Co
|: Uc = ? = [ Uc X
| C; A By | ¢ Cr
o]
Cy Pl G Aol Bol Pl

FIGURE 7.3: For three parties, we still have the equivalence between I) and IT1), i.e., |U)T410B10C10F

|Uc>>c’oc}0 = |U, ) Ao BoPCIX |y, ) CoXArBiE |Uc>>cfoc;0, but it is not so clear how step II) from

the bipartite proof generalises.

We can therefore identify, for instance, Charlie’s input system C7 with a subsystem of ApBoP,
and his output system Cp with a subsystem of A;B;F (a fact that was also pointed out in
Ref. [120]).

It is however not so clear how the step (II) from the above bipartite proof generalises to the
multipartite case, i.e., how one can actually construct a circuit in which all operations are applied
on concrete, (possibly time-delocalised) physical systems. The bipartite proof relies crucially on
the fact that Bob’s operation, and his input and output systems can be “fixed” in time, such
that the subsystems of Alice can then be identified with respect to the fixed, time-localised ones.
Here, one would need to “fix” both Alice and Bob in order to identify concrete, physical input

and output systems also for the remaining party Charlie.

It now turns out that, by combining our considerations about the characterisation of QC-QC
from Chapter 3 with the idea of the above Section 7.3, such a construction is actually possible.
Suppose that we have some tripartite unitary process matrix |[U)(U| € L(HPAroBroColy,
which has the property that whenever we insert a unitary operation ]UC»CI °C10 into the slot
of Charlie, the reduced supermap with two input operations (for Alice and Bob) satisfies our
characterisation of quantum circuits with quantum control. For a process of that kind, we can
complete Fig. 7.3 with the circuit shown in Fig. 7.4, i.e., a QC-QC (as in Fig. 7.1), with circuit

operations that depend on Charlie’s operation Ug.

In such a circuit, Alice’s and Bob’s input and output systems are time-delocalised through
quantum control, precisely in the way described in Section 7.2, and can thus be identified in the
same way as described above; they are time-delocalised subsystems of T175C1Co and T7T5C1Ch,
respectively. Charlie’s systems can then be identified as subsystems of the (now known, fixed)
subsystems ApBo P and A B F, respectively, through the decomposition (III) on the right hand
side of Fig. 7.3, analogously to the bipartite case.

The question is now, do such examples of tripartite unitary process matrices, with the reduced

bipartite process matrix being that of a QC-QC for any operation performed by Charlie, actually
130



ss
Sy

T, T 15 T,

wl(Uc)
w2<Uc)
ws(Uc)

Ci—— 3 G Ci C Cs

a7 %)

FIGURE 7.4: Any tripartite unitary process matrix has a realisation on time-delocalised subsystem as
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circuit operations depending on Charlie’s operation.

exist? In fact, all tripartite unitary processes satisfy this property. This follows from a result
shown recently by Barrett, Lorenz and Oreshkov, who proved that all bipartite process matrices
(with trivial P and F) that have a unitary extension are causally separable [112, 113]. This
implies that all unitary extensions of bipartite process matrices are in the QC-QC class,” and
therefore shows that all tripartite unitary processes have the desired property (since inserting a

unitary operation into the slot of Charlie leads to a bipartite unitary process for Alice and Bob).

This established the main result of this chapter: All unitarily extensible tripartite processes
have a realisation on time-delocalised subsystems. In the next section, we will discuss a concrete

example.

7.5 Example: A noncausal process on time-delocalised subsys-

tems

In Ref. [67], it was shown that, for three and more parties, there exist process matrices that
violate causal inequalities and that can be interpreted as “classical” process matrices, since they
are diagonal in the computational basis. An example, introduced in Ref. [67], is the process

matrix

Whw = Z |a, b, c) (a, b, c[20PoC0 & |=b A ¢, ¢ A a,—a A b) (=b A c, —c A a,—a A b PIC

abc

where a, b, c € {0,1}.

"Indeed, assume a bipartite unitary process matrix |[UWU| € L(HFA10B10F) which is not in the QC-

QC class. Trp |[U)(U| would then be causally nonseparable, and Wexs = [UN(U| @ |]l>)<<]l\PlA} ® |]l>><<Jl\AIOF/
would be a unitary extension of the causally nonseparable bipartite (with trivial P and F) process matrix

Trppr Wext * |]l>><(]1|PP, € E(’HA’OAIIOBIO), in contradiction with the result of Barrett, Lorenz and Oreshkov.
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In Ref. [60], Wiy, was then shown to have a unitary extension |Upy ){(Upw|, with

Ul = 3 la, b, )" |a, b,¢) 0P @ |i @ —b Ac,j & =cAak®—anb)y P i, 4, k)P

abc

(7.14)

(with 4,7,k € {0,1}, i.e., P and F consisting of three qubits each).

How does a realisation of this process matrix on time-delocalised subsystems, according to what
we outlined in the last section, look like? An example of such a realisation is given by the
circuit shown in Fig. 7.5 (a similar circuit corresponding to this process has also been found in
Ref. [120]).

P, x— 1A b i

Px XX
C (4

P. 1 1

G

FIGURE 7.5: Realisation on time-delocalised subsystems of |Upw ){(Ubw]-

Note that this circuit is, in fact, classical, and its implementation is straightforward.

Intuitively speaking, in this circuit, Charlie determines the state of the control systems, which
control the order of Alice and Bob. After they have acted, the operation of Charlie can be
“reversed and applied again”, and whether this happens or not is determined jointly by Alice and
Bob. Importantly, however, from the perspective of time-delocalised subsystems, the operation
of Charlie is not applied multiple times. Instead, each operation is applied once and only once,
on some time-delocalised input and output systems, with respect to which the circuit in Fig. 7.5

is precisely described by the process matrix (7.14).

Alice and Bob are time-delocalised via coherent control, and their input and output systems Aj
and By are time-delocalised subsystems of T7175C1Co (as specified in Eq. (7.8)), and their output
systems Ap and B are time-delocalised subsystems of T{T5C{C) (as specified in Eq. (7.9)).
Charlie’s systems can then be identified as subsystems of Ao Bo P and A;BrF, respectively, with
the different subsystem decompositions related by the unitaries on the right hand side (III) in
Fig. 7.3. For this particular process matrix, such a decomposition is given by |U)) = |Uy)) * |Ua)),
with the unitaries U; : HFPA0Bo — HC1X and U, : HCOX — HAIBIF

Ur= Y [k®—-aAbi,jab) ™ G4,k a b 1oPo (7.15)
ijkab

Us= > [p@-yAc,g®-chzzy )P (e,p,q,z,y/ 0% (7.16)
pgcxry
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7.6 Discussion

In this chapter, we continued investigating the question of which quantum processes with
indefinite causal order have a physical realisation in quantum theory. As we pointed out, in
order to shed more light on this question, an important step is to actually clarify more precisely
what it means to say that a given process matrix has a quantum realisation. In Ref. [38],
this issue was adressed, in particular with the aim of putting on a firm ground the claim that
certain experimental procedures are indeed physical realisations of the quantum switch. It was
shown that these experiments indeed realise the quantum switch transformation, in a precise
sense, with the operations acting on time-delocalised subsystems, and it was shown that this
argument generalises to all unitary extensions of bipartite process matrices. In this chapter,
we further generalised that argument to unitary extensions of tripartite process matrices, a
class which is strictly larger than the process matrices obtainable through quantum control
that we characterised in Chapter 3, and which in particular contains processes violating causal

inequalities. These processes can thus be said to exist in quantum theory in that same sense.

One may however question whether the violation of causal inequalities is really meaningful as
a device-independent concept to qualify these particular realisations as incompatible with a
definite causal order. Indeed, what makes causal inequality violations “surprising” is the idea of
“closed laboratories” in which the parties act. It is not so clear whether such a closed laboratory

assumption is satisfied in the realisations of noncausal processes we identified here.

Remember that the circuit we found for the example Wy, in Sec. 7.5 is classical. It can therefore
be studied in the framework of classical causal models, a formalism where one considers classical,
random variables that are connected in a graph, by arrows that indicate the causal relations
between them. Recently, it was pointed out by Oreshkov [112] that in this framework, an argument
can in fact be made to capture the non-causality of such a circuit in a device-independent way, by
formulating an analogy of the closed laboratory assumption. In this sense, the circuit in Fig. 7.5
can be understood as a realisation of a cyclic causal model, with time-delocalised variables, giving
rise to correlations that cannot be explained in the presence of a definite causal order. It will be

interesting to study this further.

Another open question is whether the proof can be generalised to the case of N > 4 parties. In
the tripartite case, we have a particular, standard form for the reduced supermap that we obtain
when plugging in an operation for one of the parties, and that allows us to identify the systems;
it is not clear whether and how this extends to the general multipartite case, and it would be
interesting to determine whether such a standard form can also be found in the multipartite
case, potentially allowing for a generalisation of the proof. Nevertheless, we may be able to
characterise particular classes of multipartite supermaps for which the construction is possible.
In particular, the argument we presented here works for all supermaps such that the reduced

supermap, when plugging in an operation for one of the parties, is a QC-QC.
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Conclusion

One principal aim of this work was to gain a deeper understanding of multipartite quantum
causal relations, by extending the mathematical and conceptual tools required for their analysis
to the multipartite case. Another main goal was to obtain more insight into the question of
which multipartite processes with indefinite causal order have a physical interpretation, and to
find new examples of physically realisable processes with an indefinite causal order. A third
objective was to investigate the potential usefulness of these examples for quantum information

processing beyond “standard”, causally ordered quantum circuits.

We started our exploration into these questions by studying the concept of multipartite causal
(non)separability, which qualifies multipartite scenarios that are incompatible with a definite
causal order. We identified and resolved an inconsistency in previous definitions of this concept,
and established the previously introduced notion of “extensible causal separability” as the most
natural generalisation of the bipartite concept to the multipartite case. We then provided criteria
allowing to certify the absence of a definite causal order in practice, by constructing multipartite
witnesses of causal nonseparability. The main open question that remains is that about the
complete characterisation of causally separable process matrices for the case of N > 4 parties,
where we found distinct sufficient and necessary conditions, and we do not know whether they
coincide, or whether one is both necessary and sufficient. This problem is particularly intriguing
in the light of Chapter 3, where we equipped the process matrices satisfying the sufficient
condition with an operational interpretation, by showing that they correspond precisely to
quantum circuits with classical control of causal order. It would be important to clarify whether
these represent all causally separable multipartite processes, or whether there exist causally
separable processes that do not fall into this category. Another important next step, naturally
extending the work presented in this thesis, is to formally develop and characterise a notion
of “genuinely multipartite causal nonseparability”, analogously to the concept of “genuinely

multipartite noncausal correlations” studied in Chapter 5.

In the third chapter, we then went further beyond the above-mentioned quantum circuits with
classical control. We introduced quantum circuits with quantum control of causal order, a class of
generally causally nonseparable multipartite processes that generalise the quantum switch. We
identified the subset of multipartite process matrices that corresponds to these circuits, and we
also characterised it in terms of simple conditions. On the one hand, this will allow us to identify

and study interesting new examples of causally nonseparable processes, with features different
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from that of the quantum switch, that can be practically realised and studied in laboratory

experiments.

Studying the properties of these processes for which we have an operational interpretation will
also allow us to investigate in a comprehensive way what new computational protocols and tasks
these processes allow to realise, which will enable a more systematic and general understanding
of causal nonseparability as a computational resource. A particularly interesting perspective,
opened up by the characterisations given in Chapter 3, is the systematic search for advantages
of these processes through semidefinite optimisation. We already gave a few examples of new
advantages that we could identify in this way, and we think that there are many more results to

be found in this direction.

By defining the class of quantum circuits with quantum control of causal order, and characterising
the subset of process matrices they define, we have considerably reduced the gap between the
causally nonseparable processes that we know to have a physical realisation, and the set of all
quantum processes, obtained through a “top-down” approach from very general considerations.
However, there is still a gap that remains, and not all process matrices can be realised through
quantum control of causal order. In particular, quantum circuits with quantum control of causal
order do not violate causal inequalitites. It will be important to understand precisely how
this gap comes about, and how the process matrices outside of the class of QC-QC are to be
interpreted. Our results of Chapter 7, where we show that certain circuits can be understood as
realisations of some of these process matrices on time-delocalised subsystems, are a promising

first step into this direction, which deserves to be further explored.

Another possible direction is to study what possibilities there are beyond the process matrix

framework, for instance by building on the suggestions put forward in Chapter 4.
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Résumé en Francais

Contexte et considérations préliminaires

Le concept de la causalité est essentiel en science, et pour notre perception du monde en général.
L’idée habituelle est la suivante : les événements suivent un ordre causal bien défini, avec des
événements dans le passé qui peuvent influencer des événements dans le futur, et non l'inverse.
On peut se demander si cette notion est vraiment fondamentale, ou bien si une situation qui
n’est pas compatible avec un tel ordre causal est concevable. Cette question se pose notamment
dans le domaine de la théorie quantique, ou il y a de nombreux concepts et phénomenes étranges
qui contredisent notre intuition. Nous pouvons alors nous demander si les relations causales
entre les événements peuvent elles-mémes étre soumises a des effets quantiques. En considérant
deux événements A et B, peut-on par exemple avoir une superposition quantique de « A est la
cause de B » et « B est la cause de A » 7 Ces questions sont tres importantes d’un point de
vue fondamental, ainsi que d’un point de vue plus appliqué dans le contexte de I'informatique
quantique. De telles relations causales pourraient permettre d’aller au-dela du paradigme habituel
qui est utilisé dans ce domaine : celui des circuits quantiques, qui présuppose un ordre causal
fixe. Ces derniéres années, une grande attention a donc été portée a 1’étude des relations causales
en théorie quantique, avec plusieurs approches qui explorent ce type de questions sous différents
angles [4-10].

Une approche particuliere pour étudier des relations causales entre des événements quantiques
est le formalisme des matrices de processus (process matriz formalism), introduit dans [4]. Dans
cette approche, on considére des opérations réalisées par des parties, qui suivent les lois de la
théorie quantique « localement ». Cela signifie que les parties recoivent un systéme quantique,
choisissent et effectuent une opération qui donne lieu & un résultat de mesure, et renvoient un
systeme en sortie. Par contre, on ne présuppose pas de structure causale « globale » dans laquelle
les parties sont intégrées a priori. Par cette approche, on retrouve d’une part des scénarios
quantiques standards, comme des états quantiques partagés, ou des circuits quantiques qui les
connectent d’'une maniere causalement ordonnée, d’autre part, on trouve aussi des scénarios qui

ne sont pas compatibles avec un ordre causal bien défini entre les parties.

L’objet central de ce formalisme, qui lie les parties entre elles et qui encode leurs relations causales,

est la matrice de processus (process matriz) [4]. Elle peut étre comprise comme la généralisation

136



d’une matrice densité qui permet aussi la description des scénarios avec de la communication
entre les parties. Les matrices de processus qui décrivent des scénarios incompatibles avec un
ordre causal bien défini sont appelées causalement non-séparables (causally nonseparable) [4]. Ce
choix de terminologie suggere qu'il y a une analogie avec le concept de l'intrication (& 'opposé de
la séparabilité) des états quantiques. Effectivement, cette analogie existe, et elle s’étend plus loin.
Certaines matrices de processus causalement non-séparables permettent aux parties d’établir
des corrélations non-causales, et de violer des inégalités causales [4, 12], qui sont des contraintes
similaires a des inégalités de Bell. De plus, la non-séparabilité causale peut étre certifiée par des

témoins de non-séparabilité causale [11, 13], similaires & des témoins d’intrication.

Ces concepts et outils mathématiques pour étudier les relations causales indéfinies ont été
développés principalement pour le cas bipartite. L'un des objectifs de cette these est d’étendre

ces résultats au cas multipartite.

Une autre question ayant une importance majeure est de trouver des réalisations physiques pour
des processus avec un ordre causal indéfini. Nous ignorons si toutes les matrices de processus
ont une réalisation ou une interprétation physique, et a ce jour, il n’y a qu’un seul exemple
d’un processus causalement non-séparable qui a été étudié en profondeur d’un point de vue plus
pratique. Il s’agit du quantum switch [3], un protocole dans lequel 'ordre de deux opérations
quantiques est contrélé par un qubit, qui est dans un état de superposition. Cela mene a une

« superposition d’ordres », et on ne peut pas dire laquelle des deux opérations a été appliquée
en premier. Des protocoles de ce type ont été réalisés expérimentalement [16, 17, 19] et leur
non-séparabilité causale a été vérifiée dans ces expériences. De plus, il a été démontré que
le quantum switch permet des avantages dans certaines tdches de traitement de I'information
quantique, comparé a des circuits quantiques avec un ordre causal défini [23-29]. Un deuxiéme
but de cette theése est de trouver de nouveaux exemples de processus causalement non-séparables

avec une interprétation physique.

Enfin, un troisiéme objectif de cette thése est d’identifier de nouvelles applications en information

quantique pour des processus causalement non-séparables qui sont réalisables en pratique.

La non-séparabilité causale dans des scénarios multipartites

La premiére étape vers des analyses multipartites est d’étendre la définition de la (non)-séparabilité
causale a des situations multipartites. Cela est un probleme complexe, notamment en raison des
ordres dynamiques qui doivent étre pris en compte en présence de plus de deux parties. Cela
signifie que 'ordre causal des parties dans le futur peut changer en fonction des événements
précédents. De plus, dans le formalisme des matrices de processus, les parties peuvent partager
des états intriqués supplémentaires, ce qui implique des complexités additionnelles. Dans des
travaux précédents, plusieurs définitions ont été proposées. Araujo et al. ont proposé une
définition pour le cas restreint du quantum switch, afin d’étudier sa non-séparabilité causale [11].

Ensuite, Oreshkov et Giarmatzi ont considéré le cas multipartite général, notamment en prenant
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en compte les ordres dynamiques, et ont proposé deux généralisations possibles [15]. Dans
le chapitre 2 (qui se base sur la publication [32]), nous comparons ces différentes définitions
dans le scénario tripartite particulier du quantum switch, et nous trouvons qu’elles ne sont pas
toutes équivalentes, un point qui nécessite d’étre clarifié. Nous proposons et justifions ensuite
notre propre définition pour le cas multipartite général, et nous trouvons que notre définition
est équivalente a celle de la « séparabilité causale extensible » (extensible causal separability)
d’Oreshkov et Giarmatzi. Cette derniere évite '« activation » de la non-séparabilité causale
en fournissant des états intriqués additionnels aux parties. Nous établissons donc ce concept

comme la généralisation naturelle de la séparabilité causale bipartite.

Dans la deuxiéeme partie du chapitre 2, nous nous intéressons a comment caractériser I’ensemble
des matrices de processus multipartites causalement séparables en termes de conditions simples.
Nous déduisons une conditions nécessaire, ainsi qu’une condition suffisante pour la séparabilité
causale multipartite. Dans les cas bipartite et tripartite, les deux conditions (nécessaire et
suffisante) coincident. Dans le cas de quatre parties et plus, la question reste ouverte. Ces
conditions N-partites permettent toutefois de déterminer pour toute matrice de processus en
dehors de cette zone grise potentielle, si elle est causalement séparable ou non en généralisant la

technique des témoins de la non-séparabilité causale.

Circuits quantiques avec un ordre causal controlé de maniere

classique et quantique

Dans le chapitre 3, nous adoptons une approche constructive pour trouver de nouveaux exemples
de réalisations concretes de certains processus quantiques. Tout d’abord, nous considérons
des circuits quantiques avec un ordre causal fixe, ou les opérations sont appliquées 1'une apres
l'autre, avec des transformations intermédiaires qui envoient I'état de sortie d’une opération
vers l'entrée de la prochaine (tout en agissant sur des systémes auxiliaires). Ces circuits ont
été étudiés dans des travaux antérieurs, ou ils ont été appelés « peignes quantiques » (quantum
combs) [45, 56]. Les matrices de processus correspondantes sont compatibles avec un ordre fixe.
Inversement, toute matrice de processus compatible avec un ordre fixe peut étre réalisée en tant
que peigne quantique, et le circuit peut étre construit explicitement a partir de la matrice de
processus [44, 45]. Ensuite, nous généralisons ces résultats en introduisant deux nouvelles classes
de circuits. Premierement, nous considérons des « circuits quantiques avec un ordre contrélé
de maniere classique », dans lesquels les transformations intermédiaires sont des instruments
quantiques avec plusieurs résultats classiques, qui déterminent la prochaine opération qui sera
appliquée. Ces circuits restent compatibles avec un ordre causal bien défini (qui n’est cependant
pas fixe a priori, mais établi graduellement pendant le déroulement du processus). Ces circuits
correspondent aux matrices des processus qui satisfont la condition suffisante pour la séparabilité
causale multipartite trouvée dans le chapitre 2. Sur cette base, nous introduisons ensuite des
« circuits quantiques avec un ordre causal controlé de maniére quantique » (QC-QC), dans

lesquels 'ordre causal est controlé de manieére cohérente. Cette classe contient le quantum switch,
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mais aussi de nouveaux exemples de processus causalement non-séparables avec des nouvelles
propriétés, qui sont réalisables en pratique. Par la suite, nous étendons notre analyse a des
circuits « post-sélectionnés », qui peuvent eux-mémes générer plusieurs résultats de mesure.
De tels circuit définissent des ensembles de matrices de processus « probabilistes », appellés
des « superinstruments quantiques » (quantum superinstruments). Nous trouvons que nos
caractérisations des circuits, ainsi que des superinstruments correspondants, sont tres utiles pour
trouver des applications potentiels des processus causalement non-séparables avec une réalisation
physique. En effet, elles permettent de comparer les différentes classes de circuits pour des taches
pratiques en utilisant des algorithmes d’optimisation semi-définie. Nous illustrons cela par un

exemple.

Communication a travers des canaux quantiques controélés de

maniere cohérente

Dans le chapitre 4 (qui est basé sur la publication [34]), nous revenons sur un effet étrange
qui a été montré dans un travail récent [29] : de 'information peut étre transmise a travers
certains canaux quantiques bruyants quand ils sont connectés dans le quantum switch, d’une
maniére qui n’est pas possible quand ils le sont dans une configuration causalement ordonnée.
Plus particulierement, dans un quantum switch avec deux canaux compleétement dépolarisants,
de l'information sur I’état initial du systeéme sur lequel les canaux agissent peut étre transmise a
travers le switch. Nous montrons que cet effet est présent méme dans une situation plus simple,
dans un « demi-switch » ou l'on applique un canal ou ’autre, en fonction d’un qubit de controle
en superposition. Nous en concluons que ce phénomeéne est lié a I'utilisation d’un contréle
quantique, plutdot qu’a un ordre causal indéfini. L’analyse de cet exemple nous conduit a une
analyse plus générale du concept d’une « opération quantique contrélée de maniere cohérente »,
et nous trouvons que cette notion est mal définie en général. Plus précisément, nous trouvons
que, dans le scénario du demi-switch (dont la description n’entre pas dans le cadre des matrices
de processus puisque les opérations ne sont pas appliquées une et une seule fois), 1’état final
dépend de la maniere exacte dont les deux opérations sont effectuées. Cela signifie que la
description habituelle d’une opération quantique en termes d’une application compléetement
positive préservant la trace n’est pas suffisante pour une description complete de la situation.
Nous formalisons 'information supplémentaire qui est nécessaire pour compléter la description

en introduisant des « matrices de transformation » (transformation matrices).

Des corrélations non-causales « véritablement multipartites »

Une autre question qui se pose dans les scénarios multipartites est la suivante : un phénomene
donné est-il « véritablement multipartite » (genuinely multipartite) 7 Autrement dit, nécessite-t-il

vraiment la coopération d’un certain nombre de parties, ou peut-il étre réduit a un phénomene
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qui se produit entre les parties d’un sous-ensemble ? Dans le chapitre 5 (qui est basé sur la
publication [35]), nous définissions les corrélations véritablement multipartites comme celles qui
ne sont pas « 2-causales », c’est-a-dire pour lesquelles il n’est pas possible d’identifier un ordre
causal « a une plus grande échelle » méme en considérant des groupements des parties en deux
sous-ensembles (ou des mélanges probabilistes de tels groupements). Ensuite, nous caractérisons
I’ensemble des corrélations 2-causales, et nous dérivons des inégalités 2-causales dans le scénario

le plus simple ou le concept a du sens.

Des valeurs faibles anormales en absence de post-sélection

Dans le chapitre 6 (qui est basé sur la publication [36]), le résultat présenté a été obtenu en
étudiant le lien entre le formalisme des matrices de processus et un autre formalisme qui étudie
le role du temps dans la théorie quantique, celui des « états pré- et post- sélectionnés » (pre-and
post-selected quantum states) ou « états quantiques a deux temps » (two-time states) [5-7]. Dans
le cadre de ces systemes pré-et post-sélectionnés, on étudie souvent des « mesures faibles ». Par
cela, on entend des mesures qui ne perturbent que tres faiblement le systéme mesuré, mais qui
dévoilent tres peu d’information sur celui-ci. Un concept lié a celui de la mesure faible est la «
valeur faible » d’une observable, qui est, dans un certain sens, une quantité analogue a la valeur
moyenne. Il est connu que la valeur faible peut étre en dehors du spectre de 'observable, ce
qui est appelé une « valeur faible anormale » (anomalous weak value). En général, cet effet est
associé a la présence d’une post-sélection non triviale. Dans le chapitre 6, nous montrons que ce
n’est pas forcément le cas : dans des scénarios avec des mesures faibles séquentielles, on peut

obtenir des valeurs faibles anormales sans post-sélection.

Des processus non-causaux sur des sous-systemes temporellement

délocalisés

Dans le chapitre 7 un autre travail en cours est présenté. Les protocoles expérimentaux relatifs
au quantum switch ont été accompagnés par un débat portant sur leur interprétation comme
véritables « réalisations » d’un processus avec un ordre causal indéfini, ou alors plutét comme
des « simulations » d’un tel processus [37-39]. En particulier, la question qui a été soulevée
est : les opérations sont-elles appliquées une et une seule fois dans ces implémentations, et
sur quels systeémes agissent-t-elles 7 Dans [38], il a été montré que ces expériences peuvent
effectivement étre vues comme des réalisations, en introduisant le concept des « sous-systemes
temporellement délocalisés » (time-delocalised subsystems)—des sous-systémes quantiques qui ne
sont pas associés avec un temps bien défini.

Dans le chapitre 7, nous montrons dans un premier temps que les arguments présentés dans [38]
s’appliquent aussi aux circuits quantiques avec un contrdle d’ordre quantique (chapitre 3),

justifiant ainsi leur interprétation en tant que « réalisations ». Dans [38], il a ensuite été montré
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qu’une classe particuliére de matrices de processus bipartites, celles qui sont « unitairement
extensibles », ont également une réalisation sur des sous-systemes temporellement délocalisés.
Bien que cette classe soit a priori plus grande que celle des QC-QC, il a en fait été montré que
dans le cas de deux parties, les deux classes coincident. Sur la base des résultats du chapitre 3,
nous généralisons la preuve de [38] aux processus unitairement extensibles avec trois parties,
une classe qui est strictement plus grande que celle des QC-QC avec trois opérations, et qui, en

particulier, contient des processus capables de violer des inégalités causales.
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Appendix A

Quantum circuits with quantum
control of causal order cannot

violate causal inequalities

In this Appendix we prove Proposition 3.10, that QC-QCs (and a fortiori, QC-CCs or QC-FOs)

can only generate causal correlations.

As we consider probabilities rather than induced maps here, we will take the global past and future
Hilbert spaces P and F to be trivial'. For reference, let us explicitly give the characterisation

for that case:

Proposition A.1. The process matriz W & E(HAA? ) of a quantum circuit with quantum control
of causal order is such that there exist positive semidefinite matrices Wi o) € E(”HAIICOAé), for

all strict subsets KK of N and all ¢ € N\K, satisfying

O
W= Win e © 1%,

keN
A9
VOCKGN, D T Wiy =) Wic\w @ 1%,
LEN\K kek
and Z Tr W = 1. (A.1)
eN

Conversely, any Hermitian matriz W € E(?—[Af\?) such that there exist positive semidefinite
matrices Wik ) € LHACAL) for all K C N and € € N\K satisfying Eq. (A.1) is the process

matriz of a quantum circuit with quantum control of causal order.

"Without loss of generality of course—any process matrix with non-trivial global past and future spaces can
equivalently be seen as one with trivial global past and future spaces and two additional parties.
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Here, consider again N “parties” that apply quantum instruments; the party Ax’s instruments,
corresponding to some setting (“input”) zj are denoted (in their CJ representations) { Mg, |, }tay

where each ay corresponds to one possible outcome (“output”) of the instrument.

For any subset K = {ki,...,k,} of N, we shall denote by Zx = (xg,,...,2,) and dx =
(akys - - -, ag,) the list of inputs and outputs for the parties in K, and by M|z = Qrex May|a, €
E(HAIICO) the corresponding joint operations (in their Choi representation). With these notations,
the correlations P(dn|Zy) obtained from a QC-QC are given, as in Eq. (1.31) (and for all
T, dy), by

P(an|@n) = Tr [W Mgz ],

(A.2)

with W satisfying the constraints of Proposition A.1, i.e., such that there exist positive semidefi-

nite matrices Wi ) satisfying Eq. (A.1).2

Let us introduce for convenience the following notations, for any strict subset K of N' and any

e N\K:

rice (@cl@) = Te [(Tra Wikn) Mz,
— — o
s (el i) = T [(Wie ) ® 140 Mg,

ic,e|Tic,e

15 (A.3)

with the first definition simplifying to 7 ¢) = r(9¢)(@p|Ty) = Tr[W(g )] for £ = 0, and with
T = Txugey and dx g = dxugey in the second definition. We note that r ¢ (dx|7x) and
S(K’g)((_i[gdflgg) are nonnegative functions of the inputs and outputs of the parties in I and
in IC U {¢}, respectively, but are not valid probability distributions in general, since neither
Tr Al Wix,p) nor Wi gy ® 147 are valid process matrices in general. Nevertheless, using the fact
that the sum >, M,,;, is a CPTP map, i.e., that TrAéo >0y Mayjw, = IlAé, one finds that

elze

> sgce (x| Te,e)

ae

o
="Tr [(W(,Qg) X ]lAz >(Mg;df)c ® ZMW‘U)}
ay

=Tr [Wyco) (M7 1z ® 147)]

dx|Zx

= Tr [(TrAé W(,ng)) Mglc‘flc] = T‘(;Qg)(fi}d.fk). <A4)

It follows that one can define (for all ) C K C N, all £ € N\K and all Z, dx) a valid conditional
probability distribution P,(Cg)f’C i (ag|zy) for party Ay—which, as indicated by the subscript,
depends on K, x and dx—such that

= - YA RN
s (@cel@re) = POy o (adze) e (Gxc|Zr). (A.5)

2 As is straightforward to see, the set of QC-QC process matrices is closed under extension with shared ancillary
systems. We can thus consider Eq. (A.2) without additional ancillas without loss of generality.
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One can further easily see that the functions 7 ) and s ) inherit the following properties
from Eq. (A.1):

P(an|Zn) = D son\ e (@n|Zn),

keN
VOCKCN, Y racol@clEc) = Y sue\ e (@xlTx),
LeN\K ke
and T0,0) = 1. (A.6)

eN

With this in place, we now proceed by recursively proving the following relation for the correlations

P(an|Zn):

Proposition A.2. For any n with 0 <n < N — 1, one can write the correlations (A.2) as

Pan|Zn) = Y Pezeac(@vicling) Y. ruco (@l @),
KCN: LeN\K
[Kl=n (A7)

where the Pg 5 = (Aaxnk|Zanic) s are causal correlations for the parties in N\K.

Proof. For n = N — 1, the first line of Eq. (A.6), combined with Eq. (A.5), gives

S = . (k)
P(CLN|9CN’) = ZJ\/_PN\{]C}va\{k}ﬁN\{k}(ak|xk)
ke

ANk (@A LA (1)) (A.8)

which is clearly of the form of Eq. (A.7), with K = N\{k}, £ = k, and with P . . =

(k)

NE} Exr g G (1) which, as a single-partite probability distribution, is trivially causal.

Suppose now that Eq. (A.7) holds for some given n < N — 1, with some causal correlations
PC
IC,E}C,IE}C

ZKQN,lK:l:n ZkelC by the equivalent double sum ZIC/QN,|’C/|:7L—1 ZkGN\K/ (Wlth IC, = K\{k}),
and by then using Eq. (A.5), we obtain

. Then if n > 0, by using the second line of Eq. (A.6), by replacing the double sum

P(an|Zn)

= > Péaa@niclng) D sk m (@)
F%N: kel
Kl=n

= D X Bumaecae v lfane i)
K'CN: keN\K' R R
IK'|=n—1 S(K’,k)(aIC’,k’xlC’,k)

= ZN k%:\Kpéu{k},fm,a,cl,k(ﬁfv\ic’\{k}|fN\fc'\{k})
K/'CN: ke /
|K'|=n—1 P(k,;)ﬂ > \Ap|TE) Tk C_ilcr f]cl. A9
IC,wK/,a,C/ ( ) )
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Let us now define, for each K', Zx, dxr, the weights

_ T k) (e | Ticr)
Svenir Tcne (G | i)

Qe zyenin (F) VkeN\K' (A.10)

(such that q;C/7le7a‘K,(k) >0, > q,Clva,@K,(k) = 1; when the denominator above is zero, we can

take arbitrary weights) and the correlations

P&t g (@i [Tan i)

k
= Y aauak) P ](Cﬂ)flc,ﬁlc, (ak|zk)
keN\K' . . .
PGy der o OANNKA LR} IZAN KA (1) (A.11)

for the parties in A\K'. By construction, the correlations Pg, are convex mixtures (with

Frer sl
weights qxz,..a,.,(k)) of correlations compatible with a given party & € N'\K' acting first (with
a response function P(]f)fml G (ak|xy) which does not depend on the inputs of the other parties

in M\K') and such that whatever that first party does, the conditional correlations shared by

the other parties are causal. In other words: this means that the correlations Py, Ty i AT€
causal [14, 15]. In terms of these, Eq. (A.9) can be written as
P(aylEn) = Y Pz an @ncl@ane) Y raee @l Ti),
K/'CN: VEN\K!
IK/|=n—1 (A.12)

which is of the form of Eq. (A.7). Hence, Eq. (A.7) also holds with |[K'| = n — 1 instead of
|IC| = n (and with some causal correlations Pg, Bt 5’0), which by recursion proves that it indeed

holds for all n such that 0 <n < N — 1, as claimed in Proposition A.2. O

To conclude the proof of Proposition 3.10, it then suffices to notice (using the fact that
dtenT@ = 1) that the latter simply corresponds to the case n = 0 of Proposition A.2

above.
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