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Abstract

Bell’s theorem shows that quantum correlations cannot be explained by local hidden
variables. However, the effect of quantum nonlocality can be explained when the shared
local hidden variables are augmented with some classical communication. The amount of
classical communication required to simulate the correlations arising from local measure-
ments on a given quantum state serves as a quantifier for the nonlocality of that state. In
the first part of this thesis, we prove that all quantum correlations arising from arbitrary
local measurements on an arbitrary state of two qubits can be simulated at the classical
cost of two bits of communication. Our proof is based on a classical simulation of general
qubit strategies in prepare-and-measure scenarios. In addition, we show that if a subclass
of all measurements, namely projective measurements, are considered, already a single
trit, a classical message with three symbols, is sufficient to simulate all local measurements
on two-qubit states. A closely related question to the simulation cost is the question of
which quantum states can be simulated without any communication and therefore admit
a local hidden variable model. We introduce a novel local hidden variable model for a
specific family of two-qubit states known as Werner states.

In the second part of this thesis, we study quantum computations with indefinite causal
structures. Quantum computations are expected to solve several problems significantly
faster than any classical machine. Conventional quantum algorithms can be represented
within the quantum circuit model, where quantum gates are applied one after the other
on a given quantum system. In recent years, it was discovered that the ordering of the
quantum gates can be controlled with an additional quantum system. In the second part of
this thesis, we study, how these quantum-controlled gate orderings can enhance quantum
computing beyond what is achievable with fixed-order quantum circuits. We prove
that for a recently established class of problems, the so-called Fourier promise problem,
the advantage of these quantum-controlled gate orderings is smaller than previously
expected. In addition, we study another class of problems, called Hadamard promise
problems, and show that they provide an advantage of a quantum superposition of gate
orderings. Problems of the latter class only require qubit gates and are therefore suitable
to demonstrate such an advantage experimentally.






Kurzfassung

Bell’s Theorem zeigt, dass Quantenkorrelationen nicht durch lokale verborgene Variablen
erklart werden konnen. Dieses Phéanomen der Quanten-Nichtlokalitdt kann jedoch erklart
werden, wenn die lokalen Variablen durch klassische Kommunikation ergénzt werden.
Die Menge der klassischen Kommunikation, die erforderlich ist, um die Korrelationen zu
simulieren, die durch lokale Messungen an einem gegebenen Quantenzustand entstehen,
dient als Maf fiir die Nichtlokalitét dieses Zustands. Im ersten Teil dieser Arbeit beweisen
wir, dass alle Quantenkorrelationen, die aus beliebigen Messungen an einem beliebigen
Zustand von zwei Qubits resultieren, mit zwei klassischen Bits simuliert werden koénnen.
Unser Beweis basiert auf einer klassischen Simulation allgemeiner Qubit-Zusténde in einem
Szenario, in dem eine Partei einen beliebigen Zustand an eine andere Partei schickt, die den
erhaltenen Zustand beliebig messen kann. Zusétzlich zeigen wir, dass bereits ein einzelnes
Trit, eine klassische Nachricht mit drei Symbolen, ausreicht, um die Korrelationen von
Zwei-Qubit-Zustdnden zu simulieren, wenn nur projektive Messungen betrachtet werden.
Eine eng verwandte Frage ist, welche Quantenzustéinde ohne jegliche Kommunikation
simuliert werden kénnen und daher ein Modell mit lokalen verborgenen Variablen zulassen.
Wir stellen ein neuartiges Modell mit lokalen verborgenen Variablen fiir eine spezifische
Familie von Zwei-Qubit-Zusténden vor, die als Werner-Zustéinde bekannt sind.

Im zweiten Teil dieser Arbeit untersuchen wir Quantenberechnungen mit unbestimmten
kausalen Strukturen. Es wird erwartet, dass Quantenberechnungen mehrere Probleme
signifikant schneller 16sen kénnen als herrkémmliche klassische Computer. Konventionelle
Quantenalgorithmen kénnen innerhalb des Quanten-Schaltkreismodells dargestellt werden,
bei dem Quantengatter nacheinander auf ein gegebenes Quantensystem angewendet wer-
den. In den letzten Jahren wurde entdeckt, dass die Reihenfolge der Quantengatter mit
einem zusétzlichen Quantensystem gesteuert werden kann. Im zweiten Teil dieser Arbeit
untersuchen wir, wie diese quantengesteuerten Gatterreihenfolgen die Quantenberechnun-
gen lber das hinaus verbessern kénnen, was mit herrkémmlichen Quanten-Schaltkreisen
erreichbar ist. Wir beweisen, dass fiir eine kiirzlich etablierte Klasse von Problemen, das
sogenannte Fourier-Versprechen-Problem, der Vorteil dieser quantengesteuerten Gatter-
reihenfolgen kleiner ist als bisher erwartet. Dariiber hinaus untersuchen wir eine andere
Klasse von Problemen, die als Hadamard-Versprechen-Probleme bekannt sind, und zeigen,
dass sie einen Vorteil einer Quanten-Superposition von Gatterreihenfolgen bieten. Diese
Probleme erfordern nur Qubit-Gatter und sind daher geeignet, einen solchen Vorteil
experimentell zu demonstrieren.
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Preamble

Quantum mechanics profoundly differs from classical physics. While classical physics
relies on deterministic principles where objects have precise properties and predictable
behaviors, quantum mechanics introduces concepts that defy this classical intuition. One
of the key principles in quantum mechanics is Heisenberg’s uncertainty principle [1J.
It implies that it is impossible to simultaneously know both, the exact position and
the exact momentum of a particle. Another fundamental difference is the concept of
entanglement [2]. Entanglement implies that particles can become interconnected in such
a way that the state of one particle is always correlated with the state of another particle.
This particular aspect of quantum mechanics is most famously illustrated by the Einstein-
Podolsky-Rosen (EPR) argument [3]. In their thought experiment, two particles are
entangled such that both, the position and the momentum are always correlated. Hence,
when we measure the position (momentum) of one particle, we can infer the position
(momentum) of the other particle. Therefore, we could measure the momentum of one
and the position of the other particle. Since these two properties are correlated, it seems
that we can nevertheless know both properties simultaneously. Since this is an apparent
contradiction to Heisenberg’s uncertainty principle, Einstein and his colleagues suggested
that quantum mechanics is not complete and that both properties are simultaneously
well-defined. Alternatively, one has to assume that measuring one particle instantaneously
changes the properties of the other entangled particle. Such a nonlocal behavior, famously
known as “spooky action at a distance,” is starkly different from the classical view, where
objects are only influenced by their immediate surroundings. Hence, it was more natural
for them to assume that both properties, position and momentum, are well-defined and
that a complete description of quantum mechanics should consider these local hidden
properties.

In 1964 a breakthrough was made by John Stuart Bell, who showed that such a local
hidden variable (LHV) description of entangled quantum systems is impossible [4]. He
proved that when measurements are performed on two entangled particles they can
produce correlations that are stronger than any predictions that could evolve from such
a local hidden variable description of the quantum states. Hence, no theory of local
hidden variables can explain the correlations arising from quantum measurements. It
indeed seems that measuring a property of one particle instantaneously changes the
measurement outcomes of the other particle. This effect is now known as quantum
nonlocality. What was first considered purely foundational considerations soon found
applications in important information processing tasks. In fact, we can use these nonlocal
correlations to ensure the security of quantum cryptography [5], to certify randomness
[6], and even to prove that quantum computation is superior to classical computation [7].
Quantum nonlocality was soon established as a powerful resource for many information-
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Preamble

processing tasks and it became important to quantify the strength of these nonlocal
correlations.

A natural measure to quantify Bell nonlocality is to study the amount of classical
communication required to reproduce the nonlocal quantum correlations. Bell’s theorem
only establishes that quantum correlations cannot be reproduced by local hidden variables
alone. One can then ask whether these correlations can be reproduced when LHVs are
supplemented with a certain amount of classical information transmitted from one side to
the other. If so, how much communication is necessary for a given quantum state? If
a state requires a large amount of information transfer between the two particles, it is
arguably more nonlocal than a state requiring only a small amount of communication. In
this sense, the communication cost is a natural measure to quantify the nonlocality of a
given quantum state. This is the topic of the first part of this thesis.

This question was first posed by Tim Maudlin in 1992 [§]. He even speculated that, in
the simplest case of two maximally entangled qubits, an infinite amount of communication
would be required. This conjecture stemmed from the fact that a continuous (and
therefore infinite) set of measurements can be performed on a single qubit. Since each
measurement on one side leads to a different state on the other side, it seemed plausible
that the information about the entire measurement basis would need to be transferred
from one particle to the other. However, this intuition was shown to be incorrect.
Shortly thereafter, Brassard, Cleve, and Tapp [9] developed the first protocol capable of
simulating the most fundamental quantum state with a finite amount of communication.
They demonstrated that eight bits are sufficient to simulate the statistics of arbitrary
local projective measurements on two maximally entangled qubits. They also proved
that high-dimensional entangled states require an amount of communication that scales
exponentially with the system size. Hence, according to this measure of nonlocality,
larger systems are indeed more nonlocal than smaller ones. Later, these models were
further improved, and a significant breakthrough was made by Toner and Bacon in
2003 [10]. They showed that only a single bit of information is necessary to simulate
arbitrary projective measurements on a pair of maximally entangled qubits. However,
many questions remain unresolved. For instance, all of these models consider only a
restricted class of measurements known as projective measurements. For the most general
class of measurements, namely positive-operator valued measures (POVM), it was not
known if the communication cost is always finite [II]. It was also unclear whether
non-maximally entangled states can be simulated with a single bit of communication.

In Chapter 1, we prove that also for the most general class of measurements, the
communication cost is finite and two classical bits can reproduce all correlations resulting
from arbitrary local measurements on two entangled qubits. Our result is even more
general. Namely, we consider general qubit strategies in so-called prepare-and-measure
scenarios. In such a scenario, there is one party, who can send an arbitrary qubit state to
another party. The party, who receives the qubit can then measure the received state
with an arbitrary quantum measurement. This scenario is interesting since it is among
the simplest ones that demonstrate the power of quantum compared to classical resources.
Namely, it is known that sending a quantum state can boost communication beyond
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what is achievable with classical resources [12 I3]. A famous and simple example is
Random Access Coding [14]. This task demonstrates that sending a qubit is advantageous
compared to sending a classical bit. In fact, there is a strategy of sending one qubit
that performs provably better than anything that can be achieved by sending a single
bit of communication. At the same time, one might be interested in the question of
how large such an advantage can be. Namely, is it also possible to find a task where
sending a quantum bit performs better than sending two classical bits or even more?
Our result proves that this is not the case and whatever correlations you can achieve
with a qubit, you can also achieve by sending a classical message of two bits (given that
additional shared randomness is available). At the same time, we can also prove that
a classical message shorter than two classical bits is not sufficient to simulate a qubit
in this prepare-and-measure scenario. Hence, our work implies tight bounds for this
setting and sets an important upper bound on the quantum-to-classical advantage in
these prepare-and-measure scenarios. Furthermore, this scenario is directly linked to the
one of entangled quantum states. When two parties can simulate all qubit strategies in a
prepare-and-measure scenario, they can also simulate all entangled two-qubit states with
the same amount of classical communication [I5].

In Chapter 2, we continue on this question and ask how much communication is required
to reproduce the quantum correlations resulting from local projective measurements on a
given two-qubit state. Previously, the result of Toner and Bacon [10] proved that one
bit is sufficient for a maximally entangled state. They also showed that two bits are
sufficient for a general two-qubit state. This raised the question of why non-maximally
entangled states are seemingly more costly to simulate than the maximally entangled
one, or if better models exist. In Chapter 2, we introduce a new method to simulate
entangled quantum states. This allows us to reproduce known results like the one from
Toner and Bacon and to find new simulation protocols for entangled two-qubit states. In
fact, we can show that if the state is weakly entangled, already a single bit of classical
information is sufficient. On average, the communication cost becomes even less than
one bit. Therefore, we could prove that weakly entangled states require strictly less
information to be simulated than the maximally entangled one. In addition, we prove
that a classical trit is always sufficient to simulate all local projective measurements on
any entangled qubit pair.

In Chapter 3, we turn our attention to a closely related question. It is known that
entanglement is a necessary ingredient to demonstrate the effect of quantum nonlocality.
It is also known that every pure entangled state can demonstrate quantum nonlocality [16].
However, for practical applications and experiments, pure quantum states are an idealiza-
tion. The unavoidable noise in experiments raises the important question of how robust
the nonlocal quantum correlations are to noise, and if a given noisy (or mixed) quantum
state can or cannot be used to demonstrate the effect of nonlocality. The pioneering
work by Werner showed that some noisy entangled states are not able to violate any Bell
inequality [I7]. In fact, he provides an explicit model that can reproduce all quantum
correlations using just local hidden variables. This model, however, only applies to a
subclass of all measurements, namely projective measurements. Therefore, it is crucial
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Preamble

to determine if the same states are also local when considering the most general class of
measurements (POVMs). In Chapter 3, we extend Werner’s model for the two-qubit case
to these generalized measurements. Our model is not only a local hidden variable model
but even a so-called local hidden state model and determines exactly which two-qubit
Werner states can demonstrate quantum steering [3), 18, [19]. In addition, this question is
also directly linked to another central concept of quantum mechanics, namely that of meas-
urement incompatibility. Due to Heisenberg’s uncertainty principle, we cannot know the
spin of two orthogonal directions simultaneously [I]. However, it was realized that if the
measurements suffer from noise, they may become jointly measurable [20]. In Chapter 3,
we ask the question of how much white noise is necessary such that all qubit measurements
become jointly measurable and determine the precise threshold. The same methods are
then used to derive a local hidden state model for two-qubit Werner states. To summarize,
in the first part of this thesis, we introduce novel models to simulate the nonlocal be-
havior for all two-qubit states, as well as the local behavior for some noisy entangled states.

Although quantum mechanics is an established field and the experimental predictions
are remarkably accurate, many fundamental aspects are still not entirely understood. It
is likely that in the future it will present us with conceptually even more challenging
puzzles. For instance, when we combine the realm of quantum mechanics and general
relativity, there is still no commonly accepted theory that unifies these two fundamental
theories. However, there are good chances that whatever such a theory might look like,
it will challenge our classical notions of reality even further. If quantum mechanics is
a universally valid theory, nothing forbids us to put large gravitating objects into a
superposition. However, when large masses are in superposition, this has consequences for
the underlying spacetime. Since spacetime determines how different events are connected,
it is then likely to expect that events do not have to occur in a well-defined causal
order. In recent works, certain frameworks were introduced that allow us to study these
indefinite causal orders |21, 22] 23]. Albeit providing us with challenging puzzles, these
new structures might also offer interesting avenues to enhance the capabilities of quantum
resources even further.

In the second part of this thesis, we connect these indefinite causal structures with
another important branch of quantum information sciences, namely quantum computing.
Quantum computing is a rapidly evolving field that has the potential to make a huge
societal impact. It is expected to solve certain problems much faster than any classical
machine. The first and most famous example is Shor’s algorithm which can factor large
numbers in polynomial time [24]. For the same problem, all known classical algorithms
require an exponential amount of time. Similarly, Grover’s algorithm offers a quadratic
speedup when searching through a large dataset [25]. Quantum algorithms are naturally
represented by a quantum circuit. A quantum circuit consists of wires that represent the
quantum systems. On these systems, quantum gates are applied. It is a common feature
of conventional quantum algorithms that these gates are applied one after the other in a
well-defined order. Using the framework of indefinite causal structures, it was discovered
that such a constraint can be relaxed. In fact, it is possible to control the gate ordering



with an additional quantum state. For the simplest case of two gates, gate A is applied
before gate B, if the control system is in the state zero, and gate B is applied before gate
A if the control system is in the state one. If the control system is now initialized in a
superposition of zero and one, the gates A and B are applied in a superposition of these
two gate orderings.

This new structure is intrinsically different from conventional quantum algorithms.
This raises the question of whether they can be used to enhance quantum computation
even further. In fact, we ask if there are tasks that can be solved by these indefinite
causal structures more efficiently than with conventional quantum algorithms. In the
simplest case, we can consider two gates. If it is promised that these two gates either
commute or anticommute, it is known that a quantum-controlled ordering of gates can
solve this problem by using each of these gates only once [26]. At the same time, any
fixed-order quantum algorithm needs to call at least one of the two gates twice. This is
a demonstration that indefinite causal structures can indeed be used to make quantum
computation even more powerful. However, one can ask if the advantage is still preserved
when we consider several gates. In 2014, Aradjo, Costa, and Brukner [27] introduced a
task that was expected to generalize such an advantage to an arbitrary number of gates.
In their work, a set of gates are given and it is promised that they satisfy one property
from a given list of properties. The task is to find out which property is the correct
one. It was shown that a quantum superposition of gate orderings can solve these tasks
efficiently and each gate needs to be called only once. At the same time, the best-known
conventional algorithm called each gate n times, where n is the total number of different
gates. In Chapter 4, we found conventional quantum algorithms that can solve the tasks
introduced by Aratjo, Costa, and Brukner [27] more efficiently. In fact, our algorithm
can perfectly solve the task by calling each of the gates only O(logn) times. This raises
the question if other problems can provide a larger advantage using these structures. In
Chapter 5, we generalize a class of problems that was recently introduced by Taddei et
al. [28]. Although they do not offer a larger advantage, they can be used to demonstrate
such an effect experimentally. This stems from the fact that they only require the control
of quantum systems with small dimensions, namely qubits.
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1. Classical Cost of Transmitting a Qubit

This chapter is based on the article:

Martin J. Renner, Armin Tavakoli, Marco Tilio Quintino "Classical Cost of Transmit-
ting a Qubit," Physical Review Letters 130 (12), 120801 (2023)
(Received: 14 July 2022, Accepted: 17 January 2023, Published: 22 March 2023)

Contributions: Marco supervised the work and introduced the problem to me. 1
found the two-bit protocol (Section and Section , the one-bit protocol for Bell
scenarios (Section , and the proof for the no-one-bit part (Section . In these
sections, I carried out the proofs and calculations and wrote most of the manuscript.
Marco and Armin found that a classical trit cannot simulate these scenarios (Section
and Section . They carried out the proofs and calculations, and wrote most of the
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Abstract

We consider general prepare-and-measure scenarios in which Alice can transmit qubit
states to Bob, who can perform general measurements in the form of positive operator-
valued measures (POVMs). We show that the statistics obtained in any such quantum
protocol can be simulated by the purely classical means of shared randomness and two
bits of communication. Furthermore, we prove that two bits of communication is the
minimal cost of a perfect classical simulation. In addition, we apply our methods to Bell
scenarios, which extends the well-known Toner and Bacon protocol. In particular, two
bits of communication are enough to simulate all quantum correlations associated to
arbitrary local POV Ms applied to any entangled two-qubit state.

1.1. Introduction

Quantum resources enable a sender and a receiver to break the limitations of classical
communication. When entanglement is available, classical |29, B0, 31, 32] as well as
quantum communication [33] B4] can be boosted beyond purely classical models. A
seminal example is dense coding, in which two classical bits can be substituted for a
single qubit and shared entanglement [35]. However, entanglement is not necessary for
quantum advantages. Communicating an unassisted d-dimensional quantum system
frequently outperforms the best conceivable protocols based on a classical d-dimensional
system [36, 37, 38, 39, [40]; even yielding advantages growing exponentially in d [12] [13].
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Already in the simplest meaningful scenario, namely that in which the communication of
a bit is substituted for a qubit, sizable advantages are obtained in important tasks like
Random Access Coding [14], 41}, [42]. These qubit advantages propel a variety of quantum
information applications [43| [44] 45| [46], [47].

It is natural to explore the fundamental limits of quantum over classical advantages.
In order to do so, one has to investigate the amount of classical communication required
to model the predictions of quantum theory. Previous works consider not only the
scenario of sending quantum systems [15], 48, 49| 10, [I1], but also simulating bipartite
[8, @, B0, 511, 48, [49), [15] [10] 1T, (2l 53l 54], as well as multipartite entangled quantum
systems [55], 56, [57, [58]. While such classical simulation of quantum theory is in general
challenging, a breakthrough was made by Toner and Bacon [10]. Their protocol shows
that any quantum prediction based on standard, projective, measurements on a qubit can
be simulated by communicating only two classical bits. However, this does not account for
the full power of quantum theory. More precisely, there exists qubit measurements that
cannot be reduced to stochastic combinations of projective ones [59]. The most general
measurements are known as positive operator-valued measures (POVMs). Physically, they
correspond to the receiver interacting the message qubit with a locally prepared auxiliary
qubit, and then performing a measurement on the joint system [60]. Such POVMs are even
indispensable for important tasks like unambiguous state discrimination [61) 62] and hold a
key role in many quantum information protocols (see e.g. [63] [64] 65 [66], 67, [68), (69, [70} [71]).
Importantly, they also give rise to correlations that cannot be modelled in any qubit
experiment based on projective measurements |72, [73, [74] [75] [76].

This naturally raises the question of identifying the classical cost of simulating the
most general predictions of quantum theory, based on POVMs. In the minimal qubit
communication scenario, one may suspect that this cheap price of only two bits is due to
the restriction to the, fundamentally binary, projective measurements. In contrast, when
measurements are general POVMs, it is even unclear whether the classical simulation
cost is finite. Notably, previous work has shown that there exists a classical simulation
that requires 5.7 bits of communication on average [15, [I1]. However, that protocol
has a certain probability to fail in each round, leading to an unbounded amount of
communication in the worst case.

In this work, we explicitly construct a classical protocol that simulates all qubit-based
correlations in the prepare-and-measure scenario by using only two bits of communication.
Thus, we find that the cost of a classical simulation remains the same when considering
the most general class of measurements, although POVMs enable more general quantum
correlations than projective measurements. Moreover, we show that two bits is the
minimal classical simulation cost, i.e. there exists no classical simulation that uses less
communication than our protocol. This is shown through an explicit quantum protocol,
based on qubit communication, that eludes simulation with a ternary classical message.
Finally, we apply our methods to Bell nonlocality scenarios [77]. We present novel
protocols that simulate the statistics of local measurements on entangled qubit pairs.
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a) Alice: Quantum channel Bob:
Quantum state p € L(Cay) POVM
p € L(Caq) {Bs}
b
b) Classical shared randomness A
Alice: Classical channel Bob:
Clas. message | c€ {l,...,dc} |Clas. response
pA(C‘,O, )‘) pB(bHBb}?Cv )‘)
b

Figure 1.1.: a) Quantum PM scenario: Alice sends a dg-dimensional state to Bob who
performs a POVM to obtain his outcome. b) Classical PM scenario for
simulating the quantum PM scenario: The classical simulation is successful
if, for every state and POVM, the probability that Bob outputs b is the same
as in the quantum protocol.

1.2. The prepare-and-measure scenario

A quantum prepare-and-measure (PM) scenario (see Fig. a)) consists of two steps.
First, Alice prepares an arbitrary quantum state of dimension dg and sends it to Bob.
The state is described by a positive semidefinite dg x dg complex matrix p € E((CdQ),
p > 0 with unit trace tr(p) = 1. Second, Bob receives the state and performs an arbitrary
quantum measurement on it, obtaining an outcome b. General quantum measurements
are described by a POVM, which is a set of operators { By} that are positive semidefinite,
By > 0 and sum to the identity, >, By = 1. In quantum theory, the probability of
outcome b when performing the POVM { By} on the state p is given by Born’s rule,

pQ(blp, {By}) = tr(p By) . (1.1)

We are interested in constructing classical models for the PM scenario that simulate
the predictions of quantum theory, i.e. classical models that reproduce the probability
distribution (1.I). In a classical simulation (see Fig. b)), Alice and Bob may share
a random variable A subject to some probability function w(\). This allows them to
correlate their classical communication strategies. Alice uses A and her knowledge of
the quantum state p to choose a classical message ¢ selected from a do-valued alphabet
{1,...,d¢}. Since the selection can be probabilistic, her actions are described by the
conditional probability distribution p4(c|p, A). When Bob receives the message, he uses
A and his knowledge of the POVM { B} to choose his outcome b. Again, this choice
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can be probabilistic and is therefore described by a conditional probability distribution
p(b[{ By}, c,\). All together, the correlations obtained from the classical model become

dc
po(blp, {By}) = A W 7 (A) S palelo, Npsbl{By}, e M) (1:2)
c=1
The simulation is successful if, for any choice of dg-dimensional states and POVMs, the
quantum predictions pg can be reproduced with a classical model using messages that
attain at most d¢ different values. That is, if there exists a do and suitable encodings pa
and decodings pp, such that

Vp,ABo} : pe(blp, {By}) = po(blp,{Bs}) - (1.3)

If this holds, we say that the classical model simulates quantum theory. In particular, we
say that the classical simulation is minimal if no classical simulation is possible using a
smaller message alphabet size dg. Furthermore, we remark that for some PM scenarios,
shared randomness may be charged as a non-free resource, leading to different results and
problems [48, [78], 42, [79], [80, R1l [70} [75], 82]. In fact, for the PM scenario we study here,
it is known that an infinite amount of shared randomness is required in order to perform
the task with finite classical communication [48].

Our focus is on the most fundamental scenario, namely that based on qubits (dg = 2).
Notice that there exists a trivial classical simulation in which Alice sends the Bloch vector
coordinates of her quantum state to Bob. After that, he can classically compute the Born
rule and samples his outcome accordingly. However, sending the coordinates requires an
infinite amount of communication (dc unbounded). Whether a classical simulation is
possible with a finite value of d¢ is much less trivial. Notably, the simulation protocol of
Toner and Bacon showed that if we additionally restrict the quantum measurements to
be projective, i.e. BZ = By, a classical simulation with dc = 4 (two bits) is possible [10].

We also remark that here we consider a scenario where Bob does not know Alice’s state
and Alice does not know Bob’s measurement beforehand. This scenario, where Alice
and Bob can independently choose between different states and measurements, is even
required to provide quantum over classical advantages in several tasks [14} 41}, 42, [13, [12].
An interesting related scenario is the one where Bob’s measurement is known by Alice,
or, equivalently, Bob has only a single choice of measurement. In that case, Frenkel and
Weiner [83] proved that, in the presence of shared randomness, a d-dimensional quantum
system can always be perfectly simulated by a d-dimensional classical system. This
powerful result inspired proposals such as the "No-Hypersignaling" principle [84], which
is respected by quantum theory. In what follows, we find a minimal classical simulation
for general qubit protocols.

1.3. Classical simulation protocol

Qubit states p can be represented as p = (1 +Z-5) /2, where ¥ € R? is a three-
dimensional real vector such that |Z| <1, and & = (ox,0y,07) are the standard Pauli
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matrices. We may, without loss of generality, restrict ourselves to quantum protocols
based on pure states. This corresponds to unit vectors |Z| = 1. Since mixed states are
convex combinations of pure states, every classical simulation protocol applicable to
pure states can immediately be extended to apply also to mixed states. The classical
randomness in the convex combination can simply be absorbed in the shared randomness
of the simulation protocol. Similarly, because every qubit POVM can be written as a
coarse graining of rank-1 projectors [85], we may restrict ourselves to POVMs proportional
to rank-1 projectors. Thus, we write Bob’s measurements as By, = 2py |4, )|, where
pp >0, >, pp =1 and |§,)7,| = (1 + 7, - &) /2 for some normalized vector 7, € R®. In
Bloch notation we have

tr(pBy) = pp(1 + 7 - 7). (1.4)

We now present a classical simulation protocol in which Alice and Bob can perfectly
simulate all qubit correlations at the cost of two bits of communication. To this end,
it is handy to first define the Heaviside function, defined by H(z) = 1 when z > 0 and
H(z) =0 when z < 0, as well as the related function O(z) := z - H(z). Consider now the
following protocol.

1. Alice and Bob share two normalized vectors Xl, XQ € R3, which are uniformly and
independently distributed on the unit radius sphere So.

2. Instead of sending a pure qubit p = (IL +Z- E) /2, Alice prepares two bits via the
formula ¢; = H(Z- X;) and ¢ = H(Z - X3) and sends them to Bob.

3. Bob flips each vector Xi when the corresponding bit ¢; is zero. More formally, he
sets X; := (—1)1FeiX;.

4. Instead of performing a POVM with elements By, = 2py, |4, X¥|, Bob picks one vector
7, from the set {7} according to the probabilities {py}. Then he sets X := X, if
X, - 7| = [ Xy - 7| and X := X, otherwise. Finally, Bob outputs b with probability

bl{By}, X) = L @(gb'x)ﬂ . 1.5
o)) = P S (15)

The proof that the protocol perfectly reproduces the qubit correlations ([1.4) is given in
Appendix[T.A] A sketch of the first three steps of the protocol is given in Fig.[T:2] After the

third step, the two vectors Xl and X2 are uniformly and independently distributed in the

positive hemisphere defined by Z, i.e. their probability densities are p(X;) = H(Z - ;) /(27).
As we show, this distribution is enough for Bob to classically reproduce the statistics of
every POVM applied to the qubit state associated to Z. Furthermore, in Appendix
we also present a modified version of that protocol. There, Bob sends first one bit to
Alice and then Alice sends one bit back to Bob.
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Alice calculates Bob flips
CZ:H(fXZ) XZIHCZ:O
Xl Xll = Xl
" 7 Alice sends
e c1,c9 € {0,1} ) )
(c1=1, c2=0) Xy ==X

Figure 1.2.: A two-dimensional illustration of the first three steps in the classical simulation
protocol based on two bits.

1.4. Two bits are necessary for a classical simulation

We have shown that two classical bits are sufficient to simulate qubit correlations. We
now prove that they are also necessary, i.e. that the above classical simulation protocol is
minimal.

To this end, we show that there exists correlations in the qubit PM scenario that
cannot be modelled in any classical protocol that uses ternary messages (do = 3).
For this purpose, we consider PM scenarios with a fixed number of inputs for Alice and
Bob. Alice selects her input from a set € {1,...,14} and prepares the qubit p,. Bob
selects his input from a set y € {1,...,Ip} and performs the two-outcome projective
measurement { By, } with outcomes labelled by b € {1,2}. The qubit correlations are
then given by pq(blz,y) = tr(p. By, ). Notice that although Bob could perform POVMs,
we are restricting ourselves to projective measurements. These turn out to be sufficient
for the proof.

It is key to recognise that the task of deciding whether a given p(b|z,y) admits a
classical simulation with a dco-dimensional message alphabet can be solved by means of
linear programming. From the duality theory of linear programming [86], we can obtain
a classical dimension witness that certifies that the probabilities pg(blx,y) cannot be
simulated by sending classical ternary messages. A classical dimension witness [13], 43|
is a linear inequality which is respected by all classical models in the PM scenario for a
given d¢. This can in general be written as

> (bl y)pe (bla,y) < Ca, (1.6)

b,x,y

for some coefficients v(b|z,y) € R. Here, Cy is the classical bound. A violation of this
inequality certifies that no classical model using d¢ symbols can simulate pg(blx,y). In
Appendix [I.C] we detail these linear programming methods. Inspired by the efficient
method to find local bounds of Bell inequalities presented in Ref. [87], we provide a new
and efficient algorithm to obtain the classical do-dimensional bound < Cy for any given
set of coefficients {7y(b,z,y)}. Also, drawing inspiration from Ref. [88], we developed
computational methods to convert the numerical solutions obtained from standard solvers
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to rigorous computer-assisted proofs which do not suffer from numerical precision issues
due to floating point arithmetic.

In this way, we have obtained several examples of qubit states and measurements
that generate quantum correlations pg(b|x,y) that do not admit a classical model for
dc = 3. An elegant example is obtained from considering I4 = 6 states that form an
octahedron on the Bloch sphere. They correspond to the eigenstates of the three Pauli
operators (ox,0y,0z). We let Bob perform Ip = 24 different projective measurements.
The Bloch vectors of these measurements are oriented such that they point to the vertices
of a snub cube [89], which is an Archimedean solid, inscribed in the Bloch sphere. This
may be viewed as a PM variant of Platonic Bell inequality violations [90]. Specifically,
the 24 measurement directions are obtained as follows. Let 7 be the one real root
of the polynomial 23 — 22 — 2 — 1, known as the Tribonacci constant. Take all even
(odd) permutations of, (+1,+1/7,4+7) and for each permutation, take only the four sign
combinations that have an even (odd) number of “+”. This gives all vertices of the snub
cube. Finally, do a global rotation by 60 degrees in the XY-plane, i.e. apply the unitary
U = |0X0| +e3 [1)(1] to all projectors. The linear programming methods reveal that the
resulting pg has no classical model for dgc = 3.

In Appendix we discuss a heuristic aproach to find states and measurements
leading to probabilities which do not admit a classical simulation for do = 3. Fixing the
above six preparations, the sparsest proof we have found uses eleven measurements that
correspond to the solution of the Thomson problem [91]. All our computational code is
openly available at the online repository [92].

Although no ternary message protocol is sufficient, it may still be that a classical
simulation is possible by sending less than two bits on average. For example, Alice may
restrict herself to send in some fraction of rounds only a trit, a bit or no communication
at all. For the case of sometimes sending a bit or less, we show in Appendix that no
classical simulation is possible. The reason is closely connected to the zero local weight of
the singlet state, also known as the EPR2 decomposition [93, [94]. Our argument shows
that, if one could simulate qubit correlations by sometimes sending only a bit or less,
one could construct a protocol that simulates the singlet state without communication in
these rounds. This would induce a local part for the singlet state, which contradicts the
EPR2 decomposition.

1.5. Simulating nonlocality

It is straightforward to adapt our classical protocol to simulate the statistics obtained
from arbitrary local POVMs on any entangled qudit-qubit state. Indeed, all PM protocols
can be adapted to Bell scenarios [15]. For that, Alice chooses her measurement, an
arbitrary POVM on a dg-dimensional quantum system. Then, she produces an output
according to the marginal distribution of her POVM elements and, depending on her
outcome, calculates the post-measurement state of Bob’s qubit. Finally, she simply uses
the classical protocol for the PM scenario to send that qubit state to Bob. Thus, our
protocol immediately extends the best previously known one, due to Toner and Bacon
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Scenario ‘ This work ‘ Ref. [10]
PM with qubit 2 bits, POVMs 2 bits, only Proj.
Bell with 2 qubits 2 bits, POVMs 2 bits, only Proj.
Bell with singlet | 1 bit, Proj.-POVM | 1 bit, Proj.-Proj.

Table 1.1.: Comparison between our protocol and the one by Toner and Bacon, previ-
ously the best protocol for these scenarios but restricted to only projective
measurements (denoted as Proj. in this table) on Bob’s side. Our protocols
use the same resources, but Bob is allowed to perform POV Ms.

[10], to Bell scenarios involving POVMs. At the same time, we use the same amount of
classical communication, in fact, two bits.

However, Toner and Bacon also show that only a single bit is necessary to simulate
local projective measurements on a qubit pair in the singlet state [¥'~) = (|01) — |10))/v/2.
We can also extend that result by constructing a novel one bit protocol. Here, Alice
is restricted to projective measurements with outcomes a = +1, but Bob can perform
arbitrary POV Ms.

/

1. Alice and Bob share two normalized vectors Xl,XQ € R3, which are uniformly
distributed on the unit radius sphere Ss.

2. Instead of performing a projective measurement with projectors |[£Z}+%| = (1 +

Z-3)/2, Alice outputs a = — sgn(Z - X;) and sends the bit ¢ = sgn(Z- X, ) - sgn(Z- Xs)
to Bob. Here, sgn(z) =1 when z > 0 and sgn(z) = —1 when z < 0.

3. Bob flips the vector Xo if and only if ¢ = —1. More formally, he sets XQ = ¢ .

4. Same as "Step 4" in the original prepare-and-measure protocol.

Since Xl is uniformly distributed on Sy, we obtain the correct marginal probabilities p(a) =

1/2 for Alice. Furthermore, when Alice outputs a = +1, Xl and XQ are distributed on So

according to p(X;) = H(—Z-X;)/(27). This corresponds precisely to a classical description
of Bob’s post-measurement state —% (compare with the text below Fig. . When Alice

—

outputs a = —1, the two vectors are distributed according to p(X;) = H(+Z - X;)/(27),
which corresponds to the correct post-measurement state +&. Therefore, Bob can apply
the same response function ("Step 4") as in the original PM protocol, which immediately
yields the correct quantum probabilities. Additionally, since singlet correlations have no
local part [93, [94], one bit of communication is necessary in each round, ensuring the
optimality of this protocol. Clearly, this protocol can be easily adapted to any maximally
entangled qubit pair by rotating either Alice’s or Bob’s measurement basis.

10
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1.6. Conclusion

We have proven that two bits of communication are necessary and sufficient in order to
classically simulate the most general predictions of quantum theory in a qubit prepare-
and-measure scenario. Our results also have immediate implications for simulations of
nonlocality in scenarios featuring POVMs. In this way, we generalised the well-known
protocols of Toner and Bacon [10] from projective measurements to the most general
qubit measurements (POVMs). Interestingly, this comes with no increase in the classical
cost. See Table [LI] for an overview.

A natural direction is to consider classical simulations for higher-dimensional quantum
PM scenarios (dg > 2), or scenarios involving entanglement. Notably, the latter can
sometimes be isomorphic to the former [95]. Although this has received some attention
[53, B4, 58, ©96], few general results are known. Most notably, it is still an open problem
whether a qutrit (dg = 3) PM scenario can be classically simulated with a finite message
alphabet (do < 00).
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1.A. Proof of classical simulation protocol

In this section, we prove that the classical protocol based on two bits simulates qubit
correlations in the PM scenario. First, we give a modified version of the protocol and
show that both versions lead to the same statistics.

1.A.1. Modified version of the protocol

The modified protocol, in which Bob sends one bit to Alice and afterwards Alice sends
only one bit back to Bob, is:

1. Alice and Bob share two normalized vectors Xl,XQ € R3, which are uniformly
distributed on the unit radius sphere Ss.

2. Instead of performing a POVM with elements By = 2py, |4, )7, |, Bob picks one vector
7, from the set {4} according to the probabilities {py}. Then he sets k = 1 if
A1 4| > | A2 - ¥p| and k = 2 otherwise. Afterwards, he sends the bit k to Alice.

3. Given that p = (]1 + Z- 5’) /2 is the pure qubit state Alice wants to send, she only
sends the bit ¢, = H(Z - X;) to Bob.

4. Bob flips the vector Xk if the bit ¢, is zero. More formally, he sets X = (—1)tFew Xk
5. Finally, Bob outputs b with probability

py O(F, - N) _
> pj OF; - A)

In the original version, Alice sends the two bits ¢; and c¢o that Bob needs to deﬁne

p(b|{By}, X) =

(1.7)

the two vectors X ( 1)1+CZ)\ Afterwards, Bob chooses one of the two vectors )\

/

according to the test |)\1 Tyl > ])\2 7| and proceeds only with the chosen vector X := X,.
However, Bob’s choice does only depend on the two vectors X; and Xo but not on the
bits ¢; he received from Alice since |)\7, Jol = [(=1)2 X; - | = | X - 7). This observation
allows us to modify the protocol. In the modified version, he makes his choice between X

and XQ first. Afterwards, he informs Alice of his choice Xk and Alice sends only the bit ¢
to Bob. This is enough for Bob to define the same X := (—1)11¢ X,

1.A.2. Proof of simulation protocol

Before we present the proof, we show that the protocol is well-defined. More precisely, we
can check that pp(b|{By}, X) are well-defined probabilities. In order to see this, note that
0 < pa(b|{By},\) < 1 follows from ©(z) > 0 (for every z € R) and p;j > 0 (for every j).
Furthermore, we can check that

S ol {By}, X = 2= 20 Ol ;) 1, (1.8)
b .

12
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to ensure normalisation.

Theorem 1.1. The above protocol reproduces the correct quantum probabilities. More pre-
cisely, for a given pure qubit state p = (1 + T - &) /2 and POVM elements By, = 2py |5, )75,
the total probability that Bob outputs b is

pe(blp, {Bp}) = pp(1 + 2 - 3j) = tr(p By) = pq(blp, {Be}) - (1.9)

Proof. To check that the protocol outputs the correct probabilities, it is slightly more
convenient to follow the modified version. We go through all the steps of the protocol and
determine first the distribution of the vector Xk after "Step 2", second the distribution
of Bob’s chosen vector X after he performed "Step 4" and third we calculate the total
probability that he outputs b in "Step 5".

1. Distribution of N after "Step 2":
Alice and Bob share two vectors uniformly and independently distributed along the unit
sphere Xl, X2 € Sy. Consider a round in which Bob has picked the POVM element that
corresponds to the vector ,. Then he is choosing the vector i if | X1 - 7] > | X2 - 7| and
Xo otherwise. It follows from Degorre et al. "Theorem 6 (The “choice” method)" [52] that
the resulting distribution of the chosen vector Xk is exactly:

- 1. =
Po(AklFp) = 5155 - Akl - (1.10)

Since he is choosing %, with probability p, the total distribution of the chosen vector N
is:

p(Nkl{Bo}) = po pu(Nelify) = Zpb 1y - Nel - (1.11)

b

2. Distribution ofX after "Step 4":
Now Bob checks the received bit ¢, = H(Z - \g). He flips his chosen vector A\, — — Ay, if
and only if the received bit is zero. As a result, the distribution becomes:

pCulz 1B)) =2 HE- K)ol = T2 S 5 5 )
b

To see that this is true, note that if H(Z - Xk) =1, Bob does not flip the vector Xk and
the distribution remains unchanged. If H(Z - \;) = 0, Bob flips the vector. However, the
distribution p(Ag|{Bp}) is point symmetric:

p(=Xel{Bb}) = Zpb | =y Akl = o Zpb 1 - Mkl = p(R{Bo}) (1.13)
b

13
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from which the above expression follows. From here one, we can drop the index k in Xk
We show below (Lemma that Y oy |Uy, - Al =22, O(Y, - A) and we use this to
rewrite the distribution p(X|Z, {B,}) into:

o 2H (% - X .o
o () = TN S 0, 1), (1.14)
b
3. Total probability that Bob outputs b in "Step 5":
Finally, we are in a position to calculate the total probability that Bob outputs b in "Step
5". Here, we use the expressions given in ([1.7)) and (1.14]) to obtain:

P01 AB) = [ polbl{B).) - oS {Be}) dX w1
:% ; HEZ-X) - 0@, N dX=p(1+Z- 7). (1.16)

We evaluate the integral in Lemma below. This equals exactly the required quantum
statistics. O

1.A.3. Evaluation of the integral

Lemma 1.1. Given two normalized vectors T, € R? on the unit sphere Sy, it holds that:

1 , .1

— | H@- X 0H-N)dr\=-1+2Z %), (1.17)
T J S, 2

where H(z) is the Heaviside function (H(z) =1 if 2> 0 and H(z) =0 if 2 < 0) and

O(z) == H(z) - 2.

Proof. Note that both functions in the integral H(Z - X) and O(y - X) have support in
only one half of the total sphere (the hemisphere centred around Z and §, respectively).
For example, if §j = —& these two hemispheres are exactly opposite of each other and
the integral becomes zero. For all other cases, we can observe that the value of the
integral depends only on the angle between ¥ and 7, because the whole expression is
spherically symmetric. Therefore, it is enough to evaluate the integral for Z = (0,1,0)7
and 7 = (—sin 3, cos 3,0)7, where we can choose without loss of generality 0 < 3 < 7.
Furthermore, we can use spherical coordinates for X = (sinf - cos ¢, sinf - sin ¢, cos )
(note that |[X| = 1). With this choice of coordinates, the region in which both factors
have non-zero support becomes exactly 5 < ¢ < 7 (at the same time, 0 is unrestricted,
0 <6 < 7). More precisely, 0 < ¢ < 7 is the support for H(Z - X) and <o <m+fis
the support for O(% - X) In this way, the integral becomes:

1 21 T . . 1 T s
/ / H(Z-X)- O(F-X) sin6 do do :/ / sing-sin20 df dg  (1.18)
T™Jo Jo T Jg Jo

:%(14—605@:%(1-{-5'@- (1.19)

O]
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It was recognized many times in the literature [50, (15 [52] that the last expression exactly
reproduces the statistics of measurements on qubits. However, in previous protocols,
Alice was choosing a vector to create a distribution according to ©(Z - X) and Bob outputs
according to H (¥ - X) Here, we use the self-duality of quantum mechanics, which allows
us to interchange the roles of states and measurements. In this sense, instead of Alice,
Bob is choosing a vector to create a distribution like ©(7, - X) and Alice contributes the
term H(Z - X) by telling Bob to flip that vector or not.

1.A.4. Proof of a useful identity

For the following Lemma, it is important to notice that for every POVM it holds that
> Db Yp = 0. This follows from ), By = 1 with By, = 2py |4, (¥ |, where >, pp = 1 and

Xl = (1 + 7y - 7)/2:
1= "2 [5,)T =D oM+ Ty @) =D oo 1+ poiiyp-F=1+ G- 7.
b b b b b
(1.20)

From this we conclude that ), py 4j, - & = 0, which can only hold if ), py, ¥}, = 0.

Lemma 1.2. Given a set of vectors 4y, € So that satisfy Y, py §Jp = 0 and the function
O(z), which is defined by O(z) = z if z > 0 and O(z) = 0 if z < 0, it holds for every
A € Sy that:

S oo G- N =2> p O, A) (1.21)

b b

Proof. First we prove that ), py, O(%, - X) = YD O(=7, - X). Here, we use that
z=0(z) — O(—2z) (for all z € R):

0=>"poify = 0=0-X=D pip- A= p (O X) —O(—F- X)) (1.22)
b b b

> om0y X) = Yy O+ X) - (1.23)
b b

In the second step, we use this observation and |z| = ©(z) + ©(—z) (for all z € R) to
calculate:

S ool XN =D p6 (O, X) +O(=5y- X)) = > p Oy - )+ > py O(—y - A)
b b b b

=2 py OF, - X). (1.25)
b
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1. Classical Cost of Transmitting a Qubit

1.B. No classical simulation with a one-bit part

In this section, we show that every protocol that simulates a qubit in a PM scenario
cannot have a part in which Alice communicates only a single bit to Bob. Interestingly,
for our argument it is enough to consider only projective measurements. Hence, we can
write the two projection operators for Bob as |£y}+y| = (1 £ - F)/2. As before, Alice
can choose an arbitrary qubit state p = (1 + & - &)/2 that we simply denote with its
Bloch vector Z. With that notation, in a classical protocol that simulates a qubit in a
PM scenario, Bob has to output b = £1 with probability:

M (0lZ, 7)

1
Z,9)==z(14+0b2 %). (1.26)

2

We show that, given a protocol that simulates the qubit in the PM scenario with a
non-zero one-bit part exists, it can be rewritten into a protocol that simulates the singlet
with a non-zero local part. The latter is prohibited by the result of Elitzur, Popescu and
Rohrlich [93] (see also Barrett et al. [94]) and our hypothesis follows by contradiction.
To fix the notation, if Alice and Bob want to reproduce the statistics of local projective
measurements on the singlet state |[¥~) = (|01) —|10))/+/2, they can choose measurement
projectors |+Z)X+Z| = (1 £ Z - 5)/2 (for Alice) and |£y)X+y| = (1 £7-5)/2 (for Bob).
Then, the task becomes to output a,b = £1 with probabilities:

PV (0, b7, §) = 3(1 C(b-a) 7). (1.27)

p

The similar form of these two expressions already suggests a connection between a protocol
that simulates a qubit in a PM scenario and a protocol that simulates the singlet. We use
the index "PM" and "U™" to distinguish theses two scenarios. We want to mention that
the following statement also covers the scenario of no communication in some fraction of
rounds. This is just a special case of a one-bit strategy in which Bob’s response does not
depend on the received message.

Lemma 1.3. Given a protocol that exactly simulates any qubit strategy in a prepare-and-
measure scenario. The fraction of rounds in which Alice is communicating only a single
bit to Bob has measure zero. More precisely, we can decompose such a protocol into:

pPM (b]2, 5) = A () Y palcld Nps bl e )
c=+1
(1.28)

/d)\ﬂ' ZpA Z, N5 (b|7, m, \),

and it has to hold that [, d\w(X) = 0. Here, the first term are all the strategies that can
be implemented with a single bit ¢ = &1 of communication and the second term contains
all the strategies that require a longer message m (with d > 2).

Proof. To recapitulate, in those rounds, where Alice is allowed to send only a single bit to
Bob, Alice’s bit ¢ = +1 can depend only on her input Z and the shared random variable
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1.B. No classical simulation with a one-bit part

A (denoted as pa(c|Z, X)) and Bob has to determine his output b based on his input 7, the
message ¢ and the shared random variable A (denoted as pp(b|y,c, A)). The important
observation is, given that Alice sends the bit ¢ = 41, if she wants to transmit the state Z,
she necessarily has to send the bit ¢ = —1, if she wants to transmit the state —Z. To see
that this must be true, consider that Bob chooses in that round the measurement basis
i = Z. In that situation, he necessarily has to discriminate between the two states ¥ and
—Z. This is not possible if Alice sends the same bit for both states & and —#. Therefore,
palcl7, ) = pa(—c| — 7, ).

On the other hand, given that Bob chooses the measurement basis ¢ and wants to
produce the output b, it might be that Alice has chosen the state Z = . If ¢ = +1 is the
message for the state Z = ¢ in this round, it has to hold that pp(b = +1|j,c = +1,\) =1

and since ¢ = —1 is then necessarily the message for the state —# = —¢ it has to hold
that pp(b = —1]y,c = —1,\) = 1. Analogously, it is also possible that ¢ = —1 is the
message for the state & = § and ¢ = +1 is the message for the state —% = —%, in which a

similar argument leads to pp(b = +1|7,c = +1,\) = pp(b = —1|g,¢c = —1,A) = 0. In any
case, it has to hold that pp(b|y,c = +1,\) = pp(=bly,c = —1,\).

Now they can use a protocol that simulates a qubit in a PM scenario to simulate the
singlet state [I5]. More precisely, Alice chooses her measurement basis # and tosses a
balanced coin (heads and tails with probability 1/2 each). If the coin shows heads, she
outputs ¢ = +1 and uses the PM protocol from above to send the state —Z to Bob,
whereas if the coin shows tails, she outputs a = —1 and uses the protocol to sends the
state +7 to Bob (be aware of the anti-correlation in the singlet state). This procedure
simulates the singlet state since:

- o 1 1 L
PY (@ bE, ) = 5 dar pTH (Bl = FG) + 5 - daa T (B + 7, 9) (1.29)
1 1
= Part (10T §)+ 7 Gur- (11T 7) (1.30)
1 I
:1(1—(b-a)x-y). (1.31)
However, we can also write down the explicit protocol:
- I | | o
pY (0, b7, §) =5 < ba g1 P (O] = 7,5) + 5 - daa P (0] + 7, 5) (1.32)
1
=2-5a,+1~/d>\7f > pale App(blg, ¢, A)
A c=%1
1 o ~ ~
TN A A r () S patml - 7, Npp(blg,m, )
) m=1 (1.33)
4 dam [ ATO) 3 palel + 7N )pa (bl e )
A c=%1
1 o ~ ~
45 Gt [AAe() D patm] + 3 Apa(tlgim. ).
A m=1
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1. Classical Cost of Transmitting a Qubit

As before, the protocol to simulate the singlet is decomposed into a one-bit part and a
part that requires more communication. The one bit part is the sum of all the terms
that contain A (and not 5\) as the shared variable. Together, they can be written as
L dAT(A) p? (a,b|Z, 7, A) where:

- o 1
P (@ BE T A) = Dot -pale = +1] — F Ap(blF.c = +1,1
1
+ 3 da+1-palc = =1 = Z, Npp(bly,c = =1, A)
2 (1.34)
+ 3 da,—1 - (pale =41+ 2, Npp(blj,c = +1,\)
1

+ 5 : 5&,—1 'PA(C = _1‘ + f? )‘)pB(b‘Z_LC = -1, )‘) .

With the above relations p4(c|Z, A) = pa(—c|—Z, \) and pg(b|y,c = +1,A) = pp(-=b|y,c =
—1, ), we can rewrite this expression into:

1 o -
p‘ll <a b|l’ y7 ) 5 ’ 5a,+1 'pA(C = _Hxv A)pB(b‘:%c =+1, A)
1 - .
+ 5 : 5a,+1 ‘PA(C = +1|l‘, )‘)pB(_b“/?C =+1, )‘)
2 (1.35)
+ 5 : 5(1,*1 -pA(C = +1|fv )‘)pB(b|ga C = +1, >‘)
1 o -
+5 0a—1-pale=—1UZ, Npp(=blg,c = +1,A).

The important observation is now that these correlations p¥~ (a,b|Z, 7, ) can be realized
with purely local strategies. More precisely, Alice and Bob share an additional random
bit r = +1 (with probability 1/2 each). Given her measurement setting Z and the shared
random variable A, Alice samples ¢ = 1 according to the probabilities pa(c|Z, A) (as for
the case of the message ¢ in the PM scenario). However, instead of sending the message ¢
to Bob, she outputs a = —r - ¢. At the same time, Bob outputs b = r - by where by is
sampled according to the probabilities pp(b1|y,c = +1, ). If both follow that strategy
and r = +1, they implement the behaviour

pY (4, b|Z, 7, N\ = +1) :=04 41 - palc = —1|Z,\) - pp(blg,c = +1,))

X . (1.36)
+ (Sa,—l : pA(C = +1‘$7 )‘) : pB(b’ya c= +17 )‘) .
On the other hand, if r = —1 they implement
p¥ (a,b|Z,y, \,r = —1) :=0q 41 - palc = +1|Z, X) - pp(—b|y,c = +1, A) (1.37)

+ 0a—1 - palc=—1Z,X) - pp(=bly,c = +1, ).

It is easy to check that the weighted sum of these two expressions equals exactly the
expression p(a, b|Z, 4, \) given in Eq. (1.35):

1 - 1 _
p\Ij (a b‘x Y, ) 5 'p\Ij (aab’fv gy A= +1) + 5 'p\Ij (avb‘fa YA = _1) : (138)
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1.C. Linear programming and classical PM scenarios

Therefore, we have optimized the above protocol given in Eq. : Whenever Alice and
Bob draw a A that corresponds to a one-bit part for the PM scenario, they can switch to
the local strategy if they want to simulate the singlet. In the remaining rounds (according
to shared randomness 5\), where Alice was allowed to send more information, they do the
same as in the case of the PM scenario: Alice outputs —r and sends the message according
to the state rZ. Bob outputs b according to his message m and his measurement basis .
Hence, given a simulation of the PM scenario with a non-zero one-bit part exists,
we found a simulation of the singlet state with a non-zero local part. Since this is in
contradiction with the result of Elitzur, Popescu, and Rohrlich [93] (see also Barrett et al.

[94]), it proves our hypothesis.
O

1.C. Linear programming and classical PM scenarios

Let us consider a fixed PM scenario where Alice can prepare I4 € N different inputs and
Bob has Ip € N different measurements with Op € N outcomes each. The problem of
deciding if a set of probabilities {p(b|z,y)} can be obtained by Alice sending classical
dc-dimensional systems to Bob is phrased as:

given: {p(blx,y)}, dc (1.39)
find T,PA,PB (140)

dc
st p(blz,y) = /}\d)\ Z Tr()\)pA(c\x,/\) pB(b|y,c, /\), Vb, x,y (1.41)
c=1

7(\) >0, VA (1.42)

/d)\w(A) =1 (1.43)
A

pA(c|:U,)\) >0, Ve, oz, A\ (1.44)
dc

ZpA(c|x,)\) =1, Va, A, (1.45)
c=1

pB(b|y,c, )\) >0, Vbx,y (1.46)
Op

ZpB(b]y,c, /\) =1, Vy,c, \. (1.47)
b=1

Since in Eq. we have a product of the optimisation variables, the above prob-
lem is not in a linear programming form. In order to rewrite it as a linear program-
ming, we note that, similarly to Bell nonlocality [77], the classical message ¢ sent by
Alice may be chosen deterministically for a given x and A. This is true because the
choice of the set of distributions {pa(c|z,\)} form a polytope where the vertices are
given by deterministic distributions D4(c|x, \), where A € {1,... ,dé“}. We then define
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1. Classical Cost of Transmitting a Qubit

P (b\y, c, )\) =7m(\)pB (b|y, c, )\), a transformation which allows us to write the problem

described in Egs. ((1.39) as,

given: {p(bl, )}, de, {Dalclr, N} (1.43)
find 7, (1.49)
it de
st p(blx,y) ZZ Da(clz,\) pig(bly,c, ), Vb,z,y (1.50)
A=1c=1
Pr(bly,c,A) >0, Vb,y,A (1.51)
Op
> p(bly, e, A) =7(N), Yy, e, A (1.52)
b=1

where ), m(A) = 1 follows from the fact that >, p(b|x,y) = 1. Note that now, all
constraints are linear or positivity constraints, hence, the problem in Eqgs. is a
linear program.

We remark that, the set of distributions {pp(b|c,y, A} also form a polytope where
the vertices are given by deterministic distributions Dpg(c|z, ), where A € {1,..., OJIBB }.
Hence, one may construct a different linear program where both Alice and Bob have
deterministic response functions. For practical reasons, this is often not a good choice,
since it leads to a linear program with a big number of variables. In particular, the
variable A would be allowed to take dICA OéB e different values as opposed to dICA. However,
when considering a scenario where d4 > OJIBBdC, it might be more efficient to set Bob
as the part which performs deterministic strategies and to construct a different linear
program by setting p/, (c]:r, /\) = 7m(A)pa (c\x, )\).

1.C.1. Primal formulation in terms of white noise robustness

The linear program presented in Eqgs. is a simple feasibility problem, since it
only requires the existence of a feasible solution. We now adapt this feasibility problem
to obtain a robustness optimisation problem. Instead of simply asking whether a set
of probabilities {p(b|z,y)} may be simulated by classical systems of dimension d¢, we
look for the critical visibility parameter n € [0, 1] such that the probabilities given by
n p(blz,y) + (1 — n)é admit a classical do-dimensional description. For that, we write
the following linear program:

given: {p(blz,y)}, {Da(|z,\)}, do (1.53)

max 7 (1.54)
IA

st nplz,y) + ZZpB bly,c,\)Da(clx,N), Vb,y,x (1.55)
c=1 X

Pp(ly, e, ) >0, Vb,y,c, A (1.56)

> pbly,e, ) = 7(N). (1.57)
b
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1.C. Linear programming and classical PM scenarios

1.C.2. Classical dimension witness emerging from the dual problem

We will now show how to obtain a classical dimension witness from the linear program
presented in Eqgs. . For the sake of concreteness, we will explicitly obtain the dual
form from the Lagrangian method, see [86] for an introduction. We start by setting the
dual variables as:

given: {p(blz,y)}, {Dalclz,\)} do (1.58)
max 17 (1.59)
st: npbley) + (1 — 77)013 (1.60)

I

A
= ZZpB (bly,c,\)Da(clz,N), Vb,y,z {dual: 'y(b|x,y)] (1.61)

c=1 =1
Pis(bly, e, \) = 0, by, e, A [dual: p(oly, e, 0] (1.62)
Zp’B(b|y,c, A= 7m(A), Vy,c A\ [dual: s(y, c, )\)} (1.63)
b

The Lagrangian is then given by

L=+ 3 1(bley) (np0le9) + 55 — A~ S palbly, e NDalcla X)) (164)
b,y A
+ Y pipbly, ¢, Np(bly, ¢, \) (1.65)
b,y,a,\
+ 3 s N ([ D plsbly e 0] =) (1.66)
Y,Co A b

If we factorise the primal variables we have:

L-n(l—{—[Z’ybL’L‘y b|azy} [Zwb’xyb (1.67)

b,z,y
+ 3 ol e N ([ = D90l y)Dalelz V)] + pbly, e, ) + s(y,¢, 1) (1.68)
b,y,c,\ T
—|—Z7T()\)<— Zs(y, ¢, )\)) (1.69)
A Y,C
v(blz, )
+ 1% —on (1.70)
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1. Classical Cost of Transmitting a Qubit

This leads to the dual:
given: {p(blz,y)}, {Dalclz,\)}, deo

valwy

b,x,y
st p(bly,c,A) >0 Vb,y,c, A

1+[Z’yb|xy b|wy} Z’yblmy

bz,y b,x,y

o0l ) = [ 2 1(bla.v)Dalafe, N] = st ) Whpne:
Zs(y,c, A)=0 VA
y,a

and, we can also combine Eq. ((1.73) with Eq. (1.75)) to write:
given: {p(blz,y), {Da(clz,\)}, dc

va!wy

bz,y
st > (bl y)Dalelz, \) = s(y,¢,\) Vb,y, ¢, A

l—i-[z v(blz,y)p b[xy} Z’yb\xy

b,x,y b,z,y

Zs(y,c, A)=0 VA

y?c

Additionally, in order to have a more explicit hyperplane formulation, we use Eq.

and Eq. (1.74]) to write:

given: {p(b]a:,y)}, {DA(C|'CE7)‘)}7 de

min 1+ Y (blz, y)p(blz,y)
b,x,y

Z’Y bla, y)Dalclz,N) > s(y,c,\) Vb,y,c, A

R S R DRI ()

b,x,y b,y
Z s(y,e,\) =0 VA
Y,a

(1.71)

(1.72)

(1.73)

(1.74)

(1.75)

(1.76)

(1.77)

(1.78)
(1.79)
(1.80)

(1.81)

(1.85)

(1.86)

We then see that the (b|z,y) are the coefficients of the inequality which witness a
non-classical do-dimensional behaviour {p(b|z,y)}. Additionally, since strong duality
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1.C. Linear programming and classical PM scenarios

holds, the solution of the primal and dual coincides. Now, for behaviours {p(b|z,y)}
which are realisable with classical systems of dimension d¢, the visibility ) respects n > 1,
hence

1+ [ 2l )l y)] > 1, (1.87)

b,x,y

and 3, . v(0lz, y)p(blz,y) > 0, with 0 being the bound of the inequality {v(blz,y)}
for do-dimensional systems. Also, for behaviours {p(b|z,y)} which are realisable with
classical systems of dimension d¢, the visibility n = 1 is attainable, we have that the
bound >, . v(blz, y)p(blz,y) = 0 is attainable by classical systems of dimension dc.

1.C.3. Heuristic method to find quantum probabilities without a
dco-dimensional classical simulation

A brute force method to generate quantum probabilities is simply to sample random
states p, and measurements { By, } and then using linear programming to check weather
p(blz,y) = tr (pz Bb|y) may be simulated by do-dimensional classical systems. A more
guided strategy may be to consider states and measurements that are rather uniformly
spread. For qubits, one may choose vectors rather uniformly spread in the Bloch sphere
and then construct states and projective measurements for it.

In order to find an example of a set of qubit probabilities p(b|x,y) = tr (pm Bb|y) which
makes use of I4 = 6 states and Ip = 11 projective measurements, we have chosen states
and measurements corresponding to the Thomson problem [91], a family of vectors on the
sphere which is defined for any number of vectors N € N. In our online repository [92]
we provide an implementation for this heuristic method and also the exact qubit states
and measurements in which p(blx,y) = tr (pz Bb|y) cannot be simulated by classical trits.

1.C.4. Efficient algorithm for obtaining the classical bound Cy

We now present a novel and efficient algorithm for obtaining the classical bound Cy for
any given set of real numbers {v(b|z,y)}. Our method is based on the scheme for finding
the local bound of Bell inequalities presented in Ref. [87]. We let D4 and Dp be the
set of all deterministic strategies which can be performed by Alice and Bob. Hence, by
convexity, we can write:

Cy :=max > y(bla,y)Dalclz, \)Dp(ble, y, )\)] (1.88)
Lb,x,y,c
:m/ex _%DB(MC’%/\);V(b’l'ay)DA(c‘xv)‘)] (1'89)
= max Zm&x {Z’y(b|x,y)DA(c|x,)\)}] . (1.90)
L by x,c
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1. Classical Cost of Transmitting a Qubit

We then see that we only need to generate Alice’s deterministic strategies and to obtain
the largest value of a vector, steps which can be done very efficiently.

1.C.5. Computer-assisted proof

In order to avoid numerical errors from floating point arithmetic, we show how to certify
that a set of quantum probabilities given by p(b|z,y) = tr (px Bb|y) cannot be simulated
by classical systems of dimension d¢o by making use of only integers. The first step is
to ensure that the probabilities p(b|x,y) = tr (px Bb|y) are stored with only integers or
fractions, for that we will ensure that the states p, and the measurements given by By,
do not make use of floating point. We may adapt the Algorithm 1 of Ref. [88] to obtain a
quantum state, pgg which is described by fractions of integers, and it is close to pgoat:

Algorithm 1:

1. Construct the non-floating-point matrix pgae by truncating the matrix paoat

t
2. Define the matrix p := Pirac + (Pirac) to obtain a self-adjoint matrix p

2

3. Find a coefficient 7 such that p’ :=np+ (1 — n)1 is positive semidefinite
/
M.
Notice that checking whether a matrix with integers is positive semidefinite may be done
efficiently by the Sylvester’s criterion.

We now adapt Algorithm 2 of Ref. [88] to transform any set of floating point POVM
{Bbﬂoat}bofl into a POVM described by fractions of integers.

W

. Output the operator pgx =

Algorithm 2:

1. Construct the non-floating-point matrices B, frac by truncating the matrices By foat

Bb,frac + (-Bb,frac)Jr

2. For the outcomes b € {1,...,0p — 1}, define the matrix By := 5

For b = Op, define Bp, :==1 — ZbO:Bfl B,

3. Find a coefficient 7 such that the matrices By := nB, + (1 —n)1 are positive
semidefinite for every b € {1,...,0p}.

4. Output the operator By gx = By.

Now, using a set of probabilities {p(b|x,y)} which does not make use of floating point,
we can then proceed as follows.
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1.C. Linear programming and classical PM scenarios

Algorithm 3:

1. Solve the dual problem presented in Eqs. ([1.82)) by standard efficient floating point
linear programming methods and obtain the inequality with coefficients vgoat (0], y).

2. Truncate Ygoat (b7, y) to obtain vegac(blz, y).

3. Use the algorithm presented in Section [[.C.4] to obtain Cy, the classical dimension
bound for the witness given by Yaoat(b|x, y).

4. Verify that 3, 7oat (0|7, y)p5(blz,y) > Ca.

A Matlab implementation of all code presented in this section and used in this paper is
openly available at the online repository [92].
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simulating entangled qubits

This chapter is based on the article:
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lating entangled qubits," Quantum 7, 1149 (2023)
(Received: 13 July 2023, Accepted: 15 September 2023, Published: 24 October 2023)

Contributions: Marco supervised the work and introduced the problem to me. I found
the protocols, carried out the proofs and calculations, and wrote most of the manuscript.

Abstract

We analyze the amount of classical communication required to reproduce the statistics of
local projective measurements on a general pair of entangled qubits, |¥45) = |/p[00) +
V1 —=p]|11) (with 1/2 < p < 1). We construct a classical protocol that perfectly simulates
local projective measurements on all entangled qubit pairs by communicating one classical

trit. Additionally, when % log (1%1) +2(1 —p) <1, approximately 0.835 < p <1,
we present a classical protocol that requires only a single bit of communication. The
latter model even allows a perfect classical simulation with an average communication
cost that approaches zero in the limit where the degree of entanglement approaches zero
(p — 1). This proves that the communication cost for simulating weakly entangled qubit

pairs is strictly smaller than for the maximally entangled one.

2.1. Introduction

Bell’s nonlocality theorem [4] shows that quantum correlations cannot be reproduced
by local hidden variables. This discovery has significantly changed our understanding of
quantum theory and correlations allowed by nature. Additionally, Bell nonlocality found
application in cryptography [5] and opened the possibility for protocols in which security
can be certified in a device-independent way [97 6] 98] ©99].

Since quantum correlation cannot be explained by local hidden variables it is interesting
to ask which additional resources are required to reproduce them. For instance, can the
statistics of local measurements on two entangled qubits be simulated if the local hidden
variables are augmented with some classical communication? However, since measurements
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2. The minimal communication cost for simulating entangled qubits

a) & 7
Jj Entangled state !
Alice AW [ AN Bob
| =T (£ ES7) €S
v v
b) = Shared randomness A i
L T
Alice Classical message Bob
pA(CL,CLf,)\) Cc & {1,’d} pB(b|Cvga)‘)
v v
a==1 b==+1

Figure 2.1.: a) Alice and Bob perform local projective measurements on an entangled
qubit pair. b) Classical scenario where Alice can send a classical message to
Bob.

are described by continuous parameters, one might expect that the communication cost
to reproduce these quantum correlations is infinite [8]. After a sequence of improved
protocols for entangled qubits [9, 51 [15, [49] [48], a breakthrough was made by Toner and
Bacon in 2003 [I0]. They showed that a single classical bit of communication is sufficient
to simulate the statistics of all local projective measurements on a maximally entangled
qubit pair. Classical communication has then been established as a natural measure
of Bell nonlocality [100, 52} 53] 54} 55], 56l 101, 57, 68| 102] and found applications in
constructing local hidden variable models [52].

For non-maximally entangled qubit pairs, somehow counterintuitively, all known proto-
cols require strictly more resources. In terms of communication, the best-known result is
also due to Toner and Bacon [I0]. They present a protocol for non-maximally entangled
qubits, which requires two bits of communication (see Ref. [103] for a two-bit protocol that
considers general POVM measurements). The asymmetry of partially entangled states
and other evidence suggested that simulating weakly entangled states may be harder than
simulating maximally entangled ones. For instance, in Ref. [104] the authors prove that
at least two uses of a PR-box are required for simulating weakly entangled qubit pairs. At
the same time, a single use of a PR-box is sufficient for maximally entangled qubits [105].
Additionally, weakly entangled states are strictly more robust than maximally entangled
ones when the detection loophole is considered [106, 107, 108 [109].

In this work, we present a protocol that simulates the statistics of arbitrary local
projective measurements on weakly entangled qubit pairs with only a single bit of commu-
nication. Then, we construct another protocol to simulate local projective measurements
on any entangled qubit pair at the cost of a classical trit.

28



2.2. The task and introduction of our notation

2.2. The task and introduction of our notation

Up to local unitaries, a general entangled qubit pair can be written as

|Wap) =+/P|00) ++/1—p|l11), (2.1)

where 1/2 < p < 1. At the same time, projective qubit measurements can be identified
with a normalized three-dimensional real vector # € R3, the Bloch vector, Z = (z,, Ly, Tz)
(with |Z| = 1) via the equation |Z)}(Z| = (1 + Z- &) /2. Here, @ = (0x,0y,0z) are the
standard Pauli matrices. In this way, we denote Alice’s and Bob’s measurement projectors
as |£Z)(xZ| and |£y)Ly|, which satisfy |+ZN+Z|+ |-ZN—Z| = |+y}+y|+ |-y)}—y| = 1.
According to Born’s rule, when Alice and Bob apply their measurements on the entangled
state |¥4p), they output a,b € {—1,+1} according to the statistics:

pQ(a, 0|7, §) = Tr[|aZ)aZ| @ |by)XbF| |Wap)XPaBll- (2.2)

In this work, we consider the task of simulating the statistics of Eq. with purely
classical resources. More precisely, instead of Alice and Bob performing measurements on
the actual quantum state, Alice prepares an output a and a message ¢ € {1,2,...,d} that
may depend on her measurement setting ¥ and a shared classical variable A that follows
a certain probability function p()\) (see Fig. b)). Therefore, we can denote Alice’s
strategy as pa(a,c|Z, \). Afterwards, Alice sends the message ¢ to Bob, who produces an
outcome b depending on the message ¢ he received from Alice, his measurement setting %,
and the shared variable \. In total, we denote his strategy as pg(blc, ¥, A). We want to
remark that in our setting, Alice has no knowledge about Bob’s measurement and vice
versa. Therefore her strategy cannot depend on 4 and his strategy cannot depend on Z.
Altogether, the total probability that Alice and Bob output a,b € {—1,+1} becomes:

d
pela, bz, §) = A A p(N) S palas el Nps (bl \) - (2.3)
c=1

The simulation is successful if, for any choice of projective measurements and any outcome,
the classical statistics match the quantum predictions:

pc(a, bz, 5) = pqg(a, blZ, 7). (2.4)

We want to remark that the roles of Alice and Bob are interchangeable due to the
symmetry of the state |¥45) in Eq. . Therefore, any protocol of this work can be
rewritten into a protocol where Bob communicates a message (of the same length) to
Alice.

For what follows, we also introduce the Heaviside function, defined by H(z) = 1 if
z>0and H(z) =0if z <0, as well as the related functions O(z) := H(z) - z and the
sign function sgn(z) := H(z) — H(—=z).
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2. The minimal communication cost for simulating entangled qubits

2.3. Reuvisiting known protocols

Our methods are inspired by the best previously known protocol to simulate general
entangled qubit pairs, the so-called "classical teleportation" protocol [15, [10]. To under-
stand the idea, we first rewrite the quantum probabilities in Eq. by using the rule of
conditional probabilities p(a, b|Z,§) = p(alZ, ) - p(b|Z, Y, a). More precisely, we denote
with p+ := ), p(a = £1, b|Z, %) the marginal probabilities of Alice’s output that read as
follows:

pr = Tre[|£Z)N+Z| @ 1 [Tap)Papl]. (2.5)

Note that, due to non-signalling, the marginals p+ do not depend on #. At the same time,
given Alice’s outcome a = £1, Bob’s qubit collapses into a pure post-measurement state,
that we denote here as:

|TL)0x] = Tral [£ZX+Z] @ 1 [Vap)Vap|l/px - (2.6)

If now Bob measures his qubit with the projectors |£7)£y|, he outputs b according to
Born’s rule:

p(bZ, 7, a) = Tr[[by)by| |T.XTa|] = | (Fa|bF) |* (2.7)

With the introduced notation, we can rewrite the quantum probabilities from Eq. (2.2))
into:

pQ(CL, b|f7 g) = Pa * ’ <6a|bg> ‘2 . (2'8)

This directly implies a strategy to simulate entangled qubit pairs. Alice outputs a = +1
according to her marginals p+. Then, given her outcome a, she prepares a qubit in the
correct post-measurement state |U,)U,| and sends it to Bob. Finally, he measures the
qubit with his projectors |+y)}=£y|.

However, in a classical simulation, Alice cannot send a physical qubit to Bob. Never-
theless, it is possible to simulate a qubit in that prepare-and-measure (PM) scenario with
only two classical bits of communication [10] In order to do so, Alice and Bob share
four normalized three-dimensional vectors /\1, )\2, )\3, )\4 € Ss. The first two )\1 and /\2 are
uniformly and independently distributed on the sphere, whereas )\3 = —)\1 and )\4 = )\2.
From these four vectors, Alice chooses the one that maximizes )\l U, and communicates
the result to Bob. This requires a message with four different symbols (d = 4), hence, two
bits of communication. It turns out that the distribution of the chosen vector becomes
O (U, - 5;) /7 (see Appendix for an independent proof). Finally, Bob takes the chosen
vector A and outputs b = sgn(7 - A). This precisely reproduces quantum correlations as
specified by the following Lemma (see Appendix for a proof):

Lemma 2.1. Bob receives a vector X € Sy distributed as p(X) = O(7 - X) /7 and outputs
b =sgn(y-A). For every qubit state ¥ € Sy and measurement ij € Sy this reproduces
quantum correlations:

p(b = +1[5,7) = (L £5-5)/2 = | (£5(5) 2. (2.9)
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2.4. Our approach

That the distribution ©(X - 7,) /7 serves as a classical description of the qubit state
|UaUa| was already observed by Kochen and Specker [110]. Later, this Kochen-Specker
model was used for the task of simulating qubit correlations, see e.g. Ref. [50] 15} 52].

2.4. Our approach

The previous approach of using the prepare-and-measure scenario to simulate entangled
qubits [15, [10] has a natural limitation. In fact, simulating a qubit in a PM scenario
requires at least two bits of communication [103]. However, in this work, we introduce a
method that supersedes such a constraint.

The goal for Alice is still to prepare the distribution p(X) = ©(%, - X) /7 to Bob. The
improvement here comes from the way to achieve that. In the previous approach,
Alice chooses her output first (according to the probabilities p+) and then samples the
corresponding distribution G)(X - U4 )/m. In our approach, Alice samples first the weighted
sum py O(X-T4) /7 +p_ O(X-T_)/m of these two distributions. Afterwards (Step 3), she
chooses her output @ = £1 in such a way that, conditioned on her output a, the resulting
distribution of X becomes exactly O(7, - X)/ﬂ' At the same time, the weights py ensure
that Alice outputs according to the correct marginals. More formally, all our simulation
protocols fit into the following general framework:

Protocol 2.0. General framework:

1. Alice chooses her basis T and calculates p4, U+ .

2. Alice and Bob share two (or three) vectors Xi € Sy according to a certain distribution
(specified later). Alice informs Bob to choose one of these vectors such that the
resulting distribution of the chosen vector A becomes:

-

pz(X) :=py O(F1 - X)/m+p_ OF_ - X)/r. (2.10)

3. Given that X, Alice outputs a = £1 with probability

—

palald, Xy = P O Ta)/m (2.11)

pz(N)
4. Bob chooses his basis § and outputs b = sgn(y - X)

Proof. To see that this is sufficient to simulate the correct statistics, we first calculate
the total probability that Alice outputs a = £1 in Step 3:

pA(a\:z):/ pA(a|f,X)-pf(X)dX:/ e O Ta)/mdd = pa.  (2.12)
SQ SQ

For the last step, see Eq. (2.27)) in App. Now we can show that, given Alice outputs
a = £1, the conditional distribution of the resulting vector A is:
_ palalZ, A) - pz(A) _ 1

pf(X|a) - pA(CL|f) = ; @(X ’ Ua) . (213)
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2. The minimal communication cost for simulating entangled qubits

As in the previous approach, Lemma [2.1] ensures that Bob outputs b in Step 4 according
to p(b|Z, ¥, a) = | (Ta|by) |>. All together, the total probability of this procedure becomes
pc(a,b|Z,§) = pa - p(b|Z,§,a) = pa - | (Ta|bF) |>. This equals pg(a,b|Z,j) as given in

Eq. [2.8). 0

Hence, the amount of communication to simulate a qubit pair reduces to an efficient way
to sample the distributions pf(X) Clearly, the ability to sample each term @(X cUy)/m
individually (as in the previous approach [I5] [10]) implies the possibility to sample the
weighted sum of these two terms p;;(X) However, in general, this is not necessary, and
we find more efficient ways to do that. The improvement comes from the fact, that the
two post-measurement states are not independent of each other but satisfy the following
relation:

P4 U 04| + p— [-X0-| = Tra[ | ap)(Pasl]- (2.14)

This follows directly from Eq. (2.6) and |+Z)(+Z| + |-Z)(—Z| = 1. In the Bloch vector
representation, this equation becomes:

P+ Ut +p- - =(2p—1) Z, (2.15)

where we define Z := (0,0,1)”. For instance, if the state is local (p = 1), the two
post-measurement states are always U4 = Z, independent of Alice’s measurement 7. In
that case, the distributions pz(X) = O(X - 2)/7 in Eq. are constant and do not
require any communication to be implemented. If the state is weakly entangled (p < 1),
one post-measurement state ¥, is still very close to the vector Z. In this way, it turns out
that, for every Z, the distribution pf(X) is dominated by a constant part proportional to
O(X - 2)/m. More formally, we can define

S e(x-2). (2.16)

In Appendix [2.C] we prove the following properties of that distribution and give an
illustration of them (see Fig. [2.3)).

Lemma 2.2. The distribution pz(X) defined above is positive, pz(X) > 0 and sub-
normalized, f52 pz(A) d\ = 2(1 — p). Additionally, it respects the two upper bounds,

pa(X) < YU and pa(X) < 22X .
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2.5. One bit protocol for weakly entangled states

2.5. One bit protocol for weakly entangled states

In particular, when the state is weakly entangled, the extra term Z)f(X) remains small.
This allows us to find the following protocol for the range p > 1/2 + v/3/4 ~ 0.933.

Protocol 2.1 (1/2 ++/3/4 <p <1, 1 bit). Same as Protocol |2.0| with the following 2.
Step:

Alice and Bob share two normalized three-dimensional vectors Xl, Xg € Sy according to
the distribution:

p(Xa) == O(Xg - 2). (2.17)

A7’ T

p(A1) =
Alice sets ¢ = 1 with probability:

palc =17, X1) = (4n) - pz(\1) (2.18)
and otherwise she sets ¢ = 2. She communicates the bit ¢ to Bob. Both set X i= Xc and
reject the other vector.

Proof. Whenever Alice chooses the first vector, the resulting distribution of the chosen
vector is precisely pa(c = 1|7, Xl) (Xl) = px(xl) The total probability that she
chooses the first vector is [ pa(c =1/, A1) - p(Ap)day = s, Pz (X1)dX; = 2(1 — p) (see
Lemma . In all the > remaining cases, with total probability 2p — 1, she chooses vector
)\2, distributed as @()\2 Z)/m. Therefore, the total distribution of the chosen vector
X := X. becomes the desired distribution

(2p—1)

™

px(N) + O(X-2) = pz(N). (2.19)
In order for the protocol to be well defined, it has to hold that 0 < p(c = 1|7, Xl) <1,
hence 0 < pz(A1) < 1/(4w). As a consequence of Lemma this is true whenever
1/24+V3/4<p<1. O

Clearly, the simulation of weakly entangled states requires some communication since
all pure entangled quantum states violate a Bell inequality [16]. It is surprising that the
minimal amount of information (1 bit) is already sufficient to reproduce the correlations
for all projective measurements. However, we can even improve that protocol. In
Appendix (Protocol , we show how to simulate every weakly entangled state with
0.835 < p <1 by communicating only a single bit. Moreover, it turns out that this bit is
not necessary in each round. In fact, Alice sends the bit in only a ratio of N(p) of the
rounds, where

N(p) == QPQS__lp)log <1 = > +2(1-p). (2.20)

In the remaining rounds, with probability 1 — N(p), they do not communicate with each
other. In the limit where p approaches one, the function N(p) approaches zero. Hence,
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2. The minimal communication cost for simulating entangled qubits

0.5 0.84 1 p

Figure 2.2.: Length of the classical message d required to simulate a qubit pair
|UaB) = /pP|00) + /I —pl|l1) as a function in p. The previous best res-
ult, from Toner and Bacon [I0], is presented in red. Our novel results are
presented in blue. The dashed curve in blue represents the fraction of rounds
where Alice needs to send a bit to Bob. The main open question is whether
a single bit is sufficient for simulating qubit pairs with 1/2 < p < 0.84.

if the state is very weakly entangled, a perfect simulation is possible even though they
communicate a single bit only in a small fraction of rounds (see dashed curve in Fig. 2.2)).
It is known that a simulation of a maximally entangled state without communication in
some fraction of rounds is impossible. This would contradict the fact that the singlet has
no local part [93, [94]. Hence, our result shows that simulating weakly entangled states
requires strictly fewer communication resources than simulating a maximally entangled
one. Interestingly, we can also use our approach to quantify the local content of any pure
entangled two-qubit state (see Appendix . More precisely, we maximize the fraction
of rounds in which no communication is necessary. This provides an independent proof of
a result by Portmann et al. [IT1].

2.6. Trit protocol for arbitrary entangled pairs

It is worth mentioning, that we also recover a one-bit protocol for simulating the maximally
entangled state (p = 1/2) in our framework. In that case, there is another geometric
argument that allows to sample the distributions pf(X) efficiently. More precisely, the two
post-measurement states are always opposite of each other v_ = —v+ and it holds that
py = p_ = 1/2. In this way, the distribution pz(X) turns out to be pz(X) = |X - 74| /(27).
It was already observed, by Degorre et al. [52], that this distribution can be sampled by
communicating only a single bit of communication (see Appendix for details and an
independent proof). Here, we connect this with the techniques developed for Protocol
to present a protocol that simulates all entangled qubit pairs by communicating a classical
trit.

Protocol 2.2 (1/2 < p <1, 1 trit). Same as Protocol [2.0] with the Jollowing 2. Step:
Alice and Bob share three normalized three- dzmenszonal vectors )\1, )\2, X5 € S5 according
to the following distribution:

o) = - p(Ro) = p(%s) = = (% - 2). (2.21)
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2.7. Conclusion

pr+ < 0.5 she sets ¥ := Uy, otherwise she sets v := v_. Afterwards, she sets ¢ =1 if
1T X1| > |7 Xo| and ¢ = 2 otherwise. Finally, with probability

f(XC)

25 A - 7

palt =z, X) = (2.22)

she sets t = ¢ and otherwise, she sets t = 3. She communicates the trit t to Bob. Both set
A= A\t and reject the other two vectors.

Proof. We show that the distribution of the shared vector X becomes exactly the required
pz(X). Consider the step before Ahce sets ¢t = c or t = 3. As a result of Ref. [52]
(see Protocol in Appendix [2.B| for details), the distribution of the vector Xe is
p()\c) = 5 |)\ ] Now we use a sumlar idea as in the protocol for weakly entangled
states. Whenever she sets t = ¢, the resulting distribution of the chosen vector is
precisely pa(t = c|Z, X c) - (X ) = pw(X ¢). The total probability that She sets t = ¢ is
Js, pa(t = clz, Xe) - p(Xe) dX, = = [, Pz(A S dXe = 2(1 — p) (see Lemma In all the

remalnlng cases, with total probability 2p — 1, she chooses vector )\3, distributed as
@()\3 Z)/m. Therefore, the total distribution of the chosen vector X := X; becomes the
desired distribution

(2p—1)

>
I
>

pr(N) + O(X- 2) = pz(X). (2.23)

The fact that 0 < pa(t = c|Z, X.) < 1 follows from 0 < pz(X) < %\X - U4| in Lemma
O

2.7. Conclusion

To conclude, we showed that a classical trit is enough for simulating the outcomes of
local projective measurements on any entangled qubit pair. For weakly entangled states,
we proved that already a single bit is sufficient. In the latter case, Alice does not need
to send the bit in all the rounds, which is impossible for a maximally entangled state
[93 ©94]. In this way, we show that simulating weakly entangled states is strictly simpler
than simulating maximally entangled ones.

The main open question now is whether a single bit is sufficient to simulate every
entangled qubit pair, see Fig. Recently, numerical evidence has been reported by
Sidajaya et al. [I12] that a single bit is indeed enough. However, an analytical model is
still missing. We remark that our framework is in principle capable of providing such a
model. The challenge becomes to find, for each qubit pair, a distribution of two shared
random vectors, such that Alice can sample p;g(X) for every measurement basis Z. In
all protocols considered here, the shared vectors are independent of each other, i.e.,
p(xl, Xg) = p(xl) . p(Xg). Dropping this constraint may be a way to extend our approach
and may lead to a complete solution to this longstanding open question [113] 37 [77].
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2.A. Proof of Lemma

2.A. Proof of Lemma 2.1

Lemma 2.1. Bob receives a vector X € Sy distributed as p(X) = O(7 - X) /7 and outputs
b =sgn(y-A). For every qubil state ¥ € Sy and measurement ij € Sy this reproduces
quantum correlations:

plb = +117,7) = (1 £ §-5)/2 = | (+510) 2. (2.24)
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Proof. Bob outputs b = +1 if and only if
Bob outputs b = +1 becomes:

pb=+17,8)= | H@-X) - p(X) dX = — | H( X) - O(T-X) dX. (2.25)
SQ SZ
Here, H(z) is the Heaviside function (H(z) = 1if z > 0 and H(z) = 0 if z < 0) and
O(z) := H(z) - z. Exactly the same integral is evaluated in Lemma (and in similar
forms also in Ref. [50] 15 52]). Therefore, we obtain:

1 - |
~ | HEG Y- e@-X) dh=J(1+5-7). (2.26)
T Sa

Hence, p(b = +1|y,7) = (1 + 4 - ¥)/2. Clearly, p(b = —1|7,7) =1 — p(b = +1|§,9) =
(1—g-v)/2. O

It appears several times in this work that [ O(X-¥)/m dX =1 for every normalized
vector U € S2. The proof follows by a similar calculation as in the above Lemma:
1 . | > T | oo
— OA-¥)dA = — HM-9)-ON-¥)d\==(1+7-7)=1. (2.27)
™ So ™ So 2
The introduction of the Heaviside function in the second step clearly does not change the
integral since H (A - ¢) has the same support as O(A - ¢) or, more formally, O(\ - ¥) :=
H(\-T)-(A-9) = HX-9)?- (\-0) = H\-0) -O(X- ), where we used that H(z) = H(z)
for every z € R.

2.B. Protocol for the maximally entangled qubit pair

As mentioned in the main text, in the case of a maximally entangled state (p = 1/2), there
is a similar geometric argument that allows sampling the distributions pfg(X) efficiently.
More precisely, the two post-measurement states are always opposite of each other
¥_ = —¥, and it holds that p, = p_ = 1/2. Therefore, the distribution pz(X) has, for
every choice of Alice’s measurement Z, the form (note that ©(z) + O(—z) = |z| for every

z € R)

pe) = 5 (O(X-7) + O (-1,))) = 5|57, (228)
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2. The minimal communication cost for simulating entangled qubits

It was already observed by Degorre et al. [52] ("Theorem 6 (The “choice” method)"), that
this distribution can be sampled by communicating only a single bit. This leads directly
to a simulation of the maximally entangled state with one bit of communication. This
is exactly the version of Degorre et al. [52] for the protocol of Toner and Bacon for the
singlet (see also "Theorem 10 (Communication)" of Ref. [52]):

Protocol 2.3 (p = 1/2, 1 bit, from Ref. [52]). Same as Protocol [2.0 with the following 2.
Step:

Alice and Bob share two normalized three-dimensional vectors Xl, Xz € Sy that are inde-
pendent and uniformly distributed on the unit sphere, p(X1) = p(Xe) = 1/4w. Alice sets
c=114f |- Xi| > |T4 - Xe| and ¢ = 2 otherwise. She communicates the bit ¢ to Bob and
both set \ = Xc.

Proof. The proof can be found in Ref. [52] ("Theorem 6 (The “choice” method)"). However,
we want to give an independent proof here. We can focus first on the case where v, = Z.
All other cases are analogous due to the spherical symmetry of the problem. In that case,
we can write \; and Xg in spherical coordinates, Xz = (sin 6; - cos ¢;, sin ; - sin ¢;, cos ;).
In this notation, Alice picks X; if and only if |X; - Z| = | cos 61| > | X2 - Z| = | cos 6] For a
given Xl, this happens with probability

27
4 / H(|cosb| — |cosBs]) - sinfy dby depo
T

/ H |)\1 Z| |)\2 Z|) ()\2) d)\g
(2.29)

1 ™
=5 / H(|cosf1| — | cosbal) - sinfy db (2.30)
0

If 0 < 0; < 7/2 and hence cos; > 0, the region where H (| cos 6| —|cosf2|) = 1 becomes
exactly 01 < 0y < — 61 and hence the above integral becomes:

T—01
/ sin 92 d02 =

[— cos 02];_91 = (—cos (m — 60y) +cos (01)) /2 = cos Oy = |Z- Xy].
01

DN | =
N —

(2.31)

For /2 < 0; < 7 and hence cos6; < 0 a similar calculation leads to — cos#; = |cos | =
1Z- X1]. (One can also observe that the integral depends only on |cos 61|, which leads
to the same statement.) Hence, whenever Alice chooses X := X; the distribution of that
vector becomes p(X1)-|Z- A1| = |Z- X1|/(47). Analogously, whenever Alice chooses X := X
the distribution of that chosen vector is again |Z - Xg|/ (4), due to the symmetric roles
of )\1 and )\2 Hence, the distribution of the chosen vector X becomes, in total, the sum
of these two terms p(A X) = |Z- X|/(27). For a general vector 74, the analog expression
p(X) = |74 - X|/(27) holds, because of the spherical symmetry of the protocol. O

We also want to remark here, that in the case of a maximally entangled state, Alice’s
response function in the third step Eq. - can be, due to Eq. -, rewritten into
pa(a = +1|Z,X) = H(X - 7), or, equivalently, a = sgn()\ U4).
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2.C. Properties of pz(X)

2.B.1. "Classical teleportation" protocol

With this observation, we can also understand the classical teleportation protocol from
the main text. To avoid confusion, this protocol is not of the form given in Protocol 2.0}

Protocol 2.4. The following protocol simulates a qubit in a prepare-and-measure scenario:
1. Alice chooses the quantum state |v)v| = (1 + U - &)/2 she wants to send to Bob.

2. Alice and Bob share two normalized three-dimensional vectors Xl, Xg € Sy that are
independent and uniformly distributed on the unit sphere, p(A1) = p(Xa) = 1/47.
Alice sets c1 = 1 if |G- X1| > |- Xa| and ¢1 = 2 otherwise. In addition, Alice defines
a second bit cg = s.gn()_\’c1 - ). She communicates the two bits ¢; and ca to Bob and
both set X := Co Xcl,

3. Bob outputs b = sgn(ij - \).
Proof. As a result of the above (Protocol ., the distribution of the vector )\01

p(Xe,) = \)\Cl 7|/(27). When he defines X := ¢ Ae,, he exactly flips the vector X, if and
only if )\q U < 0. With the additional flip, he obtains the distribution:

e 7l = (00 )+ O(K, - (7)) (2.32)
LN % (6(X-5) + O((—) - (-1) = %@(X-m. (2.33)

Therefore, the distribution of the vector X becomes O(%- X) /. In this way, Alice managed
to send exactly a classical description of the state |5)(7]| to Bob. More precisely, Lemma 2.1]
ensures that Bob outputs according to p(b = £1|7,4) = (1 + § - ¥)/2, as required by
quantum mechanics. L]

Note that, in the main text, the second step is formulated as follows: "Alice and Bob
share four normalized three-dimensional vectors Xl, Xg, Xg, X4 € Sy. The ﬁrst two Xl and
)\2 are uniformly and independently distributed on the sphere, whereas )\3 = —)\1 and
)\4 = —Xg. From these four vectors, Alice Chooses the one that maximizes /\ - U and
communicates the result to Bob and both set X := )\l."

This is just a reformulation of the second step in Protocol @ and both versions are
equivalent. To see this, fix X; and )\2 If |0 - x| > SCE Xo| and T- X; > 0, Alice w111 send
c1 = 1 and co = +1 and both set )= Co )‘01 = )\1 in step two of Protocol [2.4] In the
reformulation, it turns out that the vector that maximizes 7N is prec1sely A1 since
|U - /\1] > |v- /\2] and T - /\1 > 0 imply that ¥ - )\1 > 7- )\2, v - )\1 > 7 )\3 —7- /\1 as well
as v - )\1 >U- )\4 =—7- )\2 With similar arguments one can check that, for a fixed )\1
and )\2, they always choose the same vector X in both versions.
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2. The minimal communication cost for simulating entangled qubits

O N)/m +pz(X)
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Figure 2.3.: A sketch of the relevant distributions for the state |¥45) = +/0.7|00) +
V0.3 |11): In the previous approach, Alice tosses a biased coin according to
the marginals of her measurement. Then she uses the classical teleportation
protocol to create on Bob’s side a vector according to the distribution © (v, -
X)/7, from which Bob can reproduce quantum statistics (see Lemma ﬁ
However, it turns out that it is enough to sample only the sum of these
two distributions pz(X). Since all of these distributions (for every &) can be
rewritten into a constant part and the extra term f)f(X), one can sample all
of these distributions by communicating only a classical trit. If the state
is very weakly entangled (p — 1), it turns out that the constant part with
weight 2p — 1 dominates and already one bit is sufficient to sample all the
distributions pz(X).

>®@>

+ 50 %

2.C. Properties of p4())

In this section, we prove several properties of the distribution bf(X) that are crucial for
our protocols. Let us recall that,

pa¥) = (s OG- 7) +p- OX-7)—(2p-1OF-2) (230

where, 0 < py <1, p4 +p— =1 and p > 0.5 (therefore 0 < (2p — 1) < 1) and all vectors
are normalized vectors on the Bloch sphere A\, ¥,,7_,Z € So. The only relevant equation
that we need for the proof is Eq. (2.15)), which reads as

P4+ Up+p- - =(2p—1)Z, (2.35)
and the definition of ©(z):
z ifz>0
o(2) ._{ S To (2.36)

Lemma 2.2. The Distribution ﬁf(X) defined above satisfies the following properties:
(i) positive: pz(X) >0

(ii) symmetric: pz(N) = pz(—X)
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2.C. Properties of pz(X)

(iii) area: [g pz(X) dX = 2(1 — p)

(iv) 1st bound: pz(X) < ZE|X- 7]

.‘*_‘_’<i 1702 . — _ :_"—‘
(v) 2nd bound: pz(A) < 5- i CT e (0)Cles O) with C':=2p —1 and cos (0) = \- Z

p(1-p)

(vi) 3rd bound: pz(X) <

Proof. Most of these properties follow directly from the fact that the function ©(a) is
convex and satisfies:

Va,beR: O(a)+0O(b) > O(a+Db). (2.37)
Furthermore, we use the following property frequently:
Va,b € R witha>0: ©(a-b) =a-0(b). (2.38)

Furthermore, ©(a) + ©(—a) = |a| as well as ©(a) — O(—a) = a for all a € R. All of these
properties follow directly from the definition of O(a).

(i) positive:
We can use O(a) + O(b) > O(a +b) with a = p, X -7 and b = p_ X :
consequence of py Uy +p_ ¥_ = (2p — 1) Z we obtain a + b = p; X Uy +p_ X7
X-(py Uy +p_ )= (2p—1) X-Z and therefore:

Opy X-T1)+O(p_ X-7)>0((2p—1) X-2) (2.39)
py OX-Ty)+p_ OX-T_)>(2p—1) O(X-2) (2.40)
p=(X) > 0. (2.41)
Note that we have used p;,p— >0 and (2p — 1) > 0.
(i1) symmetric:
From ©(a) — ©(—a) = a we conclude:
a+b=(a+b) (2.42)
O(a) —O(—a) +O(b) —O(—b) =O(a+b) —O(—a —b) (2.43)
O(a) +O(b) —B(a+b) = O(—a) + O(—b) —O(—a—1b). (2.44)

Now we can choose a = p4 X-f)’+ and b=p_ X-¥_ such that a+b = o X-17++p_ XU =
(2p — 1) A - Z. We obtain directly:

(%) = ~(0(a) + O(6) ~ O(a+b)) = ~(O(~a) + O(~b) ~ O(~a— b)) = ps(~

)
(2.45)

41



2. The minimal communication cost for simulating entangled qubits

(i) area:
Since [, ©(A-¥)/m dX =1 (see Eq. (2.27)) we obtain by linearity:

(N dx= | PX o g dy P— o(x.5.) dx— (2p—1) Y. 7) dh
/SQ%(A)dA_/SMe(A +)d/\+/327r@(/\ ) dx /S —V o2 ai
(2.46)

=p++p-—(2p-1)=1-02p-1)=2(1-p). (2.47)

(iv) 1st bound: . B .
We can use ©(a) + O(b) > O(a+b) witha =py A-04 +p- A-7-=(2p—1) A-Z and
b= —p_ A-¥_. We obtain a +b = py A- U4 and therefore:

O((2p—1) X-2)+O(—p_ X-T_)>O(py X-Ty) (2.48)
O(2p—1) X-2)+O0(—p_ X-T)+O(p_ X-7_)>O(psy X-T.)+O(p_ X-7_)
(2.49)

P O(=X-T_) +p_ OX-T_) >pr O(X-T4) +p_ O(X-T)

If we choose b = —p, X - ¥4 instead, we obtain py |X- 74| > 7 - pz(X).

(v) 2nd bound:
Here we prove:

1—C?

1
2w /1 — C2sin? (A) + C| cos (0)]

where C' :=2p — 1 and cos () = X - Z

We prove it in the following way: For a given vector, X € Sy we want to find the
distribution pz for which px(X) is maximal. First, we focus on a vector X in the lower
hemisphere (X-Z < 0). In that region, it turns out that pz(X) = (p+@({/’+ X) +p_O(7_-
X)) = pz(X) and furthermore, only one of the two terms (p4 Uy - X or p_T_ - X) is positive
(if both are positive, we have p; v - X +p_ v, X=C Z-X> 0 which is a contradlctlon)
Therefore, we want to find, for a given vector X, 74 and p such that pz(X) = L(pyvy - \)
is maximal (we choose "+" w.l.o.g.).

For what follows, we choose the following parametrization: ¥+ = (sin (a4 ), 0, cos (ai))T
X = (sin (6),0, cos (A))L. Note that the maximum is the same for two different X with

pz(X) < (2.53)
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2.C. Properties of pz(X)

the same z-component due to the rotational symmetry around the z-axis. This allows
us to focus only on the particular choice of X = (sin (6), 0, cos (8))7 where we set the
y-component to zero. Then the vector ¥4 that achieves the maximum will have zero
y-component as well since we want to maximize the inner product between these two
vectors. Solving the equation py vy + p_v_ = C Z together with p, + p_ = 1 leads to:

2
Pr=5 ;Cci (ag)’ (2.54)
) (1= C%sin(ay)
sin () = 2C cos (ay) — (1 :Cz) ’ (2:55)
cos (o) = (14 C?)cos (ay) —2C (2.56)

2C cos (ay) — (1 4+ C?)

Here, sin (a_) and cos (a_) are stated merely for completeness and are not necessary for
what follows. In order to maximize ;(p+v+ >\) we have to find the maximal a4 for the
function:

1, o < (1-C?%cos(f—ay)

— “A) = 2.57

2PN = S T s () (2:57)
Maximizing over oy leads to the condition Csin(f) = sin(f —a4) or ay = 0 —

arcsin (C'sin (0)). For the two expressmns in the above function that contain a4, we ob-

tain cos (at) = cos (8)y/1 — C2sin? (A) + C'sin? () and cos (6 — ay) = /1 — CZsin? (0).

This leads to the following bound:

N 1-C? 1—-C?
—(p404+ - A) < o~ —
T 21 (/1 — C?sin? () —C’cos(&) 2 /1 — C?sin? (0) + C| cos (
@5&
In the second step, we used that cos(¢) < 0 and therefore cos (¢) = —|cos (0)|. For a

vector in the upper hemlsphere we simply observe that the function px()\) is symmetric

p2(X) = pz(=X). Since —X = (—sin (0), 0, — cos (A))7 this leads directly to
1-C?

1
21 \/1 — C2sin? (0) + C| cos (0

since the bound is invariant under changing the sign of sin (9) and cos (0).

-

() <

(2.59)

(vi) 3rd bound:
We maximize the 2nd bound over §. The maximum is reached when 6 = 7/2, which leads
to:

V1-C?  \/p(1—p)
2 - ™ '

pz(X) <

Note, that this bound is strictly weaker than the second bound but easier to state and
useful for pedagogical reasons. O

(2.60)
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2. The minimal communication cost for simulating entangled qubits

2.D. Improved one bit protocol

We can improve the protocol from the main text in two independent ways. The first
improvement comes from the fact that pa(c = 1|12, X1) = (47) - px(A1) < 4/p(1 — p),
where we used the bound pz(X) < +/p(1—p)/7. Hence, if the state is very weakly
entangled (p < 1), the probability that Alice sends the bit ¢ = 1 is always small.
Intuitively speaking, this allows us to rewrite the protocol into a form where Alice and
Bob only communicate in a fraction of rounds, but in those rounds with a higher (rescaled)
probability pa(c = 1|Z,X1)  pz(X1). In the limit where p approaches one (the separable
state [00)(00]), the fraction of rounds in which they have to communicate at all approaches
even zero. The second improvement comes from using a better bound for the function
p=(X). Indeed, the bound pz(X) < \/p(1 — p)/x is easy to state but not optimal. More
precisely, we have proven in Appendix 2.C}

>

1 1—C?
).

T 21 /1= CZsin2 (8) + C|cos (0)|

Here, C':=2p — 1 and cos () = X - Z is the z component of X in spherical coordinates.
Note that, neither pz(\) nor p,,,.(A) are normalized, and we define the function N(p) as
the normalization of that function p,,,,,(A):

0 < :55:'(5:) < Ibm(w( (261)

-

N )= [ a5 a5 (2.62)

To not scare off the reader, we evaluate the integral after we present the protocol.

Protocol 2.5 (0.835 < p <1, 1 bit in the worst case, N(p) bits on average). Same as
Protocol [2.0 with the following 2. Step:

Alice and Bob share two random vectors Xl, Xz € Sy according to the distribution:

- 1 - -

1
P(A1) = —— " Praz( M) , p(A2) = — O(N\2-2). 2.63
() = 557 Pasl() (%) = - 0% -2) (2.63)
In addition, Alice and Bob share a random bit r distributed according to p(r = 0) = 1—N(p)
and p(r =1) = N(p). If r =0, Alice and Bob do not communicate and both set A := Ay
If r =1, Alice sets ¢ = 1 with probability:

ple=11Z,X1) = pz(A1)/ Pz (A1) (2.64)

and otherwise she sets ¢ = 2. She communicates the bit ¢ to Bob. Both set X := Xc and
reject the other vector.

Proof. We show that the distribution of the shared vector X becomes exactly the required

=

pz(N\). To see that, consider all the cases where Alice chooses the first vector. This
happens only when 7 = 1 and when she sets the bit ¢ to 1. This samples the distribution:

- — —

p(r=1) -plc=1|Z, A1) p(A1) = pz(A1). (2.65)

ot
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2.D. Improved one bit protocol

The total probability that she is choosing the first vector is f52 plr=1)plc=1|2Z,X\) -
p(X1)dX; = fs p=(X1)dX1 = 2(1 — p). In all the remaining cases, with total probability

2p — 1, she is choosing vector X=X Therefore, the total distribution of the chosen
vector A becomes the desired distribution

(2p—1)

pe(%) + O(X-2) = ps(). (2.66)
Here, the first term ,Z)f(X) in the sum corresponds to all the instances where Alice chooses
Xi= Xl and the second term to all the instances, where she chooses Xg In order for the
protocol to be well defined, it has to hold that 0 < p(c = 1|#,X;) <1 and 0 < N(p) <

The first bound is true since 0 < pz(X1) < Prae(M) and the second bound 0 < N(p) < 1
holds whenever 0.835 < p < 1. OJ

We can explicitly solve that integral for N(p) by using spherical coordinates X =
(sind - cos ¢, sin 6 - sin ¢, cos 6):

2m

N(p) = / Prnan(N) dX = / / Prmaz (0, @) - sinf db do (2.67)
2 2
/ / 1-C -siné df d¢ (2.68)
1 — C2sin? () + C| cos (9)]

2

1-C -sinf dé (2.69)
V1 — C?sin? () + C|cos (6)
/2 1— (2

=2 ¢ -sinf df . (2.70)

0 1 — C2sin® () + C cos ()

Substituting x = C - cos 6 leads to:

2
N(p) C/ dz (2.71)
1—02 +22 4
C
— (2 _ 2
:2(100) Llog (V= + % +0) - 1-¢ @)
4( (1—02)+$2+$>

1-C? 1+C 2C

Y <1°g<1—c>+1+0> (273)

1-C? 14+C

_2p(1-p) p B

=5y 1 log<1_p)—|—2(1 D). (2.75)

Here we used C = 2p — 1 in the last step.
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2. The minimal communication cost for simulating entangled qubits

2.E. Maximal local content

In Appendix 2.D] we showed that it is possible to simulate weakly entangled states
without communication in some fraction of rounds. One can even go one step further
and maximize the fraction of rounds in which no communication is required. This is
called the local content of the state |¥4p5). More formally, a simulation of an entangled
qubit pair can be decomposed into a local part pr(a,b|Z, ) that can be implemented by
Alice and Bob without communication and the remaining non-local content, denoted as

pNL(C%b’fv g)
pQ(a7 b‘fa Z_j) =DpL 'pL(a¢ b’fv ’!7) + (1 - pL) 'pNL(a7 b|£a g) . (276)

The problem consists in finding the maximal value of py for a given state |W,p) =
v/P00) + /T —p|00), that we denote here as p7***(p). For a maximally entangled state,
Elitzur, Popescu, and Rohrlich showed that the local content is necessarily zero (hence
P (p = 1/2) = 0), also known as the EPR2 decomposition [93] (see also Barrett et
al. [94]). For general entangled qubit pairs, it was shown by Scarani [114] that the
local content is upper bounded by 2p — 1, hence p***(p) < 2p — 1. At the same time,
subsequently better lower bounds were found [93, 1T4), 115, 111]. Finally, Portmann et
al. [IT1] found an explicit decomposition with a local content of pr(p) = 2p — 1, hence
proving that the upper and lower bound coincide and, therefore, p7***(p) = 2p — 1. Here,
we give an independent proof of the result by Portmann et al. [T11]. More precisely, we
provide a protocol that simulates any pure entangled two-qubit state of the general form
U 4B) = /P|00) + /1 —p|00) with a local content of py, = 2p — 1.

We remark that often in the literature, the state |¥ 4p) is written as |¥ 45) = cos 0 ]00) 4+
sin 0 00) where cos@ > sinfl. These two notations are related through the following
expressions: cos 20 = 2p — 1 which follows from cos# = /p and sin# = /1 — p together
with cos 20 = cos?0 —sin?f =p — (1 —p) =2p — 1.

Protocol 2.6 (1/2 < p <1, maximal local content of py, = 2p —1). Same as Protocol
with the following 2. Step:
Alice and Bob share a random vector \; € Sa according to the distribution (7 := (0,0,1)T):

p(X1) = = O(X\; - 2). (2.77)

In addition, Alice and Bob share a random bit r distributed according to p(r =0) = 2p—1
and p(r = 1) = 2(1—p). Ifr =0, Alice and Bob do not communicate and both set X=Xl
If r =1, Alice samples X e S according to the distribution pI(X) and communicates
that X to Bob. (Alice can for example encode the three coordinates of X and sends this
information to Bob.)

Proof. Whenever r = 1, the resulting distribution of X is, by construction, ,BQ(X)
Whenever, r = 0 (with probability 2p — 1) the distribution of A is ©(\ - Z) /7. Therefore,
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2.E. Maximal local content

the total distribution for the chosen vector A becomes the desired distribution

(2p—1)

(V) + O(X-2) = pz(N). (2.78)

Hence, by the proof of Protocol 2.0} this exactly reproduces quantum correlations. [

This directly provides a decomposition of the above form (Eq. ) for pr, = 2p — 1.
More precisely, whenever r = 0 (with total probability 2p — 1), they do not communicate
and, hence, implement a local strategy pr(a,b|Z, ). On the other hand, whenever r = 0
they communicate and, therefore, implement a non-local behavior pyy (a,b|Z, 7). That
protocol requires an unbounded amount of communication in the rounds where r = 1
and there are more efficient ways to sample the distribution pz(X). However, this is not
an issue for determining p7***(p) since we only maximize the local content, hence, the
number of rounds in which Alice and Bob do not have to communicate. At the same
time, we are not concerned with the amount of communication in the remaining rounds.
One can also ask, what is the maximal local content under the restriction that Alice and
Bob only communicate a single bit in the remaining rounds. We found in Appendix
such a decomposition. However, in general, it seems unlikely that a decomposition that
attains the maximal local content of p7***(p) = 2p — 1 can be achieved if the two parties

communicate only a single bit in the remaining rounds.
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Abstract

It is a crucial feature of quantum mechanics that not all measurements are compatible with
each other. However, if measurements suffer from noise they may lose their incompatibility.
Here, we consider the effect of white noise and determine the critical visibility such that
all qubit measurements, i.e. all positive operator-valued measures (POVMs), become
compatible, i.e. jointly measurable. In addition, we apply our methods to quantum
steering and Bell nonlocality. We obtain a tight local hidden state model for two-qubit
Werner states of visibility 1/2. This determines the exact steering bound for two-qubit
Werner states and also provides a local hidden variable model that improves on previously
known ones. Interestingly, this proves that POVMs are not more powerful than projective
measurements to demonstrate quantum steering for these states.

3.1. Introduction

Quantum mechanics provides a remarkably accurate framework for predicting the outcomes
of experiments and has led to the development of numerous technological advancements.
Despite its successes, it presents us with puzzling and counterintuitive phenomena that
challenge our classical notions of reality. One of the key aspects that set quantum
mechanics apart from classical physics is the concept of measurement incompatibility. In
classical physics, measuring one property of a system need not affect the measurement
of another property. In quantum mechanics, however, the situation is radically different.
The uncertainty principle, formulated by Werner Heisenberg, establishes a fundamental
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3. Compeatibility of generalized noisy qubit measurements

limit to the precision with which certain pairs of properties can be simultaneously known
1.

A simple and well-known example is the fact that we cannot simultaneously measure the
spin of a particle in two orthogonal directions. It is known that incompatible measurements
are at the core of many quantum information tasks. For example, they are necessary to
violate Bell inequalities [116} 117, [1T8] and necessary to provide an advantage in quantum
communication [119, [83], 120] or state discrimination tasks [121], 122, [123] (see also the
reviews [124, 125]).

However, measurement devices always suffer from imprecision. Therefore, an apparatus
measures in practice only a noisy version of the measurements. If the noise gets too large,
these noisy measurements can become compatible even though they are incompatible
in the noiseless limit [20]. In that case, the statistics of these noisy measurements can
be obtained from the statistics of just a single measurement, and we say that these
noisy measurements are jointly measurable. However, a detector that can only perform
compatible measurements has limited power. Most importantly, it cannot be used for
many quantum information processing tasks like demonstrating Bell-nonlocality since
these require incompatible measurements. It is therefore important to ask, how much
noise can be tolerated before all measurements become jointly measurable.

Measurement a
A0 e
Measurement
device

p e L(Cy) POVM {A;,}s

|

Outcome 7

>

Quantum state [:

Figure 3.1.: A measurement device can perform different measurements (labeled with a)
that produce an outcome i. If the measurements are too noisy they can be
simulated by a device that just performs a single measurement. In this work,
we address the question of how much white noise can be tolerated before all
qubit measurements become jointly measurable.

In this work, we study the effect of white noise and show that all qubit measurements
become jointly measurable at a critical visibility of 1/2. This result has direct implications
for related fields of quantum information, in particular, Bell nonlocality [4, [77] and
quantum steering [3, 18], 126], 127, 128 19} 129]. More precisely, we use the close connection
between joint measurability and quantum steering [130, 131}, 132] to show that the two-
qubit Werner state [17]

ply=n |¥XET|[+ (1 —n) 1/4 (3.1)
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3.2. Notation and joint measurability

cannot demonstrate EPR-steering if n < 1/2. Here, |[V7) = %(\OD — |10)) denotes the
two-qubit singlet state. This also implies that the same state does not violate any Bell
inequality for arbitrary positive operator-valued measurements (POVM) applied on both
sides whenever n < 1/2.

3.2. Notation and joint measurability

Before we introduce the problem, we introduce the necessary notation. Qubit states
are described by positive semidefinite 2 x 2 complex operators p € L(Cs), p > 0 with
unit trace tr[p] = 1. They can be represented as p = (1 + 7 - &) /2, where ¥ € R? is a
three-dimensional real vector such that |Z| < 1, and ¢ = (0, 0y, 0,) are the standard Pauli
matrices. In this notation, Z is the corresponding Bloch vector of the qubit state. General
qubit measurements are described by a positive operator-valued measure (POVM), which
is a set of positive semidefinite operators A;, > 0 that sum to the identity, » ; 4;, = 1.
Here, we use the label ”a” to distinguish between different measurements, while ”4”
denotes the outcome of a given POVM (see also Fig. [3.1). In quantum theory, the
probability of outcome ¢ when performing the POVM with elements 4;, on the state p is
given by Born’s rule,

p(z‘\a,p) =tr [Ai|a p] : (32)

Because every qubit POVM can be written as a coarse-graining of rank-1 projectors [85],
we may restrict ourselves to POVMs proportional to rank-1 projectors. (We could also
restrict ourselves to POVMs with at most four outcomes [59] but this is not necessary in
what follows.) Thus, we write the measurements as A;, = p; |@;)}d;|, where p; > 0 and
|@;)(@;| = (1 +a; - &) /2 for some normalized vector @ € R? (|@;| = 1). As a consequence
of > ; Ajjo = 1 we obtain ) ;p; =2 and ), p; @; = 0.

These expressions are valid if all measurements are perfectly implemented. However,
noise is usually unavoidable in experiments. In this work, we study the effect of white
noise, where 1 denotes the visibility. More formally, we define the noisy measurements as:

A7

ila

=n A+ (1 —n) tr[4,] 1/2. (3.3)

With the notation introduced above the POVM elements become A?a =p; (]1 +nd;- 5) /2.
The goal of this work is to determine the critical value of n such that all qubit POVMs
become jointly measurable.

A set of measurements { A;|, }4,q is jointly measurable if there exists a single measurement
(so-called parent POVM) {G)} such that the statistics of all measurements in the set can
be obtained by classical post-processing of the data of that single parent measurement.
More precisely, if for every POVM in the set there exist conditional probabilities p(i|a, \)

(with 0 < p(ila,A) <1 and ), p(ila, \) = 1) such that:

Ajja = _p(ila, X) Gy. (3.4)
A
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3. Compeatibility of generalized noisy qubit measurements

If this is satisfied, all measurements in the set can be simulated by the single parent
POVM with operators G: First, the parent POVM is measured on the quantum state p
in which outcome A occurs with probability p(A|p) = tr[G p]. Second, given the POVM

labeled by "a" that we want to simulate, the outcome ¢ is produced with probability
p(ila, A). In total, the probability of outcome ¢ becomes:
Zp ila, \)p(Alp) = Zp ila, \) tr[Gy p] = tr[Azq p] - (3.5)

Here, we used the linearity of the trace. This perfectly simulates a given POVM with
elements {A;|,}, since this is the same expression as if the measurement was directly
performed on the quantum state p given in Eq. .

The most prominent example are the two noisy spin-measurements A Yl = (1«

1/v2 0,)/2 and A:I:|z (1+1/v2 0.)/2 where n = 1/+/2. We can consider the following
measurement with four outcomes A = (7, j) where i,j € {+1,—1}:

1 i j

One can check that this is a valid POVM and that A = >_; Gy as well as An‘ =

> G j)- Therefore, the statistics of both measurements {A )i and {A _}j can be
obtained from the statistics of just a single parent measurement Now we con51der not
only two but the set of all noisy qubit POVMs {A” }; , and show that for n < 1/2 this

ila
set becomes jointly measurable.

3.3. The protocol

First, we define two functions. The first one is the sign function, which is defined as
sgn (x) := +1if x > 0 and sgn (x) := —1 if x < 0. Similarly, the function ©(x) is defined
as O(z) =z ifx >0 and O(x) :=0if z < 0 (or, O(x) := (|| + z)/2).

The parent POVM {Gy} 5 is the measurement with elements

/\:E(ﬂ+/\.6)' (3.7)
Here, X € R3 is a normalized vector uniformly distributed on the unit radius sphere Ss.
Physically, this corresponds to a (sharp) projective measurement with outcome A, where
the measurement direction is chosen Haar-random on the Bloch spherell]

For a given POVM with operators A Y2 _ p; (1+1/2d,-7)/2 where Y, p; = 2, |a@;| = 1,

ila
and >, p; d; = 0, we define the following function that associates a real-valued number
to each point in ¥ € R3:

Ja: R* 5 R: fa sz Z-a;). (3.8)

!Note that, in contrary to all other POVMs in this work, the parent POVM has a continuous set of
outcomes A and needs to satisfy fsz d\ G; =1 as well as G > 0.
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3.4. Idea of the protocol

Now, we choose an orthonormal coordinate frame of the Bloch sphere, defined by the
three pairwise orthogonal unit vectors @’,7,Z’ € Sy. In addition, we define the eight
vectors Us,s,s, = s2T + sy¥ + s,z where s;,5sy,5, € {+1,—1}. This frame shall be
chosen such that fo(7s,s,s.) <1 for all of these eight vectors and we show below that one
can always find such a coordinate frame. Note that the vectors ¥s,s,s, are the vertices of
a cube with sidelength two that is centered at the origin of the Bloch sphere.

After choosing a suitable frame, we can define the conditional probabilities:

(1 - fa(Uszsysz))ai ‘

= (3.9)

p(i|a7 X) =Di 6(61 : 77srsysz) +

- =/
Here, ¥s,s,s. is the vector with indices s = sgn (A - k') for k € {x,y, z}. Hence, the three

=l =

signs si denote the octant of X in the rotated frame defined by 7,4, 7. (Equivalently,
Us,s,s. 15 the vertex of the cube closest to X.) In addition, «; is defined as:

ai=21-2 Y 0 ) | - (3.10)

Sx,8y,S,=%1

Figure 3.2.: An illustration for a SIC-POVM [133]: a) The different outcomes i are
represented with different colors and the colored vectors represent @; (note
also p; = 1/2 for i = 1,2,3,4). b) The opacity of the colors represents the
probability to output ¢ given that X lies in that region of the sphere, hence
p(ila, X). This function is constant in each octant of the chosen frame, which
is simply the standard coordinate frame in this case. For the X shown in the
left sphere (s, = —1, s, = s, = +1), the outcome is most likely blue (50%)
or green (49%). c) Collecting all results X from one octant behaves like the

operator G s, s, represented by the cyan arrows for the blue outcome. The
1/2

1o (more

sum of these operators simulates the desired (blue) operator A

details in Appendix }

3.4. ldea of the protocol

Suppose for now that it is possible to find a suitable frame in which f,(¥s,s,s.) < 1 for
all eight vectors Us,s,s.. Since this part is more technical, we discuss it at the end of
this section. We can check first that the conditional probabilities are indeed well-defined.
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3. Compeatibility of generalized noisy qubit measurements

Namely, they are positive and sum to one. Positivity follows from the fact that p; > 0
and ©(z) > 0 (for all z € R). In addition, f,(¥s,s,s.) < 1 and the proof that a; > 0 is
given in the Appendix (see Lemma (2)). A quick calculation also shows that the

probabilities sum to one:
D p(ila,X) = falFsrsye.) + (1= falForsys.)) = 1. (3.11)
Now we are in a position to show that
Al :/S dX p(ila, X) Gy . (3.12)
2

We give the detailed proof in Appendix but sketch the main idea here. It is important
to recognize that, the function p(ila, X) is the same for two different X that lie in the same
octant of the rotated frame 2/, i/, Z’. Intuitively speaking, this leads to a coarse-graining
of the measurement outcomes X in each of these octants. These coarse-grained operators

G's,s,s. behave like a noisy measurement in the direction of the corresponding vector
Us,s,s.- More precisely, we calculate in Appendix that:

- 1 @ 7
Gstysz ::/ Y dA G;\’ = —+ M . (3.13)
Sa|sgn (A-k )=sy, 8 16
With this definition, Eq. (3.12)) becomes:
1/2 g
Az\{z = Z p(Z’CL, >‘) Gszsysz . (314)

Sg,8y,5,==%1

Using the definition of p(i|a, X) in Eq. (3.9) and some algebra (details in Appendix }
this reduces to:

1/2 L
Ai|{1 = Z Pi O(0; - Usysys.) Gspsys. + il (3.15)
Sz,8y,5,==%1

In the end, we prove this identity by using a closely related geometric formula that
decomposes @; into the vectors ¥s,s,s, (see Appendix (3.B):

> O Usysys.) Tsysys. =4 - (3.16)

Sz,8y,8,==%1

The identity in Eq. can be seen as the main idea of the protocol. We want to find
a set of coarse-grained operators G, s,s. that can be used to decompose all the POVM
elements Ah{l ®. The conditional probabilities p(i|a, X) are then constructed according to
this decomposition. The first term in p(i|a, X), namely p; ©(¥s,s,s, - @;) is the coefficient
that comes from the decomposition of Ailfl % in terms of Gs,sys.- The second term in

p(i|a, X) is constructed to add the noise term oy 1.
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3.5. Local models for entangled quantum states

To give an example, consider the blue vector in Fig. for which @ = (0,0,1)T

and p; = 1/2, hence Ah/j =pi1(1+1/2d -5)/2=1/4+0./8. It turns out that we
can use the standard coordinate frame in which the cube vertices are simply U444 :=
(+1,41,41)". Direct calculation shows that py - O(@; - Us,s,5.) = 1/2 if 5, = +1
(and zero if s, = —1) as well as 1 = 0. In addition, the coarse-grained operators

become Gs,s,s. = 1/8 + (sz0x + syoy + s.07)/16. It is then easy to check that

1/2Gyyy +Gyy + Gy + G ) = Ay

However, while the identity in Eq. holds for any orthonormal frame, it can be
translated into a protocol with well-defined probabilities only if ), p; - ©(¥s,s,s. - @) =
Ja(Us,ys,s.) < 1 for all eight vertices of the cube. We show now that such a frame always
exists. The proof has two steps. First, we show that for any such cube, it holds that:

D faBsys,s.) < 8. (3.17)

Sg,5y,5,=%1

The second part of the proof uses a theorem by Hausel, Makai, and Sztics [134] (see
Theorem 1 in that reference) that applies to continuous real-valued functions on Sy that
have the additional property that f(Z) = f(—Z). By using similar techniques as in
Ref. [103], we show in Appendix that these conditions are indeed fulfilled. In their
theorem, they show that there always exists a rotation of the cube such that the functional
values coincide at all eight vertices of that cube. Hence, choosing the orthonormal frame
according to that rotation, we obtain f,(¥s,s,s.) = C for all s;,s,,s, € {+1,—1}.
Combining this with the above bound in Eq. (3.17), we get 8C' < 8 and therefore
fa(Us,s,s.) < 1 for that specific cube (see Appendix for more details).

The theorem in Ref. [I34] is a special case of a family of so-called Knaster-type
theorems. They state that for a given continuous real-valued function on the sphere,
a certain configuration of points can always be rotated such that the functional values
coincide at each of these points. Other interesting related results concerning S, are due
to Dyson [135], Livesay [136], Floyd [137]. Also, the well-known Borsuk—Ulam theorem is
of this type [138].

We want to remark that we do not necessarily have to choose a cube in which all of
these eight values coincide. It is only required that all of these eight values are smaller
than one. Note that we do not give an explicit way to construct such a coordinate frame.
However, in many cases, for instance, for POVMs with two or three outcomes, it turns
out that an explicit construction can be found. We discuss this further in Appendix 3.4]
and Appendix (see also there for further examples and more illustrations).

3.5. Local models for entangled quantum states

Now we apply the developed techniques to Bell nonlocality and quantum steering. Suppose
Alice and Bob share a two-qubit Werner state [17]:

ply =n|[VXE |+ (1—n) 1/4, (3.18)
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3. Compeatibility of generalized noisy qubit measurements

where |[U7) = %(\OD —|10)) denotes the two-qubit singlet. They can apply arbitrary
local POVMs on their qubit. As before, we denote Alice’s measurement operators with
Ai\a =Dp; ‘5l><6l| = (]l + d; - 5)/2 (Where p; > 0, ‘dﬂ =1, Zipi =2, and Zipz‘ a; = 6)
Similarly, Bob can perform an arbitrary POVM with elements Bjj, that are defined
analogously. Note, that Alice’s and Bob’s measurements are now completely arbitrary,
i.e. they are not noisy. Instead, the entangled state is not pure but has a certain amount
of white noise. The correlations when Alice and Bob apply local POVMs to this state
become:

p(i; jla,b) =tr (A, ® Bjp) pyy] - (3.19)

If these correlations p(i, j|a,b) admit a local hidden variable model

p(i jla,b) = / dX g(\) p(ila, A) p(ilb, ) (3.20)

we say that the state p@v is local. Here, A is the hidden variable (distributed according
to q(A)), and p(ila, A) (p(j|b,A)) are the conditional probabilities for Alice (Bob) to
output 7 () given their measurement and the value of the hidden variable . If the state
pgv violates a Bell inequality, such a local hidden variable description cannot exist and
we say that the state is nonlocal. It is a fundamental question in Bell nonlocality, for
which 7 these correlations can violate a Bell inequality or admit a local hidden variable
model. It is known, that two-qubit Werner states violate the CHSH inequality [139] for
n > 1/4/2 ~ 0.7071. Vertesi showed that they violate another Bell inequality whenever
n > 0.7056 [140].

On the other hand, Werner constructed in his seminal paper from 1989 a local model for
all bipartite projective measurements if 7 < 1/2 albeit these states are entangled if n > 1/3
[17]. Later, this bound was improved by Acin, Toner, and Gisin, who showed that the state
is local whenever n < 1/K(3) [141]. Here, K(3) is the so-called Grothendieck constant
of order three and the best current bound is by Designolle et al. 1.4367 < K (3) < 1.4546
[I42]. This implies that pgv is local if n < 0.6875 and violates a Bell inequality if
n > 0.6961. However, these local models only apply to projective measurements (where
P1 = P2 = 1 and 62 = —61).

Considering general POVMs, Barrett found a local model for all POVMs whenever
n < 5/12 [85]. Using a technique developed in Ref. [143] [144], the best bound is again
by Ref. [142] which shows that pj), is local for all POVMs if < 0.4583. Based on the
connections made in Ref. [I30] 1311 132], we can now show that whenever n < 1/2 we
cannot violate any Bell inequality since all correlations can be described by the following
local model.

Suppose Alice performs her measurement {Ai‘a}i on the Werner state with n = 1/2
and obtains outcome i. After doing so, Bob’s qubit is precisely in the (unnormalized)
post-measurement state:

pp(ila) =tra[(Ay, ® Dpyy’) = pi(1— @ - 7/2) /4. (3.21)
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3.5. Local models for entangled quantum states

It is now important to recognize that this state can be simulated with the same techniques
as before, due to the duality of states and measurements. More precisely, consider the
following protocol:

1. X € R3 is a normalized vector, drawn randomly from the unit radius sphere S5
(according to the Haar measure). Alice knows the vector X\. Bob’s system is in the
pure qubit state py = (]1 + A 5’)/2.

2. Alice chooses her POVM with operators A;), = pi(1 + d@; - &) /2. Now, she applies
precisely the same steps as in the previous protocol for the given values of p;, vectors
—a; ("-" to account for the anticorrelations in the singlet), and X. Namely, she
chooses a suitable frame and produces her outcome ¢ according to the conditional

probabilities p(i| — a, X) in Eq. (3.9). (The "-" in —a accounts for the "-" in —a;.)

3. Bob chooses his POVM with elements B;;, and performs a quantum measurement
on his state ps.

The distribution of the state py, namely 8% (]1 +X- 5), is the same expression as the
one for the parent POVM in Eq. (up to a factor of 2 since states and measurements
are normalized differently). Hence, if we sum over all the states where Alice outputs i,
she samples precisely the state p; (1 — d@; - #/2)/4 (analog to A;‘ZQ =pi(l+ad;-o/2)/2
before). This matches exactly the expression in Eq. . Intuitively speaking, there
is no difference for Bob’s qubit if Alice performs the protocol above or performs the
measurement on the actual Werner state for n = 1/2. Therefore, when Bob applies his
POVM, the resulting statistics are the same in both cases. Hence, the protocol above

simulates the statistics of arbitrary POVMs applied to the state pll/‘/,2 in a local Way

1 . R
tr | (Ajj, @ Bjp) ,01%2} = 471_/5 dX p(i| — a, X) tr[ B, ps] - (3.22)
2

This model is even a so-called local hidden state model which implies that the state
p%g is not steerable [3] (I8, 19]. In the most fundamental steering scenario, we consider
two parties, Alice and Bob, that share an entangled quantum state. The question is,
whether Alice can steer Bob’s state by applying a measurement on her side. However,
Bob wants to exclude the possibility that his system is prepared in a well-defined state
that is known to Alice. Then, Alice could just use her knowledge of the "hidden state"
to pretend to Bob that she can steer his state. However, in reality, they do not share
any entanglement at all. This is precisely the case in the above protocol, proving that
the state pj, cannot demonstrate quantum steering whenever 1 < 1/2. This was known
before for the restricted case of projective measurements A, = (1 £a-)/2 [18]. When
general POVMs are considered, the best model so far is the one from Barrett [85], which
was shown to be a local hidden state model by Quintino et al. [I45]. That model shows

2In the protocol, it seems that we need quantum resources to simulate the statistics. However, we can
also assume that A is known to both and then Bob can output j with probability p(j]b, \) = tr [Bj‘b px]

using his knowledge of X and his measurement operators Bjj.
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3. Compeatibility of generalized noisy qubit measurements

that p@v cannot demonstrate steering if 7 < 5/12. Numerical evidence suggested that the
same holds for all n < 1/2 [146], 147, [148]. Our model shows, that this is indeed the case.

On the other hand, if such a local hidden state model cannot exist we say that the
state is steerable. It is known that the two-qubit Werner state can demonstrate steering
whenever 1 > 1/2 [I8]. Therefore, the bound of n = 1/2 is tight. Due to the connection
between steering and joint measureability [I3T], 130} 132], » = 1/2 is also tight for the
joint measureability problem, ensuring the optimality of our construction.

3.6. Conclusion

In this work, we provided tight bounds on how much white noise a measurement device
can tolerate before all qubit measurements become jointly measurable. We considered
the most general set of measurements (POVMs) and applied our techniques to quantum
steering and Bell nonlocality. Exploiting the connection between joint measurability
and steering [131, 130, 132], we found a tight local hidden state model for two-qubit
Werner states of visibility n = 1/2. This solves Problem 39 on the page of Open
quantum problems [149] (see also Ref. [150]) and Conjecture 1 of Ref. [I47]. An important
direction for further research is the generalization to higher dimensional systems [I51], [152].

Acknowledgments

Most importantly, I acknowledge Marco Ttulio Quintino for important discussions and
for introducing the problem to me. Furthermore, I acknowledge Haggai Nuchi for cor-
respondence about the Knaster-type theorems and an anonymous referee for very useful
suggestions. This research was funded in whole, or in part, by the Austrian Science Fund
(FWF) through BeyondC with Grant-DOI 10.55776 /F71.

Note added: At the very last stage of this work, we became aware of the work by Yujie
Zhang and Eric Chitambar [I53] that proves the same results with a different approach.

o8



3.A. A note on the non-constructive nature of the protocol

3.A. A note on the non-constructive nature of the protocol

Here, we would like to provide some additional information about the non-constructive
nature of our protocol. We stress again that the theorem of Hausel, Makai, and Sztics
[134] only implies that a suitable coordinate frame exists but does not imply how to find
one. However, in some cases, we can explicitly find a frame.

Consider for instance the important special case of a POVM with only two outcomes
which corresponds to a projective measurement. In that case, we have p; = ps = 1 and
do = —d1, hence Ah/az =(1+a;-5/2)/2 and A;(j = (1 —d;-5/2)/2. We can express
the function f,(%) as fo(¥) = O(Z-a1) + O(—% - d1) = |Z - d1|. To find a suitable frame,
we can choose the z'-axis to be aligned with @y /o, while the 3'- and 2’-axis are orthogonal
to @;. In this way, # = @; and direct calculation shows that fa(Uszsysz) =1 for all eight
vertices Us,s,s. = 5.7 + sy@’/ + 5,7 as required. In addition, note that O(Vs,sys. - 1) =1
if s; = +1 and O(Us,s,s, - @1) = 0 if s, = —1. Therefore, oy = a2 = 0 and the conditional
probabilities translate precisely to p(1|a, X) =1if X-@ >0 and p(1a, X) =0if X-@; <0
(and the analog expression for i = 2). See Fig. for an illustration.

The choice of the frame is unique up to an arbitrary rotation around the z’-axis (and
a relabelling of the axes). To see this, note that the angle a between d;/, and each
cube vertex T, s,s, must be at least a > cos™ (1/v/3) since |@yjo| = 1, [Ts,s,s.| = V3
and fo(Us,s,s.) = |Usysys. - @1 = |[Us,s,s.| - |@1] - cos (o). Geometrically, this defines the
cube uniquely up to a rotation around d;. Note, however, that such a rotation would
not change the conditional probabilities p(ia, X) in the end. It is worth pointing out,
that this construction becomes equivalent to the one of Werner [17], which is known
to be a tight local hidden state model for projective measurements [18| (and therefore
also tight for the problem of joint measurability due to the close connection of these two
fields [130, 1311 [132)).

It turns out that for the case of three outcome POVMSs, we can also construct a suitable
coordinate frame without relying on the theorem of Hausel, Makai, and Sztics [134] but
only on the intermediate value theorem for continuous functions (see Appendix . For
general POVMs, we want to point out that a suitable frame is computationally easy to
find for many cases. For instance, we can parametrize a rotation by its three Euler angles.
When we discretize the three angles into equally spaced values, we can search through
many possible rotations and calculate the functional values for the corresponding cube. If
we find a cube, for which all of these eight values are smaller than one, we have found a
suitable frame. We provide a MATLAB code for this simple algorithm via GITHUB [154].
It turns out that even this brute-force method finds a suitable frame for most POVMs
almost immediately. (However, more sophisticated algorithms, are likely to perform even
better.)

We did some numerical simulations with random POVMs. For that, we generate random
points on the sphere @; € Sy and find p; by solving >, p; - d@; = 0 and > ;pi = 2. Then we
use our algorithm to find a suitable frame. These numerical simulations strongly suggest
that it is the hardest to find a frame if all directions are almost collinear (|@;-d;| ~ |d;|-|d;|
for all pairs 4, j). Note that, the two outcome POVMs from above are precisely of that
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3. Compeatibility of generalized noisy qubit measurements

Figure 3.3.: Construction for the two-outcome POVM with operators A;Q 2 = (1+a,-
7/2)/2 (with @y = —d1): a) Here, d; can be an arbitrary direction in the
Bloch sphere. b) We can choose the rotated frame such that the z/-axis
is aligned with @;. We also show the corresponding cube here. ¢) The
conditional probabilities p(i|a, X) reduce precisely to p(1]a, X) = 1if X-a@; > 0
and p(1la, X) = 0 if X- @ < 0 as indicated with the two colors. Hence, if
the outcome X of the parent POVM lies in the hemisphere centered around
dy (blue region) the outcome is always i = 1 and if it lies in the hemisphere
centered around dy (red region), the outcome will be ¢ = 2.

form. However, even in these cases, a frame was always found in which the largest of
the eight values f(¥s,s,s.) is only slightly larger than 1 and this value can be further
decreased by further discretizing the Euler angles. There is an intuitive explanation for
this effect. For the simulation of a given POVM, it is always advantageous if a given X is
mapped to an outcome ¢ that is close, meaning that the angle between X and @, is small.
Consider for instance the case of a projective measurement discussed before (or a POVM
with almost collinear vectors a;). If X is (almost) orthogonal to @y 3, the outcome of the
parent measurement Xis (almost) uncorrelated to the a; /2 measurement but it still has
to be mapped to either dy or ds.

Contrary to that, for a POVM with more outcomes @; spread over the Bloch sphere
(like the symmetric, informationally complete (SIC) POVM in Fig. B.2), there are more
options a given X can be mapped to. Roughly speaking it is then more likely to find a
measurement outcome @; that is highly correlated with the actual measurement outcome
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of the parent POVM X. Based on this intuition, it is reasonable to expect that these
POVMs are easier to simulate. In our construction, this expresses itself in the fact that
for these POVMs many different coordinate frames are suitable, and therefore several
different simulations for such a POVM and n = 1/2 exist. We can even prove, that for the
case of the four-outcome SIC-POVM [I33], any rotation can be chosen (see Appendix .
On the contrary, n = 1/2 is known to be tight for the special case of two-outcome POVMs
[18], and therefore only very particular coordinate frames are possible (similar for collinear
POVMs).

Note also, that we do not exclude the possibility that for certain POVMs better
constructions with n > 1/2 exist. For instance, SIC-POVMs are by definition very
symmetric and one would expect that a symmetric model gives an even better bound
n > 1/2 (e.g., one can map X to the closest outcome @; of the SIC-POVM). However, in this
work, we are merely concerned with finding one construction that works for all POVMs
and 7 = 1/2. Hence, it is more important for our approach to recover the hemisphere
construction of Fig. [3.3| (which is known to be tight for projective measurements) than to
maintain the symmetry of a given POVM.

3.B. A helpful lemma

Lemma 3.1. Given the eight vectors Us,s,s. forming a cube of sidelength two centered at
the origin of the Bloch sphere and an arbitrary vector @ € R3. In addition, the function
O(z) (for x € R) is defined as O(z) := x if > 0 and O(x) := 0 if v < 0 (equivalent:
O(z) := (Jx| + x)/2). We prove the following properties:

L) ) |Tesys. cd@ < 8- (3.23)
3175y7822i1

2 Y (U @) <4-d (3.24)
Sg,8y,5,==%1

(3) Z (Uswsysz : 5) 77sl.sysz =8- a (325)
5m75y78z=:|:1

@) > O(Usysys. @) Vsysys. =4-d (3.26)

Sx,8y,5,==%1

Proof. Note that all four statements remain the same under a rotation of the coordinate
system. Hence, it is sufficient to prove them in the rotated frame Z’, %/, Z’ in which
Us,s,s. has the coordinates U;zsysz = (sx,sy,sz)T where sz, sy,5, € {+1,—1}. For ease

of notation, we write all vectors in the proof without the prime.

(1) We apply the Cauchy-Schwarz inequality to the following two eight-dimensional
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3. Compeatibility of generalized noisy qubit measurements

vectors:
1 U4+ - d U4+ -
% . '“ﬁ‘ ( '“*i 4l (3.27)
1) \jo__.a |v,,, i
Yo [Tesys @l < VB [Vsasys. - al’ (3.28)
52,8y .82 =1 sz,sy,sz +1

Now we rewrite the right-hand side. Here we denote @ = (a,, ay, a,)’:

Z lﬁsxSysz : C_L‘|2 = Z (68;88'982 . 6)2 (329)

Sz,8y,8,==%1 Sgz,8y,5,==%1

:\/(ax +ay+ax)?+ (az+ay —az)?+ ...+ (—ag —ay — ay)?

(3.30)
=\/8 a2 +8 a2 +8 a2 (3.31)
=V8- /a2 + a2 + a2 (3.32)

=V8-d| (3.33)
Note, that in the third line, all terms of the form 2a,a,, 2a;a. or 2a,a. cancel each other

out since each of these terms appear four times with a plus sign and four times with a
minus sign. In total, we obtain the desired inequality:

Sg,8y,8,==%1

(2) The second inequality is a consequence of the first one.

oo 1 oo 8 _
Z @(a ' Uszsysz) = 5 Z |a : Uszsysz| g §|a’| = 4|a” . (335)

Sg,8y,S,=%1 Sg,8y,Sz==%1

Here, we used that:

R R Lo |- R
®(a : /Uszsysz) + G(a : /U_scc_sy_sz) = |a’ : U515y5z| = i(ya : vszsy5z| + |(l : U_Sz_sy_sz ’) ’
(3.36)
which follows from ©(z) 4O (—r) = |z| and @-Vs,s,s, = —G-U_s,—s,s. (as a consequence
of ﬁ—sx—sy—sz = _6sxsysz)~
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(3) This property is a rather straightforward calculation. If we denote @ = (az, ay,a.)’
and remember that Us,s,s. = (2, Sy, s5.)T, we obtain:

Z (27szsysz : C_L') 17515952 (337)

Sz,Sy,8,==%1

1 1 -1
=|(azt+ay+a) 1|+ (az+ay—a.)| 1 |+..+(-az—ay—a;)|—1
1 —1 —1
(3.38)
8a,
=|8ay | =8-a. (3.39)
8a,
(4) For this, we note that V_sysy—s, = (=52, =5y, —sz)T = —(sx,sy,sz)T = —Us,sys.
and therefore v_s, s, s, - @ = —¥Us,s,s, - @ Combining both, we obtain:

— — —

(6—5x—8y—8z : a) U_ng_Sy_Sz == (_USwSySz : CL) (_ﬁSmsysz) = (US:L'SySz : CL) 175r5y5z . (340)

In addition, since ©(z) — ©(—x) = z and again ¥_,, s, s, = —Us,s,s. We observe:
@(C_I: : /17515y52) 273z5y3z + @(C_i‘ : /l_j—sz—sy—sz) 6_31_5y_52 (341)
:@(6 ’ 17515y5z) ﬁszsysz - @(_6 ’ 273z5y5z) /I_j‘szsysz (342)
:(@(6‘ st5y5z) - @(_C_i' stsysz)) 651'5y5z (3-43)
:(d ' ﬁsxsysz) 65x5y5z (344)
1. . S I "
:i((a ’ Uszsysz) Uszsysz + (a' ' Ufszfsyfsz) Ufszfsyfsz) (345)

This implies together with property (3):

- o 1 L o .
Z @(vsxsysz : a) USCCSySZ = 5 Z <vsacsysz ’ G/) vsxsysz =4-a. (346)

Sg,8y,8z==%1 Sg,8y,8,==%1

3.C. Properties of the function f,

The theorem by Hausel, Makai, and Sztics [134] states that for every real-valued and
continuous function on the two-sphere S5 that has the additional property that it is even,
ie. f(Z) = f(—Z), there exists an inscribed cube with all vertices lying on the sphere Sy
such that the function f(#) has the same value on each vertex of that cube. We show now
that these properties are fulfilled by the function f,(Z). Strictly speaking, we apply the
theorem not to the unit sphere but to the sphere with radius |, s,s.| = v/3. Alternatively,
we can also apply the theorem to the unit sphere and the vectors ¥s,s,s. / V3. Since the
function satisfies fo(v - %) = v - fo(Z) for v > 0 (see below), the values of fq(Us,s,s.)
coincide if and only if the values of f,(¥s,s,s./V/3) coincide.
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3. Compeatibility of generalized noisy qubit measurements

Lemma 3.2. We consider the function f, : R3 — R : f,(Z) =Y., pi O(Z-a;). Here,
ld;) = 1Vi, > ,pi =2 and > ;p; @; = 0. In addition, the function ©(x) is defined as
O(z) ==z ifx >0 and O(x) := 0 if x < 0 (equivalently: ©(x) := (|z| +x)/2). The

function f, satisfies:
1) fo(2) = Zp, |d@; - Z| and 2) > falUssys) <8. (3.47)
Sx,8y,Sz==%1

Here, again the eight vectors Us,s, s, with sz, sy,s. € {41, =1} form the vertices of a
cube with sidelength two centered at the origin of the Bloch sphere. From property (1)
we can conclude furthermore, that fo(Z) is a sum of continuous functions and therefore
continuous (also when restricted to the sphere S3) that satisfies fo(—%) = fo(Z) or more

generally fo(v - %) = ||« fo(Z) for every v € R.

Proof. (1) We show that the function f,(Z) can be rewritten as follows:
" ooy 1 S
= Zpi o(d; - &) = §Zpi ja@; - @) (3.48)

We want to remark that exactly the same property appears also in Lemma and we
restate the proof here: We prove first that >, p; ©(a@; - &) = >, pi ©(—a; - ). Here, we
use that x = O(x) — O(—xz) (for all x € R):

0=>pid = 0=0-F=) pa 7= sz- 0@ - %) — O(—ad; - 7)) (3.49)
:sz‘ 6(61 sz —a; - . (350)

In the second step, we use this observation and |z| = ©(z) + O(—x) (for all z € R) to
calculate:

>_pilai- = sz 7) + O(~d; - 7)) (3.51)
:Zpi (d; - 7 +Zpi a; —QZ}% a;-T). (3.52)

(2) This is a direct consequence of property (1) in Lemma 3.1 we proved above together
with multiplying by p; and taking the sum over all 4:

2 Z fa(ﬁszsysz) = Z Zpi |Q75:L‘Sysz X (3.53)

Sa,8y,5,=%1 Sz,8y,Sz=%1 1

% 7

Sz,8y,8,==%1

Note that |@;| =1 for all ¢ and ), p; = 2.
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3.D. Proof of the protocol

In this section, we show that the protocol indeed simulates the noisy POVM with elements
A2 We have to show that

ila

Yo ™l Pi a;- 0\ _ ,1/2
/52 dA p(ila, \)G5 = 5 (]1 + 5 ) = A, - (3.55)
We also restate the definitions from the main text here:

(1- fa(gsxSysZ))ai

plila, X) = p; - OG; - Vaysys.) + S o , (3.56)
pi 1 I
=G (17 D O T | - (3.57)

Sq,8y,8,==%1

It is important to recognize that the function p(i|a, X) is constant in each octant of the
- =/

rotated coordinate frame ', ¢/, 2’ since U, s, is given by s = sgn (X - k) for k € {z,y, z}.

Intuitively speaking, we collect all the measurement results from one octant of the rotated

frame together. This coarse-graining of the parent POVM can be calculated when we

integrate over all vectors X in the corresponding octant. We denote this as the operator
Gs,s,s. that becomes (calculation in the next Subsection [3.D.1):

Y 1 - S
Gszsysz = / o dA Gx = T(Q -1+ Usgsyss * O‘) . (3.58)
So|sgn (A\-k )=sy, 6

This operator behaves like a noisy measurement in the direction of the corresponding
vector stsysz. Using this, the above integration reduces to:

/pr(z'ya,X) Gy= Y. plila,X) Gy, (3.59)
Sa

Sz,8y,8,==%1

where we again note that the conditional probabilities p(i|a, X) only depend on the signs
of A in the rotated frame. Now we can evaluate the right-hand side of this equation. We
obtain:

> plila, X) Gyysps. (3.60)

Sgz,8y,8,==%1

= Z Di @(az : stsysz) Gsmsysz + Z

Sa,8y,5,==E1 Sx,8y,Sz==%1

(1— fa(ﬁsmsysz))ai G
Sa O

(3.61)
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3. Compeatibility of generalized noisy qubit measurements

We evaluate the first term first:

Z pl @(671 : ,D,stysz) GszSySz (362)

Sx,8y,5,==%1

1 Lo 1 N . R
=3 Z Pi O(d; - Usps,s,) 1+ 6 Z Pi O(; - Usysys.)Usysys, - O
Sg,8y,S,=%1 Sz,8y,8,==%1
(3.63)
1 S I
=3 Z Pi O(a; - Us,s,s.) 1+ qPiaa (3.64)
Sx,8y,5,=%1
- % <]1 + a2 U) — il = A%~ a1 (3.65)

Here we used property (4) in Lemma and the definition of a; to rewrite the expression
into the desired form. The second term becomes:

Z (1 = fa(Vs,sys.)) i Grveys. = st,sy,sz::tl(l — fa(Us,sys.)) i 1=ad.

pORe? 8>

Sg,5y,5,=%1

(3.66)

To see this, we note that the coefficient in front of G s,s. and G_5, s, s, are the same
since fo(Us,s,s.) = fa(—Vs,sys.) = fa(V—s,—s,~s.) and the a; do not depend on s;. In
addition, G, s,s, +G s, —s,—s. = 1/4 = 1/8+1/8 which allows us to replace each G,s,s.
by 1/8 in the first step. Furthermore, we observe that:

SZ%:SZ% 1—% 3 O Tssys.) (3.67)

Sx,8y,Sz==%1

=8-) " > pi O TUs,ss) (3.68)

i Sg,Sy,Sy==%1

= Y (1 falBus,s.), (3.69)
Sz,Sy,8,=%1
which explains the last step in Eq. (3.66)). Hence, the sum of the two terms in Eq. (3.61))
is exactly A;é % as required.

3.D.1. Dividing the sphere into the eight octants

We divided the sphere into eight regions, according to the eight octants defined by
the signs in the rotated coordinate system. Our goal here is to show that when we
integrate all X in one octant, the result is precisely Gspsys. = (21 4 Us,s,s, - 0)/16,
where s, s, s, is the vertex of the cube that points to the midpoint of the octant. We do
the calculation first in the standard coordinate frame (without rotation) for the vector
Uyry = (+1,4+1,+17 and show that G, = (2-1 + ¥4,y - 7)/16. Here we use
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spherical coordinates X = (sin 6 cos ¢, sin O sin ¢, cos ) and integrate the parent POVM
Gy = ﬁ(]l + A - &) over all X in that octant. Hence, all A that have only positive
components. This is true if and only if 0 < ¢ < 7/2 as well as 0 < 0 < 7/2:

1 w/2 w/2
Giiy = 477/0 d9/0 d¢ (1 + o,sinfcos ¢ + oysinfsinp + o, cosh)sinfh (3.70)

1 1
However, in general, the integration is in a rotated frame. Nevertheless, the shape of an
octant is always the same, only the position is rotated. Hence, by symmetry arguments, we
can conclude that G, s,s. = (2-1+s,s,s, - )/16 holds for a general octant corresponding
to the cube vertex ¥s,s,s, -

3.E. Special cases

Here, we discuss some special cases and provide more illustrations. The case of two-
outcome POVMs is already discussed in Appendix

3.E.1. Three-outcome measurements

Suppose that all the vectors a; lie in a plane. In particular, this is true if the POVM
has only three outcomes since pidy + pads + p3ds = 0 can only be satisfied if all three
vectors lie in the same plane. In that case, we can choose the basis such that 2/
is orthogonal to the plane in which the vectors lie. With that choice of coordinate
frame, we can observe that f,(vs,s,+) = fa(¥Us,s,—) since d; - 7 = 0 and therefore
the z’-component of ¥,,,s. does not affect the value of f,(¥s,s,s.). Together with
Ja(Us,sys.) = fa(U—s,—s,—s.) (note that Us,s,s. = —T—s,—s,—s. and [fo(Z) = fo(=T)), we
can denote C1 1= fo(Uy+4) = fa(U44-) = fa(U——4) = fa(U-—-) and C3 := fo(V4—4) =
fa(Ti—2) = fo(T_44) = fa(T—4-). As a consequence of property (2) in Lemma [3.2] we
obtain C7 4+ C3 < 2. Now we can show that there always exists a rotation around the
z'-axis such that both values € and Cy are smaller or equal to one. If we fix at the
beginning a coordinate frame where both values are smaller than one, we can use precisely
that frame. On the other hand, if one value (suppose () is above one, the other one
(Cy) is smaller than one. Now we rotate the coordinate axes 2’ and y’ around the 2’-axis.
If we rotate by 90 degrees, we map the vector v;_4 to the vector ¥4 44 and therefore in
the rotated coordinate frame we obtain C} = f, (V" ) = fa(V4—4) = C2 < 1. By the
intermediate value theorem and since f, is continuous, there is a rotation (with less than
90 degrees) such that C1 = fo(¥7, ) = 1 which implies that C5 = fo (7% _,) < 1 since
C7 4+ C5 < 2 holds for each of these coordinate frames. In this way, we can construct a
suitable coordinate system without relying on the theorem of Ref. [134] but only on the
intermediate value theorem.
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3. Compeatibility of generalized noisy qubit measurements

Y Y

Figure 3.4.: An illustration of p(i|a, X) for a three-outcome POVM. Here the conditional
probabilities do not depend on 2’ due to the choice of the coordinate frame.
If X is close to one of the colored vectors it is also more likely that this color
is produced as an output.

3.E.2. SIC-POVM

We also want to give an example with a four-outcome measurement, namely a SIC-POVM.
We can represent a SIC POVM as follows:

0 V8/3 —/2/3 —/2/3
a= |0 o= 0 as = | V6/3 iy = | —v6/3 (3.72)
1 -1/3 -1/3 -1/3
and the coefficients p; are py = p2 = p3 = ps = 1/2. It turns out, that we can use the
standard coordinate frame and no rotation of the basis is necessary. In that basis, the
eight vertices of the cube become ¥, s, s, = (52, 5y, s5.)T with s, 8y,5; € {+1,—1} and
we can indeed verify that f,(Vs,s,s.) < 1 for each ¥s,s,s,. See the following table:

i R e e e R i R e I "

1 (blue) 0.5 0 0.5 0 0.5 0 0.5 0 0
2 (red) 0.305 | 0.638 | 0.305 | 0.638 | 0 0 0 0 |[0.014
3 (green) || 0.006 | 0.339 | 0 0 |0477 [0811] 0 0 |/ 0.046
4 (yelow) 0 0 | 00060339 0 0 | 0.477 [ 0.811 || 0.046

Ja(Usys,s.) || 0.811 | 0.977 | 0.811 | 0.977 | 0.977 | 0.811 | 0.977 | 0.811 ||

Table 3.1.: Here we represent the functional values of p; ©(¥s,s,s, - @;) for the chosen
SIC-POVM (note that p; = 1/2 for every 7). The last row gives the values for
the function fo(Us,s,s.) = D_; i ©(Us,s,s, - @;) which is obtained by taking
the sum over all . We also calculate every «; in the last column.

Every orthonormal basis is suitable for SIC-POVMs

For the construction of the SIC-POVM above, we simply used the standard coordinate
frame. However, it turns out that any other choice of orthonormal basis (or any rotation
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i |+++]++-|+-+|+--|-++]-+-|--+]--- >

1 (blue) 0.5 0 0.5 0 0.5 0 [ 05 0 |2
2 (red) || 0.330 | 0.641 | 0.330 | 0.641 | 0.003 | 0.026 | 0.003 | 0.026 || 2
3 (green) || 0.088 | 0.349 | 0.082 | 0.010 | 0.487 | 0.893 | 0.010 | 0.082 | 2
4 (yellow) || 0.082 | 0.010 | 0.088 | 0.349 | 0.010 | 0.082 | 0.487 | 0.893 || 2

I A

Table 3.2.: Here we represent the conditional probabilities p(ila, X) given the octant
in which X = ()\m,)\y,)\z)T lies (denoted as sgsys, where s, = sgn(Ag) for
k = x,y, z). Intuitively speaking, they are the same values as in the table
above but we fill the rest with noise. The last row is obtained by taking
the sum over all 4 which shows that the probabilities sum to one. A short
calculation can also directly verify that st,sy,sz:il p(ila, X) Gspsys. = A2

ila

Figure 3.5.: (similar figure as in the main text) The coloured arrows denote the vectors
p; - d; according to p; = 1/2 and the vectors d; given above. The right
part of the figure represents the conditional probabilities given in the table
above. Here, X lies in the octant that corresponds to "-++" (s, = —1,
sy = s; = +1) the outcome is ¢ = 1 (blue) with p(1|a, X) = 0.5, i =2 (red)
with p(2|a, X) = 0.003, i = 3 (green) with p(3|a, X) = 0.487, and i = 4 (yellow)
with p(4]a, X) = 0.01. Therefore, the outcome is most likely to be either i = 1
or ¢ = 3.

of the cube) would be equally valid. Therefore, in a different coordinate frame, the
functions for the conditional probabilities would change but a simulation is still possible.
Indeed, we can prove that f,(Z) < 1 for every vector Z with |Z| < v/3. Therefore for every
rotation of the cube, the vertices ¥s,s,s. satisfy fo(¥s,s,s.) < 1 since |Ts,s,s.| = V3. For
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3. Compeatibility of generalized noisy qubit measurements

the SIC-POVM the function becomes the following;:

ful®) = pi 0@ @) = OF @) +O(F-3) +OF @) +OF-ds) (3

2

Depending on the region where Z lies, some of the terms & - @; are positive and some of
them are negative. We show that in any case, f,(Z) < 1 if |Z| < /3. Suppose only the
term Z - @ is positive and the remaining three terms ¥ - @; are negative (this happens for
instance if ¥ = (z,0,0)). If this is the case, the function becomes

O -a) Z-dar _ |@-|a| |7

7)) — frd < = —
fa() 2 2 = 2 9

(3.74)

where we used the Cauchy-Schwarz inequality and |@;| = 1. The same argument holds if
one of the other terms is positive and the remaining three are negative. Now consider,
that the two terms Z - d; and ¥ - do are positive, and the remaining two are negative.
Then the function becomes:

O -d)+0O(X-d) Z-a

fa(f) = 9 =

—

Z- 2_f~(61—|—62)
N 2

vo| +

(3.75)

4

Y
< i+ asf 5l (3.76)
2 3 73

Here we used again the Cauchy-Schwarz inequality and note that a1 +ad» = (v/8/3,0,2/3)T
(hence |d@; + d2| = \/4/3). Due to symmetry reasons (or by a similar calculation), the
same applies to any other combination of these four terms, in which exactly two of them
are positive.

In the case where three terms are positive, we obtain similarly (note that a@; + ds +

-,

63+54:0)

£.(7) = o) + @(x2 dz) + O(Z - az) _ T (a1 +2a2 + d3) _T (2—@4) (3.77)

7 Jaal _ 17

IN
|

(3.78)

[\]
|

If none of the terms is positive, the function becomes f,(Z) = 0. If all of the terms
are positive, the function becomes also f,(Z) = (Z - (@1 + d2 + ds + @4))/2 = 0 since
@1 + dy + a3 + a4 = 0. (However, there are no vectors except & = 0 where either none or
all of the terms are positive due to geometric arguments.) One can see that, no matter in
which case we are, for every vector with |#| < 1/3 the function satisfies f, (%) < 1, and
therefore every orthonormal frame (respectively, any rotation of the cube) can be chosen.
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advantage of quantum-controlled
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This chapter is based on the article:

Martin J. Renner, Caslav Brukner "Reassessing the computational advantage of
quantum-controlled ordering of gates," Physical Review Research 3 (4), 043012 (2021)
(Received: 9 April 2021, Accepted: 13 August 2021, Published: 6 October 2021)

Contributions: Caslav supervised the work and introduced the problem to me. The
results were found and the manuscript was written by myself. All technical proofs were
carried out by myself.

Abstract

Research on indefinite causal structures is a rapidly evolving field that has a potential
not only to make a radical revision of the classical understanding of space-time but also
to achieve enhanced functionalities of quantum information processing. For example, it
is known that indefinite causal structures provide exponential advantage in communic-
ation complexity when compared to causal protocols. In quantum computation, such
structures can decide whether two unitary gates commute or anticommute with a single
call to each gate, which is impossible with conventional (causal) quantum algorithms. A
generalization of this effect to n unitary gates, originally introduced in M. Aratjo et al.,
Phys. Rev. Lett. 113, 250402 (2014) and often called Fourier promise problem (FPP), can
be solved with the quantum-n-switch and a single call to each gate, while the best known
causal algorithm so far calls O(n?) gates. In this work, we show that this advantage is
smaller than expected. In fact, we present a causal algorithm that solves the only known
specific FPP with O(nlog(n)) queries and a causal algorithm that solves every FPP with
O(n+/n) queries. Besides the interest in such algorithms on their own, our results limit
the expected advantage of indefinite causal structures for these problems.

4.1. Introduction

One of the most fundamental concepts in science is that of causality: the idea that
events occur in a fixed order. It is embedded in the very structure of computation in
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

which operations are performed one after the other. In particular, a quantum circuit
is built out of wires, representing the quantum states, and boxes, representing the
gates acting on these states in fixed order. However, it was suggested that the interplay
between general relativity and quantum theory might require superseding such a paradigm
[21} [155]. Within the last decade, quantum frameworks have been developed that enable
the description of indefinite causal structures in which no well-defined global order of
events exists [211 23] 22].

It was observed that the use of indefinite causal structures in information processing can
solve certain tasks which cannot be completed by causally ordered quantum circuits [26].
They exponentially reduce the communication cost in communication complexity problems
[156] and provide an advantage for channel discrimination tasks [I57]. Furthermore, they
can boost the rate of communication through noisy channels [158] [159] 160, 161, 162],
although causal circuits can achieve the same or even better noise reduction [163], 164 [165].
The computational complexity of indefinite causal structures has been studied 166, [167]
and their experimental accessibility was demonstrated in enhanced quantum photonics
experiments [168] (169, 170, 171 172} 28].

The most simple example of indefinite causality is based on the quantum switch [23].
In the quantum switch, two gates act on a target system and the order in which the two
gates are applied is controlled by a qubit: if the state of the control qubit is |0), the
gate Uy is applied before U; whereas if the control qubit is in the state |1), the order is
reversed. With this quantum-controlled ordering of gates, one can solve certain tasks
more efficiently than with any conventional (causal) quantum algorithm. Specifically, one
can determine whether two unitary gates commute or anticommute with a single call to
each gate, while with any causal quantum algorithm, at least one gate has to be called
twice [26].

A generalization of the quantum switch to an arbitrary number of gates is the quantum-
n-switch. Here, depending on the state of the control system, any permutation of the n
gates can be applied on the target system. In order to study the computational power of
this quantum-controlled ordering of gates, a promise problem was introduced in Ref. [27].
This task, which we will call Fourier promise problem (FPP) here, can be solved with
the quantum-n-switch and a single call to each gate (n queries). At the same time, it
was expected that solving the same task with a causal quantum algorithm requires O(n?)
queries. In a recent study, this idea is extended to other promise problems that are easier
to realize experimentally [28§].

In this work, we consider the solutions to the specific and general Fourier promise
problems using both the quantum-n-switch and causal quantum algorithms. We find that
the reduction in the query complexity using the quantum-n-switch is smaller than what
was assumed so far. More precisely, we present a causal algorithm that solves the only
known specific FPP with O(nlogn) queries and further, a causal algorithm that solves
every FPP with O(ny/n) queries. This reduces the expected advantage of indefinite
causal structures in solving this computational task as compared to causal circuits.
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The article is structured as follows: In Section [1.2] we give an overview of the Fourier
promise problem, the solution with the quantum-n-switch and the best causal algorithm
that uses O(n?) queries. In Section we derive the property that allows us to find more
efficient causal algorithms and give a first example of such an algorithm in Section [.4]
The two main results of this article can be found thereafter. In Section [4.5] we present a
causal algorithm that solves a specific FPP with O(nlogn) queries. In Section we
give a causal algorithm that solves every FPP with O(ny/n) queries.

/G
o)

a) [z), = 10)

Figure 4.1.: The quantum-3-switch: Depending on the state of the control system, the
gates act on the target system in a different order. For the case of n = 3,
each basis state of the six-dimensional control system realizes a different
permutation of the gates. If the control system is initialized in a superposition,
the n-switch can be used to solve Fourier promise problems. In this way, each
unitary Uj; is called only once.

4.2. The Fourier Promise Problem

Fourier promise problems, originally introduced in Ref. [27], are defined as follows:

Definition 4.1 (Fourier promise problem). A set of d-dimensional unitary gates {Ui}gfl
is given. Each permutation o, of the n unitaries is denoted as Uy = Uy, (n—1)---Us,(1)Usy(0)
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and labeled by a number x € {0,1,...,n! — 1}. It is promised that for some value y €
{0,1,...,n! — 1}, the permutations satisfy the following relations:

Ve e {0,1,...,n! —1}: I, =Y - Il . (4.1)

Here, w is defined as w := et and the task is to find the value y for which the above
promise is satisfied.

For example, in the case of two unitaries Uy and Uj, the two permutations U;Uy and
UpU; can be either labeled by Iy = UiUy and I1I; = UyU; or the other way around
(ITI; = UhUy and IIy = UypU;). While the promise for x = 0 is trivially satisfied, the
promise for = 1, namely II; = w'¥ - II, translates for both labelings into the fact that
Uy and U; either commute (y = 0) or anticommute (y = 1):

UoUy = (—1)Y - ThUp . (4.2)

The task is to find out which property is the correct one.

4.2.1. FPPs are an entire class of problems

For n > 3, there are different ways to label the permutations that lead in general to
inequivalent tasks (examples are given in Subsection . In this sense, Fourier promise
problems form an entire class of problems and we use the term “specific Fourier promise
problem” whenever we refer to a precise labeling of the permutations. To show that this
class of problems is non-trivial, one has to prove that for every n there is at least one
specific FPP for which there indeed exist unitaries that satisfy the promise. This is shown
in Appendix A of the original work of M. Araujo et al. [27], where they construct for
every n > 2 and every y € {0,1,...,n! — 1} a set of unitaries {Ui}gfl that satisfy the
promise II, = w*¥ - Il for a given labeling of the permutationsﬂ We want to point out
that, for a given n, this is the only specific FPP for which the existence of these unitaries
is explicitly shown (and hence the only task that is proven to be non-trivial). For this
specific task, we will present in Section a causal algorithm that is very efficient in the
amount of called black-box unitaries (queries), but has the disadvantage that it cannot
be adapted directly to (other possibly existing non-trivial) FPPs where the permutations
are labeled differently. In this sense, we say that this algorithm is able to solve only a

'While the precise form of these unitaries is not relevant in this article (since we will only use the fact
that they satisfy the promise), we want to mention that their Hilbert space dimension must be at
least d = n!. Since these unitaries satisfy the promise, we can consider Iy = w¥ - Ty and take the
determinant on both sides:

det(IT;) = w¥* - det(Tlo) . (4.3)

Since Iy and II; are products of the same unitaries in different order, we obtain det(Il;) = det(Ilp)
and therefore w¥? = 1. A solution for every y € {0,1,...,n! — 1} can only exist if d > n! (remember

that w = e%)
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specific FPP. On the other hand, we say that a (causal or non-causal) quantum algorithm
is able to solve every FPP for a given n, if the algorithm is able to solve every specific
FPP with n black-box unitaries. More precisely, if the algorithm can be adapted to every
possible labeling of the permutations (usually by adjusting the numbering of the states
in the control system to the labeling of the permutations). It turns out that this is true
for every algorithm in this work except the ones given in Section Note, however,
that in Ref. [27] the distinction between specific FPPs is not made explicitly, since only
algorithms are considered that can be adapted to every FPP.

4.2.2. Solution with the quantum-n-switch

The quantum-n-switch (denoted as S, and called n-switch for short) is the quantum gate
that applies, depending on the state of the control system |z), the permutation II, on the
target system |Wy):

Vo e {0,1,...,n! =1} Splz), @ [¥y) = |z), @11, |¥y) . (4.4)

Moreover, since the n!-dimensional Fourier transform is frequently used in this article, we
formally introduce it here. In symbols,

n!—1

Vy e {0,1,....,n! —1}: Eyly) = Zwmx : (4.5)

With the use of the n-switch, one can solve every FPP, as described in Ref. [27]; the
control system is initialized in the n!-dimensional state |0). and the target system |¥;)
in an arbitrary d-dimensional state. The Fourier transform Fj, transforms the control
system into an equal superposition of all states x € {0,1,...,n! — 1}:

(Frr0),) @ |Wy) = ( 'Z\x )@\\Ift. (4.6)

Afterwards, the n-switch applies, depending on the state |x) of the control system, the
permutation II, on the target system |¥;) (see Fig. for an illustration of the map for
the case of n = 3):

n!—1 n!—1
( i Z |z) ) ® W) = o Z |z), @ Iy [¥y) . (4.7)

With the promise II, = w®Y - I, this state can be rewritten into:

n!—1 n!—1
ch ). @I, |U) = ( wap; >®1‘[0|\pt), (4.8)

In this way, the target system becomes independent of x and factorizes out in the state
Iy |¥,). After applying the inverse Fourier transform on the control system, the desired
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

value of y can be read out with a measurement of the control system in the computational
basis:

nl—1
1
F! ( > W \a:>c> @I |¥y) = |y), @ o [Wy) . (4.9)
vn! =

Since the n-switch can apply every permutation of the unitaries with a single call to each
gate, the total query complexity of this algorithm is n.

4.2.3. Solution with causal quantum algorithms

In this section, we give an overview of the best causal algorithms for FPPs that are
known. All of them are based on the simulation of the n-switch and call O(n?) black-box
unitaries. A causal quantum algorithm simulates the action of the n-switch (denoted as
Ssim-y if it implements the transformation

n—1 n—1
Sam [z), @ %) @ <® raz->> — o), O 1L, [T) ® <®<Ui>ki |az->> (4.10)
i=0 =0

for every x € {0,1,...,n! — 1}, arbitrary d-dimensional states |¥;) and |a;) as well as
constants k; that do not depend on z. Every simulation of the n-switch can be used
in combination with the algorithm in Fig. [£.2] to solve every FPP; analogously to the
n-switch in the last subsection, the control system is prepared with a quantum Fourier
transform in an equal superposition over all states « € {0,1,...,n! — 1}. By linearity, an
algorithm that simulates the n-switch implements the transformation:

) 1 n!—1 n—1
Syt (W ;) !$>c> ® V) ® (@\W)

1=0

n!—1 n—1
- (jﬁ S fa), © 10, \w) ® (®<Uz->’% \ai>> (4.11)
=0

1=0

-1 n—1
1 &,
== > W \x>c> ® I |Ty) ® (@(Ui)ki |ai>> .
(m =0 =0
Again, the promise II, = w®¥ - I is used to obtain the last equality. After applying

the inverse Fourier transform to the control system, the solution y can be read out in the
control system.

One algorithm that can implement the transformation S$™ is given in Fig. This
one was originally introduced in Ref. [I73] and is also presented in Appendix C of Ref. [27].
In each step i = 0,1,...,n — 1, the gate S swaps, controlled on |z), the target system
|W;) with the auxiliary system ‘a%(i)>. After the gate U, (;) acts on |¥y), another
gate S swaps the two systems |¥;) and ’a%(i)> back. In this way, the permutation
Iy = Usy(n-1)---Us,(1)Us,(0) 1s applied to the target system. In this algorithm, each gate
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0)e 1 Fu —EL e ),
|‘I]t> - ) disentangled
Szim. from
|a0> > control
: system
anr) — )

Figure 4.2.: Solution of every FPP with the simulation of the quantum-n-switch: With a
Fourier transform the control system is prepared in an equal superposition
of all states #. The simulation of the n-switch S5™ applies, depending on
the state of the control system |z), the permutation II, on the target system.
The solution y can be read out after applying the inverse Fourier transform
to the control system.

U; is used exactly n times, so the query complexity of this algorithm is n?. Furthermore,
for every permutation II,, each auxiliary system |a;) is swapped back and forth with
|W,) exactly once. Hence, independently of the state of the control system |z), the gate
U; is applied once on |¥;) and the remaining (n — 1) times on |a;). In this way, each
auxiliary system |a;) ends up in the state (U;)" ! |a;) and the algorithm implements the
transformation given in Eq. for ki = (n—1). E|

). —9
1) I I S i

lao) — : I
1) 4 s sHs St1s St

—e
—®
—e
—e
—e

lan—1) — Un-1 - Un-1 e Un-1 -

Figure 4.3.: A simulation of the n-switch with a causal algorithm: The permutation II, is
applied on |¥;) by swapping the target system in each step i =0,1,....,n — 1
with the auxiliary system ‘a% (Z-)>.

There are simulations of the quantum-n-switch with causal quantum circuits that are

2Further details about the representation of the control system |z),. and the implementation of the
S-gate can be found in Appendix C of Ref. [27] and in Ref. [I73].
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

slightly more efficient. All of them call O(n?) black-box gates in total. This is studied in
Ref. [174] (and also in Ref. [27]).

4.3. Towards more efficient causal algorithms

4.3.1. Pairwise commutation relations

In this article, we show that there are algorithms that solve Fourier promise problems by
calling significantly less queries than the simulation of the n-switch requires. The main
ingredient is a property of the unitaries that can be directly inferred from the promise.

Definition 4.2 (Pairwise commutation relations). A set of unitaries {U;}5 ™" satisfy “pair-
wise commutation relations”, if for every pair of unitaries U; and Uy, (j,k € {0,1,...,n —1})
there exist o, € C such that:

U;jUp = aj - UpUj . (4.12)

Proposition 4.1. Fvery set of unitaries {Ui}gfl that satisfy the promise of a Fourier
promise problem,

Ve €{0,1,...,n! =1} : II, = w®¥ - Il (4.13)

satisfy pairwise commutation relations. Furthermore, if for a specific FPP the labeling of
the permutations is given, the pairwise commutation relations read:

U;Up = w50 . DU (4.14)

where x]k 1s the label of the permutation II, 1, = Un-1.. U U0U;U and xjk is the label
of the permutation 11 22, = Un-1.. U U0UGU; (wzth U,_1...U Uy, we denote all unitaries
without U; and Uy, in descending order)lﬂ

Proof. For every pair of black-box unitaries U; and Uy, we focus on the two permutations
introduced in the statement above:

T
J

M = Up 1. U1 UpUrUj - (4.16)
J

II 1_k = Un_l...UonUjUk and (4.15)

3Note that with some caution, one could turn this statement into an equivalence: the condition
of pairwise commutation relations is not only a necessary condition for the promise to hold.
One can also check by direct calculation that whenever all permutation relations are pairwise
(Vj #k I zj, € Zst. UjUp = w5V . UgU;), all permutations of the n unitaries are related by a
phase (II, = w™¥ Ily). In order for the promise to hold, one has to choose the pairwise phases
such that every x € {0,1,...,n! — 1} appears exactly once. Nevertheless, it is enough for our purpose
that the promise induces pairwise commutation relations.
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Due to the promise II, = w”¥ Iy, both permutations are equal to IIy up to the phases

—2l . 22 . .
w™%ixY and w” ¥k respectively:
b —a2,.
Using the above expression for the two permutations I, and II,2 , we obtain
J J

W IRY Uy UoUs Uy, = w ™Y - U1 UpUp U | (4.18)

Multiplying from the left step by step with the inverses of U,,—1, Uy 2, ..., Uy and Uy (for
U; and Uy, this is left out), this expression is equivalent to:

1.2, . . .
With i, := w @ik~ € C, we conclude that every set of unitaries that satisfies the
promise also satisfies pairwise commutation relations. ]

4.3.2. Structure of the new algorithms

10)¢ —{ Fr —F e ().
V1) —
disentangled
TFPP . from
‘\Ilm> " control
|a0> I I system
|lan—1) —

Figure 4.4.: General structure of the algorithms in this article: With a quantum Fourier
transform the control system is initialized in an equal superposition of all
states |z). After the transformation T¥FF (see main text) is applied, the final
state of each target and auxiliary system becomes independent of x and the
solution y can be read out by a measurement of the control system in the
Fourier basis.

All causal algorithms that we present in this article are of the form given in Fig.[4.4] The
target systems |W;) and auxiliary systems |a;) are initialized in an arbitrary d-dimensional
state. The important part of the algorithm is the one that realizes the transformation
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

TFPP:
. 1 m n—1
T 2. @ @1¥5) & Q) las) = @) © Q) £7 Vo v Un-1) 1¥5) @ QU™ i)
=1 i=0 =1 =
m n—1
= ™Y [2), @ R) £2Uos e, Un) [ © R(U) [as) -
j=1 =0

(4.20)

On each target system |V¥;), some of the n black-box unitaries from the set are applied,
such that each of them ends up in a state f(Up, ..., Un—1) |¥;). The unitaries contained
within ff(Uo, ..., Up—1) are the same for every z, but the order in which these unitaries
are applied on the target system will explicitly depend on x. Since all commutation
relations are pairwise, one can always rewrite this expression into !)”]Q(Uo7 vy Un—1) [95)
and a phase is obtained whenever two unitaries are commuted (with ¢(*) we denote
the product of these phases):

f;:(U(), ceey Un—l) ‘\I/]> = eid)j(‘r) fJO(U(), veey Un—l) ‘\I/j> . (4.21)

In this way, the final state of each target system becomes independent of z and if the
algorithm is designed carefully, all these phases multiply together to w”®¥.

Whenever we find an implementation of this transformation TEFP for every = €
{0,1,...,n! — 1} we can solve the corresponding FPP. The control system is initialized in
an equal superposition of all x and due to linearity, the transformation T}f PP yealizes:

n!—1 m n—1
i (L rx>c>® ) ®( |ai>)
&z X ®

(4.22)

nl—1 m n—1
= <\/17? Z wrY ’$>c> ® ®f]0(U0, . Unfl) |\I/]> ® <®(Uz)k1 |al>> .
T x=0 7=1

=0

At the end, the solution y can be read out after applying the inverse Fourier transform to
the control system (see Fig. |4.4)).

Intuitively speaking, the pairwise commutation relations allow us to simulate different
parts of the total phase w®¥ on different target systems. Note that the best causal
algorithms so far that are based on the simulation of the n-switch (Subsection
can be seen as a special case of this new method with only one target system (m = 1)
and f{(Uo,...,Un—1) = II;. Hence, this new procedure is more general and usually more
efficient than simulating every permutation on its own. We want to point out that these
ideas can in principle be applied to every set of unitaries satisfying pairwise commutation
relations. In this sense, this method may have some applications beyond Fourier promise
problems.
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4.4. More efficient solutions for FPPs with three unitaries

In this section, we show in a first example how pairwise commutation relations are useful
to find more efficient causal algorithms. More precisely, we present an algorithm that
solves every FPP for n = 3 with six queries, while the best causal algorithm that was
known so far used seven queries. While this difference might not seem significant at first,
we will show in the next sections that similar ideas can be used for a significant reduction
in the number of used black-box gates in the asymptotic limit.

4.4.1. Two possible ways to label the permutations

Before we present the algorithms, we give two specific examples of labelings for n = 3.
We denote with x;;, € {0,1,...,3! — 1} the label of the permutation U;U;Uy:

0 = 910 Ty = U2U1 Uy (4.23)
1 = 901 I, = UsUpU; = w¥ UsUL Uy (4.24)
2 = T199 Iy = U UsUy = w?¥ UsU Uy (4.25)
3 = 20m I3 = UgUsUy = WY UU Uy (4.26)
4 = x99 Iy = U UpUs = w'¥ UpyU Uy (4.27)
5 = To12 5 = UgU Us = ™Y UsU Uy . (4.28)

If it is promised that the three unitaries satisfy these conditions, it is straightforward to
read off the pairwise commutation relations: from the second line UsUyU; = w'¥ UsUy Uy,
it follows that UglU; = w'¥ U;Uy, and from the third line, one can conclude that
U Uy = w?Y UsU;. For the last pair Uy and Us, we have to put in some more work: Due
to Proposition we can compare the fifth (U3UpUs) and the third line (U;U3Up) to
obtain:

w U U Uy = UpUr Uy = w™2Y U U,Uy — UpUy = w*¥ Ul . (4.29)

There exist other specific FPPs that correspond to other labelings. One example is the
following;:

0 = 210 Iy = UpU Uy (4.30)
1 = 109 I, = U UgUs = w'Y UUL U, (4.31)
2 = 2901 Iy, = U,UgU, = w?Y UU Uy (4.32)
3 = Zo12 I3 = UgUrUs = WY UU Uy (4.33)
4 = x99 Iy = U, UsUy = WY UpUL U, (4.34)
5 = xo21 M5 = UpUsUy = W™ UyUyUp . (4.35)

Here, the pairwise commutation relations can be read off as follows: UglU; = w?¥Y U, Uy,
UgUy = w3Y UsUy and U1Us = w*Y UsU;. On the other hand, knowing all pairwise
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phases uniquely determines the labeling (up to the freedom of choosing Ilj).

Note that not every labeling is meaningful. Some of them lead to trivial statements:

0 = 2210 Iy = UsU Uy (4.36)
1 = x99 I, = Uy,UpU; = w'¥ UU Uy (4.37)
2 = T102 Iy = U UgUs = w?Y Us U Uy (4.38)
3 = 2190 I3 = U UsUy = wY UsUy Uy (4.39)
4 = 2012 I, = UgU Uz = w*Y UUL Uy (4.40)
5 = 2021 5 = UgUsUy = w™Y UsUL U . (4.41)

From the second line, it follows UylU; = w'¥ U Uy, while from comparing Il = U UyUs
with II4 = UpU,Us, one obtains UgU; = w?¥ U Uy. This is a contradiction whenever
y # 0 (note that w = et # 1 for n > 2). More precisely, only for y = 0, there exist
unitaries Uy, Uy and Us that satisfy this promise, and the task becomes trivial (since
one can conclude directly that the solution must be y = 0). By counting, we found that
there are 24 different possible labelings of the six permutations that lead to non-trivial
solutions for n = 3 if we restrict ourselves to z219 = 0 (IIy = UaU1Up).

4.4.2. Standard causal algorithm with seven queries

The best causal algorithms known so far that solve these problems are based on the
simulation of the 3-switch and call seven black-box unitaries. One possible algorithm
that can achieve this is given in Fig. The gates R denote rewirings of the target and
auxiliary systems (a combination of controlled swaps). Depending on the state of the
control system |z;;;), they interchange the wires in a way that the gates act on the systems
according to Table All underlined gates U; act on |¥;) and simulate the permutation
U;U;Uy, while the remaining (unused) gates Uy and Uy act on the corresponding auxiliary
systems |ag) and |a1), respectively.

Figure 4.5.: Simulation of the 3-switch (S§™) with the smallest possible number of used
black-box gates.

In total, the combined control and target system simulate the action of the 3-switch,
since every permutation of the three unitaries can be applied on the target system, while
the two auxiliary systems always end up in the same state

S5 zijk) @ W) @ |ao) ® |ar) = |wije) © UsU;Uy W) @ Ug lag) @ (Ur)? |a1) . (4.42)
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SE™ (|zijr) ® [¥y) @ |ag) @ |a1))
UrUgUrUs U UgUs | [@210) ® UsUrUg |¥4) @ Uy |ag) @ (Ur)? |aq)
U UoUr UaUr UgUn | |2201) @ UsUgUs |W4) ® Uy |ag) @ (Ur)? |ar)
U1UpUr UsUr UoUy | |2120) © UrlUsUp W) ® Uy |ag) @ (Ur)? [ax)
UrUUL U U Ug U | |@o1) @ UgUsUn |¥4) @ Uy |ag) @ (Ur)? |aq)
UrUoUrUs U UgUs | |m102) ® UrnUgUs |¥4) @ Uy |ag) @ (Ur)? |aq)
Ur1UoU U U Ug Uy | |mo12) @ UgUr Uz |¥4) @ Uy |ag) @ (Ur)? |aq)

Table 4.1.: Final state for every |z;j;) of the algorithm in Fig.

As explained in Subsection this solves every FPP as the 3-switch itself.

It is essential for an algorithm that simulates the n-switch that every permutation of the
unitaries can be applied on the target system by rewiring the systems in some way. Here,
for n = 3, every permutation has to appear as a substring in U;UgU,UU1UgU;. The
minimal length of a string of elements Uy, Uy, ..., U,—1 such that all possible permutations
of the n elements are contained in the string as a substring is a well-studied problem in
combinatorics: it is known that the minimal number of elements in such a string is of the
order of O(n?) [I75]. For 3 < n < 7, the shortest string containing all permutations as
a substring has length n? — 2n + 4 [I76]. For higher n, more efficient constructions are
known [I77, [I78]. For this reason, no string of length smaller than seven can contain all
the six permutations of three unitaries.

4.4.3. More efficient causal algorithm with six queries

Here, we will show that we can solve every FPP for n = 3 with only six queries using the
algorithm given in Fig.[£.6] In accordance with the methods introduced in Subsection .32}
we introduce a second target system. As before, each of the gates Uy, Uy and U; are
applied on the first target system exactly once. Since we only use six queries, not every
permutation of the three unitaries can be realized on the first target system. Nevertheless,
we can use the second target system, on which each of the gates Uy and U; are applied
exactly once, to simulate the pairwise phase between Uy and Uj if necessary. Via the
“phase-kickback,” the phases of both registers are accumulated in the control system at
the end. In this way, the algorithm is not able to simulate every permutation on its own
but is able to simulate the product of the pairwise phases for each permutation, which is
enough to solve Fourier promise problems. This procedure requires less queries and is the
central idea of all the algorithms in our work.

As in the last subsection, the gates R are rewirings of the target and auxiliary systems.
They interchange the wires in a way that the gates act on the systems according to
Tab. All underlined gates U; act on |¥1), all overlined gates U; on |¥s) and the
remaining gate U; acts on the auxiliary system |a;).

The crucial difference here is the permutation UsUyU;. It is not possible that the
first target system |¥1) ends up in the state UsUpU; |¥1) directly, since the permutation
U1UyUs is not contained as a substring of UyU;UsUUpU; (remember that the order
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Figure 4.6.: An implementation of T?F PP that solves every FPP for three unitaries.

T3P (|zir) © |¥1) © [Ua) @ |ai))

UoU1UU UgUy | |2210) @ UaU 1 Ug |W1) @ UrUp [W2) @ Uy |ar)
UoU1UU UgUs | |2201) @ UaU Up |W1) @ UgUy [W2) @ Uy |ar)
| = zem) @ UpUpUn [W1) @ Ur U [¥2) ® Ut |as)
UoUrUaUrUpUn | [2120) @ UrUaUp |¥1) ® UrUp [W2) @ Ut |ax)
MUI%UI |£C021>®UOU2U1 ’\I/1>®U1U0’\I/2>®U1 |a1)
@@U1M |x102>®U1U0U2’\I’1>®U1U0’\I’2>®U1 |a1)
UoU U U1 U UL |x012> ® UgU1Us ’\I’1> ® U1Uy ’\I’2> ® U |a1)

Table 4.2.: Final state for every |z;;;) of the algorithm in Fig. |4.6, Using pairwise
commutation relations, one can rewrite the second line (see main text).

is reversed since U; has to act first, then Uy and Us). However, since every set of
unitaries that satisfies the promise satisfies pairwise commutation relations, we can use
U1Ug = a9 UgUy to rewrite the second line of Table into:

|z201) ® UsUr Uy | V1) @ UgUy [¥2) @ Uy |ay)
= aig |z201) ® UaUpU1 [¥1) ® UpUy [V2) ® Ut |ax) (4.43)
= |w201) ®@ U2UpUy |¥1) @ UrUp [W2) ® Ut |az) .
Due to this, the algorithm implements a transformation that is very similar to the one
that is implemented by the algorithm in the last subsection (Eq. ) For every ;1.

the permutation U;U;Uy, is applied on the first target system, while the second target
system and the auxiliary system always end up in the state UjUp |¥2) ® Uy |ay):

T3P i) © |01) @ [P2) ® |as)

- (4.44)
= |:c,,]k> X UZ'UjUk ‘\I’1> ® U1Uy ’\I’2> ® Uy |a1) .

In this way, the combined control and first target system simulate the action of the
3-switch for unitaries satisfying pairwise commutation relations. Therefore, this algorithm
solves every FPP for n = 3 in the same way as the algorithm in the last subsectionﬁ

4 Alternatively, to stay within the methods developed in Subsection note that Eq. can be
rewritten into w*k Y |xi;k) @ Mo [P1) @ UrUp [V2) ® Ui |a1) by using the promise I, = U;U;Uy, =
w”i3kY Ty, In this way, the final state of each target and auxiliary system is independent of x;;; and
the algorithm in Fig. @ can be applied directly.
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In Section [£.6] we use similar ideas and present an algorithm that simulates the action
of the n-switch for unitaries that satisfy pairwise commutation relations (and is therefore
able to solve every FPP) with O(ny/n) queries. In order to avoid confusion, we want to
point out that the algorithm of this subsection is not the particular case of the algorithm
in Section 6] for n = 3.

4.5. Causal algorithms with query complexity O(nlogn)

In this section, we present an algorithm that solves the FPP with the labeling used in
Appendix A of Ref. [27] with O(nlogn) queries. First, we recall how the permutations
are labeled and derive the pairwise commutation relations for this labeling.

The identity permutation is defined as:
Ho = UnflUn,Q...Uon . (445)

The labeling of all other permutations II, is based on the factorial number system; every
x is represented with n — 1 integers (an—1,...,a1) where a; € {0,1,...,k}: E|

n—1
r= a-kl. (4.46)
k=1

Starting with the identity permutation Il = U,_1...U1Uy, we obtain the permutation
I1, by shifting first Uy a; € {0, 1} steps to the right, then Uy as € {0, 1,2} steps to the
right and so on. The labeling for n = 3 is given as the first example in Subsection [£.4.]]
(Eq. —). We call this labeling of the permutations the “factoradic” labeling.

Due to Proposition we can read off the commutation relations for every pair of
unitaries U; and U, (w.l.o.g. we assume here j < k). The two permutations we have to
focus on are:

M, = Uy UhUpU; Uy, and (4.47)
J
I = Up1.-U1U6URT; (4.48)

To construct the first permutation II, 1 from the identity permutation Ily, the unitary U;

is first shifted j steps to the right. In a second step, Uy is shifted k steps to the right,
while all other unitaries are not shifted. Hence, the label of II . is ! =k kl+7- gl
J

To obtain the permutation II 22, from the identity permutation, the unitary U; is first

shifted j steps to the right and afterwards, Uy is shifted (k — 1) steps to the right. The
remaining unitaries are not shifted. Therefore, the label of the second permutation is
x?k =(k—1) k!4 j-j!. If we combine this with Eq. (4.14)), we obtain:

U;Up = w250 . DU = Wb . DU (4.49)

®This is Eq. (A4) in Ref. [27].
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Hence, whenever a unitary Uy of the set for which the promise holds is commuted with a
unitary of a smaller index, the result remains unchanged up to a phase w*"v. |§|

To introduce the idea, we give the algorithm for n = 4 in the next subsection and
generalize the procedure thereafter. Note that the query complexity of this example is
actually worse than with the conventional method; it requires 18 queries, while the most
efficient simulation of the quantum-4-switch calls twelve black-box unitaries[’] Nonetheless,
it is an instructive example whose generalization results in a significant reduction of the
query complexity. As a further remark, we want to point out that we use the notation
of controlled unknown unitaries merely for convenience. Note, however, that controlling
unknown unitaries is impossible within the standard quantum circuit model [I79] but
can be realized in the interferometric type of setups [180, [I81) 182]. At the end of this
section (Subsection , we show that it is possible to rewrite the algorithm in a form
that does not control unknown unitaries.

4.5.1. The algorithm for n=4

For our purpose, it is useful to represent every number = € {0,1,...,4! — 1} in a basis of
bits ¢f , € {0,1}. More precisely, we identify the state |x), with a six-qubit state

), = Q) |k, - (4.50)

1<k<3
1<i<2

The bits ¢} ; satisfy the following equation:
rT=0c51- 12+ 59 6+¢51 24592+ 1+ciy 1. (4.51)

For example, = 16 can be written as 16 = 12 + 2 4+ 2. Hence, |z = 16),. is represented
by ’cé?l =1)® |c§?2 =0)® }c%?l =1)® ‘C%g =1)® ‘0%761 =0)® ‘0%762 = 0). It is simple to
check that indeed every = € {0,1,...,4! — 1} can be represented in this way. Note that this
representation is not unique and most numbers can be decomposed in more than one way.
For our purpose, it is enough to choose one representation for every z € {0, 1,...,4! — 1}.

In accordance with the methods introduced in Subsection we will show that the
algorithm in Fig. can implement the transformation TfF¥ for this FPP. To see this,
we look first at the target system |Wy1). The gates Uz, Uy and Uy act on this system but
the order in which they are applied depends on the control qubits ‘c§71> and ‘0916,1>- If both
control qubits are in the state |0), this target system ends up in the state UsU1Up |¥21).

This is equivalent to Eq. (A3) of Ref. [27]. The difference is that here, we derive the pairwise
commutation relations from the promise and in Ref. |27], the pairwise commutation relations are used
to show that unitaries which satisfy the promise exist (an explicit example of unitaries that satisfy
the promise can also be found in Appendix A of Ref. [27]).

"Following the example given in Subsection the shortest string containing all permutations of the
four unitaries has twelve elements, for example Uy UsUsUsUr U2 UsUL U U2 U Us [176].
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€31 o— (w!?Y)
C39 w8y
C%,l w2y
2 w2y
c ° 1y
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|2,1) {Us] (01 U {01 | (Us

|Ws2) @ @ @

|Wa,1) U, Uy |

[¥1.2) (U2} [Uo| (02}

|Wy.3) @ @ @

[Z44) (Vo]

Figure 4.7.: Implementation of the transformation 7, f PP for the factoradic labeling of the
permutations. The labeling of the target systems ‘\I/2¢7j> is introduced in
Subsec. For the moment, it is only important that each target system
is initialized in an arbitrary d-dimensional state.

On the other hand, if one or both of the two control qubits are in the state |1), the order
of these gates is different. Nevertheless, due to the pairwise commutation relations given
in Eq. , we can always rewrite the final state of the system |Wg 1) into UsU Uy |Wa ).
By doing so, a phase is obtained whenever two unitaries are commuted (see Table [4.3)).

‘C§,1> ‘ ‘ny1> ‘ Final state of |Uy 1)

|0> |O> U3U1U0 ’\P2,1> = U3U1U0 ‘\112’1>
0) 1) UsUgUy [W1) = Wt UsUyUp |W21)
|1> |0> U1U0U3 |\Ij2,1> = WlQ‘y U3U1U0 |\I/2’1>
Y 1) UoUrUs [Wa1) = w'?¥. Wl UsU Uy |Va,1)

Table 4.3.: Final state of the target system |Wy ;) for all combinations of the control
qubits |c§§j71> and ‘cfl>.

For instance, the qubit ‘c§71> controls whether the gate Us is applied before the two
gates Uy and Uy, or after these two gates. Whenever |c§,1> = |1), Us needs to be commuted
with two unitaries of a smaller index (independent of the order of these two gates). In this
way, a factor of w3 is picked up twice, which multiplies together to w!2¥. Independently
of this, Cf71> controls the order of Uy and Up. If |cfl> = |1), U; needs to be commuted

with Uy and a relative phase of w!¥ is picked up.

Analogous arguments hold for the other systems; the control qubits control the order
in which the involved gates are applied on the target system. Due to the pairwise
commutation relations, the final state of each target system can always be rewritten
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

in a form that is independent of the control system. By doing so, we pick up a phase
w)y (the expression in brackets at the end of each line of a control qubit in Fig. ,

Whenever a control qubit is in the state |1). For example, if x = 16, which is represented

by C3 1= 6%61 = 6%62 =1 and 032 = 0%61 = 0}62 = 0, the circuit realizes the following

transformatlon
TPl =D)elab=0) gl =1)elay=1)
& ‘Cl 1= 0> & }012 = > ® ‘\I’271> ® |\I}2,2>
& |\I/471> (=) ‘\11472> (= ’\1’473> & |\Il474>

=i =1)©lgh=0)® ) =1)® a5 =1)
® ‘Cl 1= 0> (=) }Cl 9 = 0> ® U1UyUs ‘\11271> ® UpUs |\I/272> (4.52)
Q@ U1Up |Wa,1) @ UpUs |W42) @ UsUp [Wa3) @ Up |Waa)

=w leh =) @] =0) @ |6 =1) @ |y =1)
& ‘Cl 1= 0> & }Cl 5 = 0> ® UsU1Uy ‘\11271> ® UsUy ’\11272>
@ U Up |W4,1) @ UsUp | Wy 2) @ UsUp [Wa3) @ Uy |Wy4) -

Here, we obtain the factor of w'®? as a composition of
WiV = W12V . 2V . 2V (4.53)

The first factor w'?¥ stems from commuting Us with U; and Uy on |Wo1), while the two
factors of w?¥ arise from commuting Us with Uy on |Wa2) and |Wy2), respectively. Since
every x € {0,1,...,4! — 1} can be represented as in Eq. (4.51)), the algorithm in Fig.
applies the following transformation for every such z:

T |2), ® |Wa1) @ [Wao) @ [Wa 1)
® [Wa2) ® [Wa3) ® [Wa4)
(4.54)
=w"Y |l‘>c ® UsU1Uy |\I/2,1> ® UsUy |\P272> ® U Uy |\I/4,1>
®@ UaUg [Wy4,2) @ UsUp Wy 3) @ Uy [Way) .

Note, that the final state of the target system is independent of the control system
|z). Hence, we can use our algorithm and the procedure introduced in Subsection
to solve this specific FPP. More precisely, applying a Fourier transform, the control
system is initialized in an equal superposition of all |z). After applying the algorithm, a
measurement, of the control system in the Fourier basis will yield the desired value of y.

As mentioned before, the query complexity of this example is actually worse than with
the simulation of the quantum-4-switch. Nevertheless, for larger n, the method that we
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4.5. Causal algorithms with query complexity O(nlogn)

introduce here solves this specific FPP with only O(nlogn) queries. The reason for this
scaling advantage comes from the fact that every number x € {0,1,...,n! — 1} can be
represented with O(nlogn) bits ¢j ; (remember that n! < 27" log2m) " In the algorithms
presented here, every such bit corresponds to a control qubit and only two queries couple
to every control qubit.

As a remark, note that the target system |Wy4) is technically redundant. Moreover,
the target system |W4 1) and the corresponding control qubit ’ci2> are also not needed
since the five bits 3, ¢34, ¢34, ¢35 and ¢f ; are sufficient to represent every number
x €{0,1,...,4! — 1} in the form given in Eq. . In this specific example for n = 4,
we kept them in for completeness. It turns out that for every n, there are some target
systems that can be left out. In order to keep the notation as simple as possible, and
since this does not affect the overall scaling, we refrain from doing so.

4.5.2. The algorithm for every n

In this section, we show how the idea of the above example can be generalized to solve
this specific FPP for arbitrary n. As above, it is convenient to introduce a specific
representation of the control state |x) into qubits. More precisely, we use (n—1) - [logy n ]|

cil> (ck; €{0,1}) where k=1,2,...,n—1andi=1,2,..,[logyn|. For

control qubits
convenience, we define 7 := [logy, n]. The state |z),, is identified with
2= @ I (4.55)
1<k<n-1
1<i<[logy n]
where the bits ciﬂ- satisfy the equation
n—1 1 k
r=Y> ;- {2’} k! (4.56)
k=1 i=1

While the motivation for this basis will become clearer below, we give the formal proof
that every x € {0,1,...,n! — 1} can be represented in this way in Appendix E|

Now, we will show that the quantum circuit given in Fig. solves this specific FPP
with O(nlogn) queries. The control system consists of the (n —1) - [logyn| control

qubits

cy, z> introduced above. Furthermore, we use several target systems ’\I/2¢7j>7 where

i€{1,2,..,i:= [logyn]} and j € {1,2,3,...,2'}. As for every algorithm in this article,
they are initialized in an arbitrary d-dimensional state.

8Note that the representation of z in this basis is not unique. For our purpose, it is enough to pick
one such representation for every x. Furthermore, this representation is related to the factorial
number system that is used to label the permutations I, in Eq. . More precisely, cf ; - [;’ﬂ is a
representation of aj with [log, n] bits.
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leg—1.1) o I — —
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) 2 : : - :
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Ws) AN (S N e I
[Wa,1) = — + e
W, 4) |/ I I 7 Vi - W Wl Vo L
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a) Cy and Vj, (Cy and V;) are used as a shorthand notation and are defined below.

ek 1) —] 7 - ek 1) —] I
ek} — Ck = L g — G | —— e ——
le ;) — - e ley ) — D S

¥s1) %Ii - - [@s1) %Ii - -
Wt ) —| o= s mor) —| =t e —— [T
Wt ot ) — Ve | e T W moa ) A T | o (T
e T et [/ ok moant) — = AUk

W) — 8 g W) —| - : ‘

b) Definition of Cy, and Vj, c) Definition of C, and Vj,
(The black dot denotes a control on |1), in (The white dot denotes a control on |0), in

symbols: [0)(0] @ 1 + [1)}(1]| ® Uy.) symbols: [0)0] ® Uy + [1)(1] ® 1.)

Figure 4.8.: The quantum circuit implementing the transformation TF°F for the FPP
with the factoradic labeling of the permutations: Depending on the state of
the control qubits, the gates are applied on the target systems in a certain
order. Due to the pairwise commutation relations, the final state of each
target system can always be reordered but certain phases are picked up when
two unitaries are commuted. For every x € {0,1,...,n! — 1}, these phases
multiply together to w®? (see main text).

The idea of the algorithm is, as usual, that the black-box gates act on the target systems
in a certain order and due to the pairwise commutation relations certain phases are picked
up by rewriting the final state of each target system. More precisely, we will show that

k1L
whenever a control qubit ‘Ciz> is in the state |1), we obtain a relative phase of w{mw k! v

independent of the states of the other control qubits. For every z € {0,1,...,n! — 1} these
phases multiply together to w®¥:

92



4.5. Causal algorithms with query complexity O(nlogn)

=T QR lda o] & [V,

1<k<n-—1 1<i<i
1<i<s 1<5<2

S I 1 Ll B - T B Y I A A

1<k<n-—1 1<k<n-—1 1§i§€
1<i<s 1<i<s 1<j<2?

=W |2).® ® (-..Uqi ;U U0) [Wai ;)
1<i<i
1<5<2°

(4.57)

Here, we used the representation of x in the basis given in Eq. (4.56) to show that all the
phases accumulate to:

n—1 1
. L LA A
H wck’i-[ﬁ-‘k!y _ w(;gl Z; %k El y) =W, (4.58)
1<k<n—1
1<i<i

One can observe that the target system becomes independent of the control system.
Hence, if the control system is initialized in an equal superposition of all z, the circuit
applies, by linearity, the transformation

1 n!—1
=) ) @ @ [ay)
(W =0 ‘ 13.15;
15752 (4.59)

n!—1
1 .
— (m Z wrY ‘x>c> X ® (...U2i+jUjU0) ‘\P2i7j>
T a=0

1<i<i
1<5<2!

and all target systems factorize out at the end of the algorithm. After applying the inverse
Fourier transform to the control system, the correct value of y can be read out with a
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

measurement of the control system in the computational basis. For a better understanding
of the algorithm, in addition to the example of n = 4 in the last subsection, we give the
circuit for n = 8 in Appendix (Fig. [4.14).

How the algorithm works

To show that this algorithm realizes the desired transformation in Eq. (4.57)), we focus
on one target system ‘\I/2i7j> and all the gates that act on it. These are exactly the
gates Uy, that satisfy k = j (mod 2"). The order in which these gates are applied on the

target system “1121-7]-) depends on the states of the corresponding control qubits

Fig. .

ciz> (see

! I
e Uzigigj Uziyj HU; ‘,70|‘ Uj A U2ty H Uzzig -

Figure 4.9.: Each control qubit ‘ciz> controls whether the gate Uy, (with k = j (mod 2))
is applied either before or after an entire block of unitaries with a smaller
index. For example, if ‘cgl i 1> the gate Uy, ; is applied before Uy and

Uj;, while if )ng i T O> it is applied after these two gates. Rewriting the

final state leads to a factor of w? 2+ whenever Cgi—s-ji = 1>.

On the one hand, if all control qubits are in the state |0), Uy acts first, then U; and so
on. This way, the final state of the target system becomes (...Us.oi ;Usi ;U;Up) |\112i’j>.
On the other hand, if some of the control qubits are in the state |1), the gates act in
a different order. The structure of the algorithm is chosen such that a gate is either
applied immediately before or after an entire block of unitaries with a smaller index. By
rewriting the final state into the form (...Uy.qi 4 ;Usi 1 jU;Uo) ‘\I}2i7j>, a unitary has to be
commuted either with all unitaries within this block or with none of them. One can

check that every gate Uy that appears on the target system has to be commuted with
k

[ﬁ] unitaries of smaller index if and only if ‘cil = 1>, leading to an additional factor

LA A
of w [WW MY This shows that the algorithm realizes the transformation given in Eq. (4.57]).
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4.5. Causal algorithms with query complexity O(nlogn)

Query complexity

To count the total number of black-box unitaries that are used in this algorithm, we
observe that for every k € {1,2,...,n — 1}, the gate Uy appears only in Vj and Vi. In
each of them, it is used exactly ¢ = [log, n| times. In addition, the gate Uy acts on each
target system exactly once. In total, there are

244+ 8+ .. 4 2Mos2nl — gfloganl+1 _ o (4.60)

target systems. To see this, remember that the target systems are labeled with ‘\112¢7j>,
where i = 1,2, ..., [logyn] and j = 1,2,3,...,2". Hence, the total number of black-box
calls is
Q=2 (n—1)-[logyn] + 2Mos271+1 _ 9
<2-(n—1)-(loggn +1) + 2We2n+2 _9 (4.61)
=2-(n—1)-(loggn+1)+4-n—2.

We conclude that the query complexity of this algorithm is O(nlogn).

Control of unknown unitaries

In this circuit, we control unknown unitaries. This operation is not well-defined within
the standard quantum circuit model [I79]. Nevertheless, one can circumvent this issue
by introducing auxiliary systems. More precisely, for every k € {1,2,...,n — 1}, we add
an auxiliary system |ag) initialized in an arbitrary d-dimensional state. Whenever an
unknown unitary Uy, controlled on ‘Ci,i , shall be applied on ‘\1]22‘7]{: (mod 2i)>, we perform

instead a controlled swap of [Wyi , (mod 2i)> and |ag):

Cglg,i> Ci7i>
| W2 e (mod 21)) = [T (mod 27))
|ax)
|ax) (U |
|an—1)

If the control qubit is in the state ’c}’; ;= 1>, the two systems are swapped and the
gate Uy is applied on the target system. On the other hand, if the control qubit is in
the state ‘cil = 0>, the two systems are not swapped and the gate Uy is applied on the

auxiliary system |ay) instead. In the case where the gates are applied conditioned on
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

Chi= 0> (for the boxes V), the swaps are also conditioned on Chi= > (all black dots

are replaced by white dots).

It is important to ensure that this replacement does not affect the functionality of our
algorithm. To see that this is true, note that for every i € {1,2,...,1}, the gate Uy acts
exactly once on the target system |Waoi . (moq 2i)> and once on the auxiliary system |a),

independent of the state of the control qubit ‘cﬁ l> (The control qubit controls only if it

is first applied on the target system and thereafter on the auxiliary system or vice versa.)
In total, each auxiliary system ends up in the state (Uy)" |a), independent of the state
of the control system. In this way, the auxiliary systems factorize out when the control
system is initialized in a superposition of all states = € {0,1,...,n! — 1} and do not affect
the outcome of the measurement of the control system at the very end of the algorithm.

4.5.3. O(nlogn) causal algorithms for every FPP?

A natural question that appears is whether it is possible to solve other specific FPPs with
O(nlogn) queries as well. The algorithms that we presented in this section can only be
used for this specific labeling of the permutations, since we explicitly use the relations
U;Uy = whty U,U;. If the permutations are labeled differently, the pairwise phases will
change and the above algorithm cannot be used directly. Nevertheless, we think that the
structure of our algorithm can be adapted to solve other specific FPPs as well. The idea
that a certain phase w®®9¥ is picked up whenever a control qubit ‘ciz> is in the state

|1) (by using a structure as in Fig. [4.9)) can be used for different pairwise commutation
relations as well. If every x € {0,1,...,n! — 1} can be written as

= cf; o(k,i) (4.62)

ki

for some bits ¢ ; € {0,1}, we can use the control qubits

c”,gz> as the control system |x),:
z), = Q) |cki) - (4.63)
ki

By initializing the control system in an equal superposition of all x € {0,1,...,n! — 1},
such an algorithm will apply the transformation

n!—1

-1 m m
15 1 4
> 1) @ @i (51, ) £ @ o) 9 . a0
(m =0 =1 \/7? =0 i=1
where for every z, the phase w*¥ is obtained as the product of:

oo = [ a0 (169
ki
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Here, the equality follows from Eq. (4.62)). Again, the solution y can be read out after
applying the inverse Fourier transform to the control system.

Since every number x € {0, 1,...,n! — 1} can in principle be represented with O(nlogn)
bits (n! < 271°827) and since two queries couple to every control qubit, it seems likely
that every FPP can be solved with O(nlogn) queries. The crucial point is whether it
is possible to find an implementation as in Fig. a combination of gates and target
systems such that this can be done efficiently. The disadvantage of this procedure is that
it requires some rather involved combinatorics and that one has to adapt this algorithm
by hand. While it remains open whether this is always possible, we present in the next
section an algorithm that can solve every FPP with O(ny/n) queries, independent of the
labeling of the permutations.

4.6. A causal algorithm that solves every FPP with O(n\/n)
queries

In this section, we present an algorithm that solves every Fourier promise problem
with O(n+/n) queries. The main idea is based on the fact that the existence of pair-
wise commutation relations (U;Uy, = aji, UpUj) allows us to rewrite every permutation
I, = an(n—l)"'Uax(l)Uax(O) into:

Uaz(n,l)...ng(l)ng(O) = 0y Un_l...Uon, (4.66)

where the total phase o, is a product of pairwise phases aj;. We use this fact to de-
compose the total phase of every permutation into different factors and simulate each
factor on a different target system. So instead of simulating every permutation II, on its
own (which requires the simulation of the (full) n-switch and hence O(n?) queries), we
construct other expressions that can simulate these factors and call only O(n+/n) gates
in total. Via the “phase-kickback,” all these factors accumulate in the control system and
multiply together to the total phase ;.

More precisely, we decompose every permutation 1y = Uy, (n—1)--Us,(1)Us,(0) into
blocks of length 7 := [/n] (the last block contains all remaining unitaries and is usually
shorter). The number of blocks obtained in this way is k := [ﬂ Formally, we define:

n

Definition 4.3. For every permutation

Hx = (UUm("_l)"'Uom((l%—l)-ﬁ))"’ (Uo-m(Q,ny_l)...Uo-m(ﬁ)) (Ugm(ﬁ_l)...Ugm(O))
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

(the organization into blocks is merely for illustrative reasons) of the n unitaries, let

[Ugm(nfl)...Uam(ﬁ)] (Uax(ﬁfl)"-UJm(O)) k=0
I = [Uaz(n,l)...ng((kJrl).ﬁ)] (UGI((;C+1).,3,1)...ng(k.ﬁ)) [Uam(k.ﬁ,l)...Uax(o)] k= }, ey k—2
(Uax(n—l)"'an((fe—l).ﬁ)) [Uo'l,((];;fl).ﬁfl)"'UO';E(O)] k=k-1
(4.67)
T {{Uaz(k_ﬁl)...ng(o)} {(Us. (n-1)-Us, i)} k=1, k=2 (468)
‘ {v, = ((k—1)-7—1) Us.(0)} {Ugw(nfl)"'Uax((fcfl)-ﬁ)} k=Fk—

where [U;,Us,...Uy;] is defined to be the descending ordering of the unitaries U;, Uy,...U;;,

while {U;,Us,...U;, } is the ascending ordering of them and (Uy Us,...U;) = Uy Us,...U;

J
leaves the string invariant.
As an example, consider n = 9 and I, = (UsUsUg) (UgU2U7) (UsUgUy):

.0 = (UsU7UsUsUUG) (UsUgUn)
21 = (UsUsUs) (UpU2U7) (UsUsUn) ,
o = (UsUsUs) (UrUsUsU2UrUo)
(4.69)
ﬁ;1 = (U1U4Us) (UpUxU3UsUUsg) and
I,y = (UpgUUsUsUsUsz) (UsUsUs) -

They are defined in a way that I, and ﬁ;k simulate exactly all pairwise phases a;, for
the unitaries within the block (UUI((kH).ﬁ_l)...Uaz(k.ﬁ)). If they act on different target
systems |Wy) and |®y) respectively, all the pairwise phases are accumulated and we obtain
as the product the total phase of the original permutation II,:

Lemma 4.1. For every set of (d-dimensional) unitaries {Ui}gfl that satisfy pairwise
commutation relations, the following relation holds:

k- k-1
®ka: W) ® [ [®5) =TT, [Wo) ® QI [W) @ 117 |y) - (4.70)

Here, 11 := U,,_1...U Uy denotes the descending order of all unitaries, 11" := UgUy...Up_1
denotes the ascending order of all unitaries and |y , |®1) € H are arbitrary d-dimensional
states.

Proof. See Appendix O

It turns out that the permutations IT,; and II,,, due to the fact that a large part of
each of them is already ordered, can be simulated with a causal algorithm and O(n/n)
queries. The algorithm that achieves this is presented in the next subsection.

98



4.6. A causal algorithm that solves every FPP with O(n\/n) queries

In the algorithm, (2 k — 1) target systems, denoted as |¥;) and |®;), as well as n
auxiliary systems |a;) are used. All of them are initialized in an arbitrary d-dimensional
state. The control system is a system of at least n! dimensions and the algorithm applies,
depending on the state |x) of the control system, the permutations II,; on |¥x) and the
permutations II, ok on |®x). All the remaining gates U; act on the corresponding auxiliary
system |a;). In this way, the algorithm realizes the transformation

k—1 k—
Y ’m>c®®|‘1’k> ® ®®\az
k=0 =1
k—1 -1 n—1
= [2), @ Q) Tor [Us) @ Q) I, [D4) @ QYU |as) (4.71)
k=0 k=1 =0
k=1 n—1
= |2), @ I [Wo) ® QT |Ty) @ TT" [ @) @ (KU |ai) .
k=1 i=0

Here, k; =n+ 2 - k — 3 is a constant that only depends on n and Lemma is used
to rewrite the state in the second step. Except for the first target system |¥g), which
ends up in the state IT, |Wp), the final state of each target and auxiliary system is
independent of x and we conclude that this algorithm simulates the action of the n-switch
for unitaries satisfying pairwise commutation relations and is therefore able to solve
every Fourier promise problem. More precisely, as described in Subsection [4.3.2] with a
Fourier transform, the control system is initialized in an equal superposition of all states
x €{0,1,...,n! — 1} and after the algorithm is applied, the solution y can be read out
with a measurement in the Fourier basisﬂ Note that at no point we refer to a specific
labeling of the permutations II, and hence, we can solve every possible Fourier promise
problem with this causal algorithm. The advantage stems merely from the fact that every
set of unitaries that satisfies the promise also satisfies pairwise commutation relations

which imply that Lemma [£.1] holds.

4.6.1. The quantum algorithm

Here we present the quantum circuit that realizes the transformation described in the
last subsection (Eq. (4.71)) and show that this algorithm uses O(n+/n) queries. To keep
the procedure as clear as possible, we divide the quantum circuit into three parts.

Part 1

First, all target systems |¥y) undergo the transformations

V1<k<k—1: |0 [Uson1)-Usno) [Ts) - (4.72)

9For the comparison with Eq. (4.20)), note that by using the promise I, = w™?¥ Il, the term |z) @I o)
in Eq. (4.71)) can be rewritten into w*?¥ |x)_ ® Ilg [¥o).
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Figure 4.10.: The quantum algorithm that implements TEFY for every FPP with O(n+/n)
queries. The circuit is decomposed into three parts that are explained below.

For each |Uy), this is realized by the algorithm Vg, given in Fig. Here, depending
on the state |z), in each step i = 0,1,...,n — 1, the target system |¥y) is swapped with
|a;) if and only if U; is contained in [Ug, (5.n-1)---Us,(0)]-

“r>c
[¥o)
[T
|\I/1%71>
|®1)
la0) —<—{Us
‘G,l) K—

‘0%-1) e Unfl <~

Figure 4.11.: Implementation of Vi,

To understand why this circuit realizes the above transformation, note that the block
[Us, (k-t—1)---Uq, (0)] 18 by construction a block of k - 2 unitaries in descending order and
the unitary with the smallest index has to be applied first. By going step by step through
each of the n possible unitaries Uy until U,,_, exactly those unitaries contained in the
ordered block are applied on the target system |¥j) and all the others are applied on the
corresponding auxiliary system. Each of these unitaries Vi, consumes n queries.

Similarly, the transformations

VISk<k—1: |90 o {Upunye-Ungom]} 190) (4.73)
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4.6. A causal algorithm that solves every FPP with O(n\/n) queries

are realized with the algorithm Wy, given by the circuit in Fig. £.12] Here, in each step,
the target system |®y) is swapped with |a;) if and only if the gate U; is contained in

{Uaz(nfl)'”Uaz(k-ﬁ) }

¥

|an—2> Un—2

|an—1> Un—l

Figure 4.12.: Implementation of W,

The only difference is that the unitaries in this block are arranged in ascending order
and the unitary with the highest index is applied first. Each of these W, consumes again
7 queries.

Part 2

In the second part, we realize the transformations:

VO<k<k-—2:
Us, (k-ii=1) U )) 1%8) = (Us, ((h+-1)-=1) - Usr (g-i) U (k= 1)+ Ur (0)) [Pk

and for k =k — 1 :

[Uaz((iﬁq)-ﬁq)-'-Uaz(O)] “1’1;71> = (Uo’z(nfl)'”Uaz((l%fl)-ﬁ))[Uaz((lgfl)-ﬁfl)"'Uﬂz(o)] “1’1%71>
(4.74)

with the algorithm in Fig. In each step i =0, 1,...,7 — 1, every |Uy) is swapped with
the auxiliary system {agz(k,ﬁ+i)>. In this way, Uy, (r.n+i) acts on |[¥y), and afterwards |Wy,)
and ‘aa-x(k.ﬁ+i)> are swapped back. After 7i steps, the entire block (Us, ((k41).4—1)++-Us, (k-2))
is applied on each target system |¥). (For k =k — 1, we already stop after the step in

which U, (,—1) is applied on ‘\Il]%_1>.)

Note that the target systems |®) are unaffected by this part of the algorithm. In
each of the 7 steps, n queries are consumed. This part of the algorithm is similar to the
algorithm presented in Subsection The difference is that we swap several target

systems simultaneously, instead of only one.
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e —1 T T 1T

[Wo)
‘\I’kﬂ) =
[®1) —
1P 1) 48 sns s S S
lao)
la1) 1
jan-t) + HOnaH N HOoH b d HooH

Figure 4.13.: Implementation of Xpat o

Part 3

Finally, the remaining blocks [Us, (n—1)---Ug, ((k+1).7)] Deed to be applied on the target
systems |Wy):

VO<k<k—2: (Us(esr)i-1)Uosoi) U (k1) --Usp ()] [ k) = T [,)
(4.75)

Similarly, the blocks {Us, (x.4—1)-+-Uq,(0)} need to be applied on |®y):
V1<k<k—1: {Uyn1)-Usphoiy } |Pk) = Ty |B1) - (4.76)

Both transformations are completely analogous to the procedure in Part 1 and require

~

2. (k—1)-n queries in total.

Query complexity

The number of queries in Part 1 amounts to 2- (k — 1) - n. For Part 2, we need n - n

~

queries, while for the last Part, 2- (k — 1) - n black-box gates are called. Summing these
together gives

Q=(+4-k—4)-n (4.77)

queries in total. Using f := [y/n] < vn—+1 and k := (2] <241< %—kl:\/ﬁ—i—l
we obtain:

Q<(B-vVn+1) n. (4.78)

It is important to ensure that the auxiliary systems factorize out at the end of the
algorithm. To see that this is indeed true, we observe that in each part of the algorithm a
gate U; acts either on a target system |Wy), a target system |®;) or the auxiliary system
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4.7. Conclusion

la;). All together, for every i € {0,1,...,n — 1}, the gate U; appears exactly 1 + 4 - k—4
times in the algorithm. Furthermore, it acts, independently of the permutation II,, on
each of the k target systems |¥y) and each of the k — 1 target systems |®y) exactly
once. This is true since the expressions Il,; and I, are by themselves permutations of
the n unitaries and contain each U; exactly once. In all other remaining instances, U;
acts on the auxiliary system |a;), which therefore ends up in the state (U;)* |a;) with
ki=n4+2- k— 3, independent of the state of the control system |z). In total, we have
shown that the algorithm realizes the desired transformation given in Eq. for every
z € {0,1,..,n! —1}:

1k:0 k=1 1=0 (479)

Hence, we conclude that this algorithm solves every Fourier promise problem with O(ny/n)
queries.

4.7. Conclusion

The introduction of indefinite causal structures raised the question of the existence of
computational tasks which can be solved more efficiently using these structures, compared
to causally ordered protocols. Fourier promise problems were initially introduced to
demonstrate that such a computational advantage exists even in the asymptotic case. The
problems were shown to be solved with n queries using the quantum-n-switch and it was
expected that the most efficient solution with a causal protocol requires the simulation of
the quantum-n-switch and, hence, O(n?) queries. We showed that for the specific task
of solving Fourier promise problems, the advantage of using the quantum-n-switch is
significantly smaller than previously expected; in fact, we presented a causal quantum
algorithm, within the standard quantum circuit model, which solves the same computa-
tional tasks almost as efficiently. More precisely, we presented a causal algorithm that
solves a specific Fourier promise problem with O(nlogn) queries and conjectured that all
problems of this class can be solved with a similar efficiency. Furthermore, we presented
a causal algorithm that solves every Fourier promise problem with O(n+/n) queries.

We conclude that for the specific class of problems considered here, the advantage
of algorithms that use a quantum-controlled ordering of gates, compared to causally
ordered algorithms, is smaller than first expected. Nevertheless, although we could show
that the simulation of the quantum-n-switch is not the most efficient causal algorithm
for solving FPPs, it is in principle possible to construct tasks which profit more from
using the quantum-n-switch. One promising class of problems is already introduced in
Ref. |28]. The so-called Hadamard promise problems are a variation of the Fourier promise
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

problems with the advantage that they are better suited for experimental realization.
In Ref. [28], the authors present only one specific task with four unitaries without
providing a generalization to an arbitrary number of gates. In this sense, it needs further
investigation whether there is a significant asymptotic scaling advantage for Hadamard
promise problems or whether the methods we developed in this work also apply to these
problems. All in all, this raises the important challenge of finding computational tasks
for which the quantum-n-switch and indefinite causal structures in general provide a
significant advantage.
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4.A. Representation of z in the algorithm for the FPP with
the factoradic labeling

For the algorithm in Section to work, it is necessary that every z € {0,1,...,n! — 1}
can be represented in the basis given in Eq. (4.56). Here, we prove this statement:

Lemma 4.2. For every x € {0,1,...,n!—1}, there exists (n—1)-[logy(n)] bits cf , € {0,1}
such that:

n—1 [logy(n)] I
x = Chi " [—‘ k! (4.80)

Proof. First, we note that every = € {0,...,n! — 1} can be represented in the factorial
number system:

n—1
x = Z ay - k!, (4.81)
k=1

with coefficients ay, € {0, 1, ..., k}. Hence, it is enough to show that for every 1 < k <n—1,
every ay, € {0,...,k} can be written as:

[logy(n)] k
ay = Z Chyi - [21-‘ ; (4.82)

=1

13 77

where ¢;; € {0,1}. For a clearer notation, we will drop the index in ¢, from
now on. Furthermore, let 1 < k < n — 1 throughout the proof. In a first step, we
prove by induction that the bits cg 1,ck 2, .., Ck [log,(n)] Can represent every number

between 0 and Zﬂog2(n [g] (according to Eq. (4.82)). In a second step, we show

that k < Eﬂog2 )] [71, from which we conclude that indeed every ay, € {0, ..., k} can be
written in the above form.

Step 1:
For every number 0 < q; < Zﬂog2 )] (%W, there exist bits ¢k 1, Ck2, ) Ck. [log,(n)] € 10,1}
such that

[log,(n)] i
ap = Z Chyi* [22—‘ . (4.83)

=1

Base case:

Every number 0 < ag Zlﬂo(gfogQ [%] = 1 can be represented with ¢, = ... =
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

Ck,logy(n)]—1 = 0 and ¢y, [10g, (n)] = @k, since {2“01%%—‘ =1 whenever 1 <k <n—1.

Induction step:
Suppose that cx1 = ... = ¢ j—1) = 0 and the bits cx j, Cx (j+1)) -+ Ch,[log,(n)] € 10,1}

are sufficient to represent every number a; between 0 and Zﬂogz &l [%W (according to

Eq. - If we now flip the bit ¢, ;. ) to one, we can also represent every number
1 1
b and [ ] + SooeetI k] = solloeTTE] Calthough ¢y = ... =

ap between [27—1
Cr,(j—2) = 0. To conclude that the blts Ch,(j—1)5 Chj> Ch,(j41) -+ Ch, [logy (n)] € 10,1} (while
all other bits are set to zero) are enough to represent every number between 0 and

Zflog?(" [ ] we have to show that:

LHW < Z [A 1. (4.84)
i=j
Since [x +y| < [x]+ [y] for all real numbers = and y, this can be inferred from repeating
k k k k k
|- [z zl= 5]+ [5 e
for j+1,5+2, .., [logya(n)]:
k k k k k k
= (3]« [5] = [3] + [+ [ 5] .
[oga ()1 - i [oga ()1 -
1=) 1=)

and using {2“%7%1 =1 (for 1 <k <n—1) in the last step.

Hence, by induction, we have shown that the bits ck 1, ¢ 2, ..., Ck,[1og,(n)] Can represent
[loga(n) 1T k. :
every number ay between 0 and > ;7 [ 5] (according to Eq. (4.83)).

Step 2:
To show that every ay € {0, ..., k} can be represented with these bits, we have to prove
that:

[loga(n)] L
g {—‘ >k. (4.88)
; 2
=1

This is true since:

[logy(n)] [loga(n)]
k k 1 k
2 MZ > 5 :[<1_mm>k-‘2{k_n-‘2k’ (489)

=1 =1
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4.B. Proof of Lemma

where we have used ), [x;] > [, ;] in the first step, the geometric series in the second,
2Mog2(n)] > 1 in the third and % <1 (for 1 <k <n—1) in the last step. This completes
the proof. O

If one is interested in obtaining the bits ¢ ; for a given aj, one can use recursion:
cp1 = 1lifag > {S] and 0 if a5 < {g] The bit ¢y 0 is 1if a —cp 1 - (%1 > [221 and 0
if ap, — cp1 - [g] < { ] Following this, the bit ¢ ; is 1 if a;, — Zl 1 Chi - uﬂ > Hﬂ
and 0 if ag — Zz;l Chyi Mﬂ < {QJ] Note however that the representation of x (and the
corresponding coefficients ay of ) in this basis is not unique and this procedure is not

the only one that leads to a representation of = in this basis.

4.B. Proof of Lemma [4.1]

In this section, we will prove the remaining statement of Section As a help to the
reader, we restate the important definition for this lemma.

Definition 4.3. For every permutation
Hw = (Uaz(n_l)"'Uax((lg;—l)-ﬁ))"' (Uaz(2~ﬁ—1)"'Uam(ﬁ)) (Uaz(ﬁ—l)“'Uaz(O))

of the n unitaries, let

[Us(n—1)---Usp ()] (Us,(a—1)---Us,(0)) k=0
Wer := 4 o tn-1)+ Vs (er1)m)] Uo (k1)1 U (k:n) [Uop i1y Usp)] k=1, k=2
(UO-I(n_l).'.ng((l’(\;—l)"fl)) [Ua'm((fc—l)‘ﬁ—l)"'Uo'z(o)] k = k - ].
(4.90)
o Uy (eoie1--Uy Uy tne1y-Uy (o k=1,.. k-2
il = {Us, (wiv—1)--Us 0} {Us,(n—1)-Us (o) } (4.91)
{u, e ((k=1)-A—1)"" Vs, 0} {Us, (n-1)--U, o ((k—=1)- n)} k=k—1

where [Uile’Q---Uij] s defined to be the descending ordering of the unitaries Uy, Ui,...Ui;,

while {U;, Uy, ..Uy, } is the ascending ordering of them and (U, Uy,..U;;) = U;, Uy, ..U,
leaves the string invariant. (A := [/n] and k = [21)

Lemma 4.1. For every set of (d-dimensional) unitaries {Ui}gfl that satisfy pairwise
commutation relations, the following relation holds:

k—1 k—1 k—1
) o | W) ® oo [ O) = T [Wo) @ QY TT W) @ 117 |y,) . (4.92)
k=0 k=1 k=1

Here, 11 := U,,_1...U Uy denotes the descending order of all unitaries, 11" := UgUy...Up_1
denotes the ascending order of all unitaries and |y , |®1) € H? are arbitrary d-dimensional
states.
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4. Reassessing the computational advantage of quantum-controlled ordering of gates

Proof. We will prove this by expressing both sides in terms of pairwise phases and compar-
ing them at the end. Recall that the pairwise phase o, is defined via U;Uy, = o, UpU;
and from comparing this with UpU; = ay; U;Uj, we obtain o = (akj)_l.

The total phase of the permutation II, is the product of the following pairwise phases
Oéijl

HI = H aag;(i)az(j) -1I. (493)
n—1>i>5>0
with o4 (1)<oz(j)

To obtain this expression, we can compare every pair of unitaries and check whether they
have the same order as in II. If not, the corresponding phase appears in the product.
To be more precise, we can start with j = 0 (with the matrix Uy (g)) and check for every
i > j = 0if 0,(i) < 0.(j = 0). If so, then the order of U, (o) and U,, ;) is reversed
between I, and II and the corresponding phase appears as a factor in the total phase of
II, with respect to II. By repeating this procedure for every n — 1 > j > 0, we obtain
the above expression. For example, for n = 4 and the permutation I, = UjUsUgUs we
obtain:

U1U2UOU3 — Q3 - (x93 - (¥13 - (X192 * U3U2U1U0 . (4.94)

For the left hand side of the statement, we can compute for every Il the relative
phase to II and for every l:[;k the relative phase to II" in terms of the pairwise phases a;.
One could calculate these phases in a direct way. Here we will follow this approach but
with some shortcuts; in a first step, we rewrite for every k € {0,1, .., k— 2} the first two
blocks of Ilx, namely [Uy, (n—1)---Us, ((h+1)-2)] (Uoy((ht1)-—1)+-Uor, (ki) ) intO:

[Usp(n—1)-Usa(kt1)a)) o (kr1)a—1)--Usp(ki) (4.95)

= 11 Xy ()00 (G) " [Uon(n—1)+Usy (i) - (4.96)
(k+1)2>>k-f
and n—1>i>7,
with o4 (i) <oz (4)

To see that this is true, remember that we obtain the phase as a product of the pairwise
phases by comparing each pair of positions n —1 >4 > j > k- . But since the left block
[Usy(n—1)+-Us, ((k+1)-2)) 1s already ordered, we do not have to consider the cases for which

n—1>i>j>(k+1)-n. Similarly for k = k — 1, we rewrite:

U tn1)-Usy (1)) = 11 U (i)02(7) " Woatn-1)+-Uy (ho1ymy] - (4:97)

n—1>j>(k—=1)-n
and n—1>i>j
with o4 (1) <oz (j)

To summarize, we can rewrite the permutations Il into:
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where:
~ [Uax(n—l) Ucrx( )] k=0 .
ek =  [Usptn-1)--Us,(ei)) Uoy(en—1)+Us(0)] k=1,...,k—2 (4.99)
Vo (n-1)--U, ((k—1)- n)] [Uam((k—l)-ﬁ—l)"'UUI(O)] k=k-1
and oy, for k € {0,1, ..., k— 2} becomes:
= [l anpns (4.100)
(k+1)-A>j>kn
and n—1>i>7,
with o4 (3) <oz (4)
and for k =k — 1:
aw(l%—l) = H Yoy (i)ow(j) - (4101)

n—1>j>(k—1)-n
and n—1>i>j
with o4 (1)<oz(j)

The product of all the a,y, is exactly the same expression as in Eq. (4.93):

k—1
H Ayl — H Oéax(i)gz(j) . (4.102)
k=0

n—1>;j>0
and n—1>i>j
with o4 (1) <oz (7)

In this way, we already obtain all required phases. For the above example of I, =
U,Uy UyUs, these expressions read:

uo = UoUr UpUs = a3 - aus - azs - UsU Urtlly  (Iag = UsUz UnUy) (4.103)
21 = U1Us UsUy = a2 - UsUq UsUy (ﬁxl = UyUy Usly) (4.104)
(T, = UpUs U\ Uy).  (4.105)

Note that for k = 0, the permutation I,y = [Us,(n-1)---Us,(0)] always equals I1. On
the other hand, the permutations I, (for & > 1) would lead in general to additional
(unnecessary) phases relative to IT but they are exactly compensated by the phases of
I, relative to II". To see this, note that II,; and II,, are (by construction) the same
permutations but in reversed order. This has the property that the relative phase between
II,;, and II is exactly the inverse of the relative phase between Hwk and II". This is true
since, whenever two unitaries U; and U; are commuted in ka relative to IT (and we
obtain o;; as a factor in the relative phase between 11 «k and II), then the two unitaries are
also commuted in Hack relatlve to II" (and we obtain the phase aj; = (a;) ! as a factor in
the relative phase between I .1 and II"). For the example of n = 4 and I, = U1U2UUs
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this becomes:

[T = UUy UsUy =3 - a3 - UsUs UrUy

ﬁ; = UpUs U1 Uz =az - azg - UgUy UaUs = (a13) ™' - (ae3) ™! - UpUy UaUs

= [ [0) @IL,, |®1) =UsUy UsUp |W1) @ UgUs Uy Us | 1)
=U3Uy U1Uy ‘\I/1> ® UgUqr UsUs |CI)1>

In this way, we obtain for £k =0 .o = II and for every k € {1,2, ,l;:

M [U)) @I, [Bf) = | Ty) @ 7 |Dy,) .

Putting everything together, we obtain the desired equation:

®Hock: [Wk) ® ok | k)

k—1 k—1
~ T
ok [VE) @ Q) Tk [Pr)

?r

k=1

k—1
I [Wo) @ (R T1|Ty) @ 11" [y
k=1

Il
= bl I
e
Q
Z;r .
N~— H:
Ead
L

k—1

=11 |‘I/1> ® II" "I)l> .

(4.106)

— 1} we obtain:

(4.107)

(4.108)

(4.109)

(4.110)

(4.111)

= 11 Ao (i), () | - T W0) @ QYTL W) @ 117 |y,) (4.112)

n—1>35>0 k=1
and n—1>i>j
with o4 (4)<oz(j)

k-1
=11, W) @ QI [ W) @ T1" | By)
k=1

(4.113)

where we used Eq. (4.98) in the first step, Eq. (4.107)) in the third step, Eq. (4.102)) in
the fourth step and Eq. (4.93) in the last one. This completes the proof. O
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4.C. O(nlogn)-algorithm for n =8

In Figure we present the algorithm that solves the FPP with the factoradic labeling
of the permutations for n = 8. It consists of 14 d-dimensional target systems and 21
control qubits. The gate Uy appears once on every target system and the gates Uy, ..., Uy
appear each six times. Hence, in total 56 black-box unitaries are used. Note that the
shortest known string containing all 8! permutations of the eight unitaries Uy, ..., U7 has
length 51 [I77]. Nevertheless, if we omit the target systems |Ug 1), |Us2), |Us 3) and |¥gg)
from our circuit together with the involved black-box unitaries and the corresponding
control qubits |c; 3), |c2,3) and |e33) (since they are unnecessary to represent every number
x €40,...,8! = 1}), we save 10 queries and solve the problem by calling only 46 black-box
unitaries.
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Figure 4.14.: The algorithm of Subsection (Fig. l for n = 8.
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5. Computational advantage from a
quantum superposition of qubit gate
orders

This chapter is based on the article:

Martin J. Renner, Caslav Brukner "Computational Advantage from a Quantum Super-
position of Qubit Gate Orders," Physical Review Letters 128 (23), 230503 (2022)
(Received: 4 January 2022, Accepted: 31 March 2022, Published: 10 June 2022)

Contributions: Caslav supervised the work and introduced the problem to me. The
results were found and the manuscript was written by myself. All technical proofs were
carried out by myself.

Abstract

In an ordinary quantum algorithm the gates are applied in a fixed order on the systems.
The introduction of indefinite causal structures allows to relax this constraint and control
the order of the gates with an additional quantum state. It is known that this quantum-
controlled ordering of gates can reduce the query complexity in deciding a property of
black-box unitaries with respect to the best algorithm in which the gates are applied in a
fixed order. However, all tasks explicitly found so far require unitaries that either act on
unbounded dimensional quantum systems in the asymptotic limit (the limiting case of a
large number of black-box gates) or act on qubits, but then involve only a few unitaries.
Here we introduce tasks (1) for which there is a provable computational advantage of a
quantum-controlled ordering of gates in the asymptotic case and (2) that require only
qubit gates and are therefore suitable to demonstrate this advantage experimentally. We
study their solutions with the quantum-n-switch and within the quantum circuit model
and find that while the n-switch requires to call each gate only once, a causal algorithm
has to call at least 2n — 1 gates. Furthermore, the best known solution with a fixed gate
ordering calls O(nlog, (n)) gates.

5.1. Introduction

Causality is one of the most fundamental concepts in science and deeply embedded in
the concept of computation. In ordinary quantum algorithms, represented within the
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5. Computational advantage from a quantum superposition of qubit gate orders

quantum circuit model, the gates act in a fixed order on the systems. However, the study
of causality at the intersection between quantum mechanics and gravity within the last
two decades [21], [155] suggested that quantum computation can be extended to more
general scenarios, in which the order of the gates is controlled with an additional quantum
state [23, 22]. The use of indefinite causal structures provide numerous advantages in
the field of quantum information. For instance, they lead to an exponential reduction
for certain communication tasks [I56] and offer advantages in channel discrimination
tasks [I57]. Moreover, they allow to transfer information through zero-capacity channels
[158, [159) 160, 161, 162], although the same effect appears in causal circuits [163], 164, 165].
Beside the theoretical interest of indefinite causal structures, including the study of the
computational complexity [166) [[67], they were experimentally demonstrated in enhanced
tabletop experiments [168], 169, 170, 171 172] 28].

The simplest example of an indefinite causal structure is the quantum-n-switch. Here,
any permutation of the n unitaries can be applied on the target system but the order in
which these unitaries are applied depends on the state of an additional quantum system.
For example, in the case of the quantum-2-switch, a qubit controls whether the gate Uy is
applied before or after another gate U;. It is known that using these structures one can
decide whether the two gates Uy and U; commute or anticommute with a single call to
each gate. Solving the same task within the standard quantum circuit model, however,
requires to call at least one gate twice [26]. This effect has also been experimentally
demonstrated by Procopio et al. [I68]. In this way, the use of indefinite causal structures
allows for an advantage in the number of gates that has to be called (queries).

A generalization of this task to n unitary gates, originally introduced in Araijo et al.
[27] and often called Fourier promise problems (FPP), can be solved with the quantum-n-
switch and a single call to each gate. At the same time, the best known solution with
a causal algorithm calls O(nlog, (n)) gates [184]. This result suggests that a quantum
computer with a quantum-controlled ordering of gates require asymptotically fewer
resources than a quantum computer with a fixed gate ordering to solve the same task.
Unfortunately, the physical conditions to achieve this advantage are very demanding: for
the tasks with n unitaries the dimension of the control and target systems must be at
least n!. This makes it virtually impossible to demonstrate this computational advantage
experimentally. For this reason, another generalization of the task to more unitary gates
has been proposed and experimentally demonstrated (for n = 4) by Taddei et al. [2§].
These problems, called Hadamard promise problems (HPP), offer an advantage by using
the quantum-n-switch compared to causal circuits as well, but most importantly require
only qubits. However, so far only one task of this class with four gates is explicitly known,
and it remained open whether this advantage is preserved in the limiting case of a large
number of black-box gates.

Here we generalize these tasks to an arbitrary number of unitary gates and show
that they (1) provide a provable gap in query complexity between a quantum-controlled
ordering of gates and causal quantum circuits in the asymptotic case, and (2) require only
qubit gates. In fact, while all of these tasks can be solved with the quantum-n-switch
and a single call to each gate, we prove that a causal algorithm requires at least 2n — 1
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calls to the gates. Furthermore, we show that the best known techniques with a fixed
gate ordering require O(nlogy (n)) queries and conjecture that no better causal solution
exists. Our findings allow to verify experimentally the scalable computational advantage
of indefinite causal structures.

5.2. The Hadamard Promise Problem

In the Hadamard promise problem, originally introduced in Ref. [2§], a set of d-dimensional
unitary gates {Ui}g_l is given and certain permutations of these unitaries are chosen.
These permutations are denoted by II, where the index z ranges from 0 to n, — 1
and n, < n! is the number of selected permutations. It is promised that for some
y € {0,1,...,n, — 1} the following relations hold:

Ve e{0,1,...,n, — 1} : I, = s(x,y) - . (5.1)

Here, the coefficients s(z,y) form a n, x n, Hadamard matrix, an orthogonal matrix
whose entries are either +1 or —1. More formally, s(z,y) € {+1,—1} and the rows are
pairwise orthogonal to each other{]]

Nnge—1

Vy,y' € {0,1,...,n, — 1} : Z s(x,y) - s(z,y') = ng - Oy - (5.2)
=0

The task is to find the value y for which these promises are satisfied.

The simplest HPP involves two black-box unitaries Uy and U;. For the two permutations
I1y = U1Uy and 11y = UpU; it is promised that II, = s(x,y) g where s(z,y) = (—1)"Y.
While the promise for x = 0 becomes Ily = 11y, which is trivially satisfied, for x = 1 it
translates into:

UoUy = (—1)Y - UyUp . (5.3)

Hence, the two gates either commute (y = 0) or anticommute (y = 1) and the task is to
find out which property is the correct one. As already mentioned in the introduction, it is
known that this task can be solved with the quantum-2-switch by calling each gate only
once, while in any causal quantum algorithm at least one gate has to be called twice [26].

5.3. Generalizing HPPs

For higher n only a few explicit HPPs are known. In this work, we will introduce a
procedure that allows us to find a HPP for any number of involved black-box gates. The
main idea is that we can combine two HPPs each with m and n (d-dimensional) unitary
gates into another HPP with m + n — 1 (d-dimensional) unitary gates. To do so, we

!To avoid confusion, we want to mention that we label the columns with x and the rows with y.
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T rz=0 =1 Examples
y (HO = H()) (H1 = (_1)3; Ho) U() ‘ U1
y=20 1 1 o o
y=1 1 -1 oy Oy

Table 5.1.: The Hadamard matrix for the simplest HPP in which two unitaries either
commute (y = 0) or anticommute (y = 1). The task is to find the correct
value of y.

denote the m, permutations of the m unitaries in the first HPP with Hxll) such that they

satisfy the following promises:
1V ) — e
Ve € {0,1,...,my — 1} : I/ = s1(w1,91) - 7. (5.4)

In the second HPP there are n involved d-dimensional black-box unitaries and the n,
permutations, denoted as H%), satisfy the following promises:

Vagy € {0,1,.ong — 1} 2 TR = sy(mg, ) - I . (5.5)

Now we choose one of the m unitaries from the first HPP and replace this unitary in each
of the permutations H;ll) with Hg). In this way, we obtain n, - m, new permutations that
we label with II(;, ,,). One can observe that these new permutations satisfy the following
relations:

Mgy 0) = 52(22,y2) - Mgy 0) = s2(22,92) - s1(21,91) - (00 - (5.6)

Since s1(x1,¥y1) and so(z2, y2) form an m, xm, and n, xn, Hadamard matrix, respectively,
the resulting matrix with entries s((z1,z2), (y1,v2)) := s2(x2,y2) - s1(z1,91) is a (my -
ng) X (Mg - ny) Hadamard matrix. We prove this formally in Appendix Hence, we
have obtained another HPP with m + n — 1 involved (d-dimensional) unitary black-box
gates.

To give an example, we can consider the simplest HPP in Table with two involved
unitaries. Let Uy and U; be the unitaries for which it is promised that they either

commute (y; = 0) or anticommute (y; = 1). The permutations HQR read then:

', = 0,0, (5.7)
) = Ul = (1) - U1Up. (5.8)

Now we can take another instance of the same HPP with Hg):o = UsU; and ngl = U0y

such that the two unitaries U; and Us again either commute (yo = 0) or anticommute
(y2 = 1):

ULUs = (—1)%2 Us; . (5.9)
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Replacing now U1 in both of the permutations Hill):o = U1Up and Hg(ﬁll):1 — UyU; once
with H(x?:o = UsU; and once with Hfz):l = Uy1U,, we obtain in total four permutations
for which the following promises hold:
0,0y = U2U1 0o, (5.10)
H(O,l) = U, 0,0y = (—1)¥2 UU1 Uy, (5.11)
H(l,O) = UgUxU; = (_1)y1 U U Uy, (5.12)
(1 1y = UpUrUz = (=)' 72 UpUL Uy (5.13)
We illustrate in Table that these relations form indeed a 4 x 4 Hadamard matrix.
(r1,22) || 2= | = | z= | x= Examples
(ylayQ) (070) (170) (07 1) (17 1) Uop ‘ Ur ‘ Us
y = (0,0) 1 1 1 1 O Oz 1
y=(0,1) 1 1 -1 1| on ”y\j;z .
y=(1,0) 1 -1 1 -1 oy O 1
y=(1,1) 1 -1 -1 1 oy | 252 | 57

Table 5.2.: The Hadamard matrix for the HPP given in (5.10)-(5.13) (for short: I, .,y =
(—1)*rytezy: Iy0)). For every possible combination of the parameters
y = (y1,y2) a set of unitaries that satisfy the promise is given.

To obtain a HPP with four gates, one could use the method again and replace, for
instance, Uy with another pair of commuting or anticommuting unitaries Us and Uy (hence
UsUs = (—1)¥8 UsUy). In this way, we have to replace Up in each of the four permutations
;) z,) once with UsUs (73 = 0) and once with UsUy (w3 = 1) which leads to eight
permutations Il(;, , .,y in total. Following this, we obtain a HPP for every number of
unitary black-box gates n with n, = 2"~! permutations. Note, however, that we are not
restricted to split a unitary into a pair of commuting or anticommuting unitaries, but
replacing a unitary by any set of permutations that form a HPP by themselves is possible.

To show that these tasks are indeed realisable, one has to prove that unitaries that
satisfy these promises exist. It turns out that for many tasks of this class, this can be
done by a straightforward approach. For instance, we obtained the examples in Table
by simply replacing the examples of U; = o, in Table [5.I] with a pair of unitaries that
either commute (if yo = 0) or anticommute (if y, = 1) and whose product is proportional
to the original unitary Uy = o4:

U =0, 2% U =0, Uy =1 (5.14)
oy + 0, Oy — 0y
V2 V2
In this sense, we obtain the examples for the task with n + 1 unitaries from the examples

for the task with n unitaries. Since there are some subtleties with this procedure, we
discuss this further in Appendix [5.B]

=1
U1:O'm y2—> U1:

Uy =

(5.15)
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5. Computational advantage from a quantum superposition of qubit gate orders

Albeit all statements in this work hold for an arbitrary target space dimension d, the
existence of qubit gates (d = 2) for any task in this class is important for experiments.
This is different for Fourier promise problems [27], where the target space dimension has
to grow with the number of gates. For the interested reader, we give a more detailed
comparison between these two classes in Appendix [5.C] However, in the contrary to
(discrete) Fourier matrices, Hadamard matrices can only exist in dimension 1, 2 and
multiples of 4 [185]. Since the size of the Hadamard matrix always equals the number
of involved permutations, this implies for example that there is no HPP that uses all
six permutations in the case of n = 3. At the same time, a smaller number of involved
permutations is also an advantage for future experiments, since it requires less control
about the degrees of freedom that implement the different gate orderings.

5.4. Solution with the quantum-n-switch

d) |z). = 1), 1), ©) [2).=I+) [+),

1 s, 1
3 2 8 [02), (W) = 3 3 |m1)e, [72)e, e ) [ W)

z;=0 z;=0

= H|y),, H|y2)., Wo,0) [¥e)

Figure 5.1.: Solving the HPP in Table with the 3-switch: The state of the control
system |x). = |z1),, |72),, determines in which order the gates are applied
on the target system. If the control system is initialized in a superposition,
the quantum-3-switch can be used to solve this HPP by calling each unitary
U; only once.

As pointed out in Ref. [28], every HPP (independent of whether it is constructed using
our method or otherwise) can be solved with the quantum-n-switch and a single call to
each gate. The quantum-n-switch is denoted here as S,. It is the quantum gate that
applies the permutation IT, on the target system |¥;) whenever the control system is in
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the state |z):
Ve e {0,1,...,n, — 1} : Splz), @ |¥) = |z), @ 1, |¥y) . (5.16)

Moreover, to every Hadamard matrix s(z,y) we associate the corresponding unitary
transformation H,, that is defined as:

Nny—1

N ;} s(z,y)|z) . (5.17)

Vy € {0,1,....n, — 1} : Hy, |y) =

To solve HPPs, the n,-dimensional control system is first transformed into an equal
superposition of all states z € {0,1,...,n, — 1}, usually by applying a Hadamard trans-
formation to all control qubits. Meanwhile, the target system |¥;) is initialized in an
arbitrary d-dimensional state:

Ne—1
( Z |z) ) W) (5.18)

Now, if the n-switch is applied, depending on the state |z) of the control system, the
permutation II, is applied on the target system |¥;) (see Fig. for an illustration of
the map for the case of n = 3):

Ng—1 ng—1
( Z ) ) ® W) = ). (5.19)

With the promise I, = s(z,y) - Ilp, this state can be rewritten into:

ng—1 ng—1
1 < z

In this way, the target system always ends up in the state Iy |¥;) (independent of x) and
factorizes out. Observe that the final state of the control system is precisely H,, |y)..
Hence, applying the inverse (transposed) Hadamard transform ngl on the control system,
we obtain:

ny—1
o =Y s, >|w>c> DTl [W) = |y), @ o [ T) . (5.21)
(\/@ xz:;) Yy 0 Y 0

In this way, the solution y can be read out by a measurement of the control system in the
computational basis. In the n-switch each unitary is called exactly once. Hence, the total
query complexity of this algorithm is n.
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5. Computational advantage from a quantum superposition of qubit gate orders

0),, {1] oAl )

0),, 1] L e,
) o o U B Uz | U1 oK Uo | T [ W)
ao Uy aoi
ay Ui laq

Figure 5.2.: Simulation of the four permutations UsUUy, UiU2Uy, UgUsUy, UgUrUs
involved in the HPP given in Table with the smallest possible number of
used black-box gates. A measurement of the control qubits at the end reveals
the solution y = (y1, y2).

5.5. Solution with causal quantum algorithms

It is possible to simulate the quantum-n-switch with a causal algorithm and O(n?) calls
to the black-box gates. Since every HPP can be solved with the quantum-n-switch, every
simulation thereof (or more precisely the simulation of all involved permutations) can solve
the same task as well. For a detailed study of the simulation of the quantum-n-switch we
refer to Ref. [I74] (but also Ref. [173] 27, 184]). For example, all permutations involved
in the HPP given in Table can be simulated with the algorithm in Fig. This
is also the shortest possible solution since such an algorithm can be used to determine
for each pair of the unitaries Uy, Uy and Us whether the pair of unitaries commute or
anticommute (by setting the remaining gate to 1). Such a causal algorithm requires to
call at least two of the three unitaries twice, hence at least five gates are called in total.

The idea can be extended to HPPs with a set of n unitary gates. Each such problem
contains as a subproblem the task of deciding for each pair of gates whether that pair
commutes or anticommutes. This later problem requires a minimum number of queries
and thus also determines a lower bound on the number of queries for the original problem.
This is specified by the following lemma.

Lemma 5.1. Consider the class of all problems that can be generated from the HPP
in Table with the method introduced in Section . For every HPP (with a set of n
different gates) in that class a solution with a causal quantum algorithm has to call at
least 2n — 1 unitary gates.

Proof. Appendix O

However, we believe that for most tasks in that class a causal solution has to call
more than O(n) gates. To motivate our conjecture, we want to point out that a similar
argument as above holds for a very simple HPP that contains only two permutations and
is defined by:

[y :=Up—1Up—2...UsU1 Uy, (5.22)
I := UyU1Us...Up—oU, 1 . (5.23)
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It is promised that II; = (—1)¥ Il and the task is to determine y. A solution to that
HPP is able to determine for every pair of unitaries U; and Uy whether they commute or
anticommute. More precisely, if we set all remaining unitaries to 1, the two permutations
reduce to Ily = U,U; and 11y = U;Uy, (given that w.l.o.g. j < k) from which the statement
follows. In general, however, a HPP with n gates that is generated with our method
contains many more permutations (in fact 2”~!) and is able to determine much more
structure between the unitaries.

Therefore, we conjecture that, for small n, a simulation of all involved permutations is
the most efficient causal solution. For larger n, methods similar to the ones introduced in
Ref. [184] can be used to find more efficient solutions. Indeed, we show in Appendix [5.D.2]
that all HPPs that we can generate with our method can be solved with a causal quantum
algorithm and O(nlog, (n)) calls to the black-box gates and we conjecture that there are
tasks in this class for which no better causal solution exists[]

5.6. Conclusion

Indefinite causal structures can be used to solve certain tasks more efficiently than any
causally ordered quantum algorithm. In this work, we generalized a specific class of
problems that provide an advantage of using a superposition of different gate orderings in
the asymptotic limit. These tasks are constructed for an arbitrary number of gates and
are suitable for an experimental demonstration of this computational advantage since
only low-dimensional target systems (qubits) are required. We showed that, while all
of these tasks can be solved with the quantum-n-switch and a single call to each gate,
causal algorithms require more calls to the black-box unitaries. Possible platforms for the
demonstration of this advantage are tabletop experiments involving photon polarization
[168, 165], 169, 170, 28, 161], orbital angular momentum [I71, [162] or time-bin degrees
of freedom [I72] for the target system, and either path [168] 165, 169, 170l 28|, 161], 172]
or polarization [I7I, 162] for the control system. The scalability to more gates has
been already demonstrated in a photonic platform by Taddei et al. [28] but also other
experiments using for example trapped ions are possible [186].

Furthermore, we found that all of these tasks can be solved with a causal algorithm and
O(nlog, (n)) calls to the black-box gates. We want to point out that currently there is no
known task for which the advantage in the number of gates that has to be called is larger
than O(n) (for indefinite causal structures) versus O(nlogsy (n)) (for causal quantum
circuits). This raises the important challenge of finding computational tasks for which
indefinite causal structures provide a more significant advantage.

*There are other known techniques to solve the same tasks. They are discussed in Ref. [28] and it is
argued there that they require more calls to the black-box gates than a simulation of all permutations.
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5.A. The product of two Hadamard matrices is another
Hadamard matrix

Lemma 5.2. If s1(x1,y1) and sa(x2,y2) are the entries of an my X my and ng X ng
Hadamard matriz, then s((x1,x2), (y1,y2)) := sa(x2,y2) - s1(x1,y1) forms an (my - ng) X
(my - ng) Hadamard matric.

Proof. Since s1(x1,y1) and s2(x2,y2) form Hadamard matrices, we know that s1(z1,41) €
{+1, -1} and sa(z2,y2) € {+1, =1} from which we conclude that s((z1,x2), (y1,¥2)) €
{+1,—1}. Furthermore, since s1(z1,y1) and s2(x2,y2) form orthogonal matrices, we
know:

mge—1

Vyi,y; € {0,1,...,my; — 1} : Z s1(x1,v1) - s1(z1,97) = my - Oy, - (5.24)
x1=0
For so(x2,y2) the analog expression holds. From this we can calculate directly that
s((z1,22), (y1,y2)) forms an orthogonal matrix as well. In fact, two rows are orthogonal
to each other:

V(ylva)a(yllayé) S {07 1,.,my — 1} X {07 1., ng — 1} :
Mmg—1ng—1

Z Z S((x17x2)7 (y1, yQ)) : 8((1‘1, x2)7 (yll)yé))

x1=0 x2=0

me—1ng—1

= Z Z si(w1,y1) - s2(w2,y2) - s1(@1,y)) - s2(w2,y3)

r1=0 z2=0 (525)
mge—1 Ne—1
= ( > si(zu) - 81($17y1)> : <Z s2(x2,y2) - 82(55279&))
x1=0 xo=0
= Mg~ Ng = Oy, 4t - Oy 4t

= (M2 - na) - Oy 2, (vh0) -

Hence s((x1,x2), (y1,y2)) forms an orthogonal matrix whose entries are either +1 or —1,
a Hadamard matrix. O

5.B. Existence of unitaries that satisfy the promise

As already mentioned in the main text, given that examples of unitaries for the task with
n gates exist, examples for the task with n + 1 unitaries (in which one unitary is replaced
by a pair of either commuting or anticommuting unitaries) can be found. More formally,
if the unitary U; in the original HPP is of the form Uo,UT (for an arbitrary 2-dimensional
unitary U) and should be replaced by a pair of commuting unitaries, one can choose for
instance Uo,U' and 1:

Uo, U =1-Uc U =Uc,UT-1. (5.26)
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On the other hand, if U; should be replaced with two anticommuting unitaries, one can
choose for example Uo,UT and U(io,)UT since:

Uo,U' = Uo, U Ulio,)U' = ~U(io,)U' - Ua, UT. (5.27)

Note that such a replacement is not unique, since we can choose U (%) Ut and

U (%) UT as well. More precisely, replacing Uo,UT by UV o, VTUT and UV (io,)VIUT

with Vo, VT = o, is allowed. (Intuitively speaking, V is a rotation in the 2-y-plane that
leaves the z direction invariant.)

Nevertheless, for certain parameter combinations a problem appears with this method.
Take for instance the step in which Uo,UT is replaced by Uc,U' and 1. In a next step,
it is impossible to replace 1 by a pair of anticommuting unitaries since there are no 2 x 2
unitaries U; and Us such that:

1=U, - Up=-U;-Uy. (5.28)

(However, replacing 1 by two commuting unitaries is clearly possible, for example Uo,UT
and Uo,U'.) Therefore, if we are only using combinations of the most simplest HPP in
Table (replacing a unitary step by step with pairs of commuting or anticommuting
unitaries), for certain parameter combinations no examples of 2-dimensional unitaries can
be found. For the task itself this only implies that certain solutions y are impossible. For
the other parameter combinations, unitaries that satisfy the promises can still be found.
We are not giving a thorough analysis of which parameter combinations are impossible
since this also depends on the details of the HPP and which specific unitary Uj; is replaced.
However, the impossibility of finding examples for certain solutions seems to be rare
(especially for small n) and we present in the next subsection a way to circumvent this
issue by changing the underlying HPP.

5.B.1. Changing the underlying HPP

T z=0 z=1 Examples
y (g =1lp) | Iy = (=1)V Ip) || Up | U1 | Uy
y=0 1 1 oy | 0 | O
y=1 1 -1 Oz | Oy | 02

Table 5.3.: The Hadamard matrix for the HPP with Ily := UsU Uy and 11y := UyUqUs.
It is promised that I, = (—1)*¥ Il and the task is to find y. Using our
method we obtain HPPs for an arbitrary (odd) number of unitary qubit gates.
Note that one can also combine this HPP with the one in Table B.1l For
example, by replacing one of the three unitaries with a pair of commuting or
anticommuting unitaries, we obtain a HPP with four unitary gates and four
permutations.
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0), {H]} o0 AHF ).
|20) Vo P Us P Uz B Us o Us | o [W,)
ao Up |ag
ai Ui laq

Figure 5.3.: Most efficient causal solution of the HPP in Table based on the simulation
of the two permutations Iy = UsU Uy and 11} = UgUUs. In comparison
with the algorithm in Fig. of the main text, this algorithm uses only one
control qubit instead of two which might be interesting for an experimental
realisation. This causal solution is also the one with the smallest number
of black-box calls since such an algorithm must be able to determine for
each pair of unitary gates whether that pair commutes or anticommutes (by
setting the remaining gate to 1). This requires to call at least two of the
three gates twice (see also Sec. of the main text).

Consider the HPP with three unitaries in which Ily := UsU Uy and 11 := UygU Us
such that the two permutations satisfy the promise II; = (—1)¥ - Iy (see Table[5.3). We
show that for every HPP that can be generated out of that HPP using our method,
it is possible to find a set of 2-dimensional unitaries that satisfy the promise for every
parameter combination. As one can see in Table for the original HPP with three
gates one can find examples of unitary gates that are only of the form Uc,UT. Replacing
a unitary of that form by three unitaries that satisfy the promise of the same HPP for
y = 0 is always possible. We can take for instance (Uc,U"), (Uo,U') and (U, U'):

Uo,U' = (Uo,UY) - (Uo, U - (Uo,UY) = (Uo,UY) - (U, U - (Ue,UT).  (5.29)

Similar if the three unitaries shall satisfy the promise for y = 1 we can replace Uo,U' by
1, Uo,U" and U(ic,)UT:

Us U =1-(Uo,U") - (Ulio,)U) = —(U(ic,)UT) - (Uo,UT) - 1. (5.30)

The difference is now that it is also possible to replace a unitary of the form 1 into three
unitaries that satisfy the promise by themselves. For y = 0, we can take for instance
Uo,Ut, Uo, Ut and 1:

1= (Uo,U") - (Uo,UN)-1=1-(Uo,U") (Uc,U"). (5.31)
For the case of y = 1, we can replace 1 by U, UT, U(iay)UT and Uc,UT:
1= (Uo,UY) - (Ulio,)UY) - (Uo,U") = —(Uo,U") - (U(ia,)UY) - Uo,U").  (5.32)

Note, however, that Uo,UT and U(io,)UT are again of the form U’c,U’T for an appropriate
choice of U’ and in a next step these unitaries can be replaced again with three unitaries
that satisfy the promise of that HPP by themselves. Therefore, the existence of examples
for all possible solutions y of the HPP with n unitaries implies, by induction, the existence
of examples for all solutions y of the resulting HPP with n + 2 gates.
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5.C. Comparison with Fourier promise problems

In the main text, we stated that Hadamard matrices can only exist in dimension 1, 2 and
multiples of 4. Furthermore, the existence of a Hadamard matrix for every dimension
that is a multiple of 4 is an open problem [185]. However, we use in our generalization
of HPPs the fact that Hadamard matrices are simple to construct for powers of 2. This
follows from Lemma which states that the (tensor) product of two Hadamard matrices
is another Hadamard matrix. Since the size of the Hadamard matrix always equals the
number of involved permutations, this implies that for example in the case of the 3-switch
(see Fig. in the main text), we can never make use of all six permutations for this
class of problems. Furthermore, there is no known closed form of a Hadamard matrix
of dimension n! (which might exist for n # 3). This fact limits our tasks to use only a
subset of all permutations (for example 2"~! < n! for the class of all problems that can
be generated with our method from the most simplest HPP in Table .

Nevertheless, one can ask if tasks exists that make use of all permutations. The answer
is affirmative and they are called Fourier promise problems [27]. They are defined very
similar to HPPs (compare with Eq. of the main text): A set of d-dimensional unitary
gates {Ui}gfl is given. The entire set of permutations II, is chosen and labeled with
xz € {0,1,...,n! — 1}. Furthermore, it is promised that for some y € {0,1,...,n! — 1} the
following relations hold:

Vo e {0,1,..,nl —1}: T, = w® - Tl. (5.33)

Here, w = e2™/™ and the task is to find out y. The crucial difference is that the
coefficients w*¥ form a (discrete) Fourier matrix which exists and can be easily stated for
all dimensions.

However, it turns out that the minimal Hilbert space dimension of the target systems
must be at least d = n!, which makes it impractical for an experimental demonstration.
To see this, we can consider Iy = w¥ Ily and take the determinant on both sides:

det(TI;) = w¥? - det(IIp) . (5.34)

Since Iy and II; are products of the same unitaries in different order, we obtain det(Il;) =
det(TIy) and therefore w¥? = 1. Therefore, a solution for every y € {0,1,...,n! — 1} can
only exist if d > n! (remember that w = ¢*™/™) and no examples with qubit gates (d = 2)
can be found for n > 3E| For further details, we refer to Ref. [27, 28] 184].

Another disadvantage for the class of FPPs is the fact that all involved unitaries satisfy
certain pairwise commutation relations (as shown in Ref. [184]):

Vi, ke {0,1,...n—1} Jaj, € Cs.t.: UjUy = oy, UpUj . (5.35)

In Ref. [184] this property is used to find causal solutions for FPPs that call only
O(nlogy (n)) black-box unitaries and it was conjectured that all problems of this class

30n the contrary, a similar calculation for Hadamard matrices leads to s(z,y)® = 1 where s(z,y) = %1
and solutions exist even for d = 2.

126



5.D. Solutions with causal quantum algorithms

can be solved with the same efficiency. This property is not (necessarily) satisfied for
HPPs, as one can already see in the example for y = (1, 1) given in Table of the main

text, in which for Uy = o, and Uy = ij;z no such relation exists. The intuition for

this fact is, roughly speaking, that using only a subset of all permutations implies less
promises (there is one promise for every chosen permutation) and therefore less constraints
on the structure of the unitary gates. For the case of the HPPs that we generate with
our method it turns out that a causal algorithm that calls O(nlog, (n)) gates exists as
well. Nevertheless, it shows that for the construction of future tasks that offer a more
significant advantage by using indefinite causal structures, considering only a subset of
all permutations might be useful.

5.D. Solutions with causal quantum algorithms

5.D.1. Proof of a lower bound

Lemma 5.1. Consider the class of all problems that can be generated from the HPP in
Table with the method introduced in Section of the main text. For every HPP (with
a set of n different gates) in that class a solution with a causal quantum algorithm has to
call at least 2n — 1 unitary gates.

Proof. We can show by induction, that every solution to that task must be able to
determine for every pair of unitary gates whether that pair commutes or anticommutes,
when we set all remaining gates to 1. For the base case of n = 2, we note that there is
only the HPP given by Table itself for which the statement is clearly correct.

For the induction step, remember that any task with n + 1 unitary gates is obtained by
replacing one unitary U; from a task with n gates with two unitaries that we denote here
as Ui(l) and UZ-(2). We can check that a solution to the new task must be able to determine
for every pair of gates whether that pair commutes or anticommutes: (1) If the solution
for the task with n gates is able to determine for every pair of unitaries whether they
commute or anticommute, a solution to the new task with n 4 1 gates is able to )determine
V=1 (2)

Similar, a solution to the new task is able to determine whether Ui(l) and Uj (for every

for every pair U; and Uy with j,k # ¢ this property when we set Ui(l) = Ui(

J # 1) commute or anticommute when we set UZ-(Z) = 1. The analog argument holds for
Ui(2) and every U; with j # 4. (3) For the remaining pair of UM and U(z), this follows by

% )
construction of the task since part of the solution of the new task is exactly to determine

whether Ui(l) and UZ-(2) commute or anticommute. This proves the induction hypothesis.

Since a causal algorithm that is able to determine whether two gates commute or
anticommute has to call at least one of the two gates twice [26], this requires, in total,
to call at least n — 1 gates twice. Therefore, at least 2n — 1 gates have to be called in
total. O
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a) Structure of our solutions b) Solving every HPP with the simulation of the n-switch

Figure 5.4.: The structure of the algorithms we construct here is given in Fig. a):
All target and auxiliary systems are initialized in an arbitrary d-dimension
state. After the algorithm is applied, the control system ends up in the
state |y). from which the solution can be read out by a measurement in
the computational basis. In addition, it is important for our proof that the
first target system ends up in the state IIy|¥q) where Il is the identity
permutation of the corresponding HPP. One such algorithm is based on the
simulation of the quantum-n-switch and given in Fig. b): The Hadamard
transform H,, maps the initial state of the control system to an equal
superposition of all considered permutations. Afterwards, the permutation
Iy = Us,(n)---Usy(2)Us, (1) 18 applied on |¥1) by swapping the target system
|¥) in each step i = 1,2,...,n with the corresponding auxiliary system
|agz(i)>. Since each auxiliary system |a;) is swapped with the target system
exactly once, the gate U; acts on |a;) exactly n — 1 times and ends up in the
state (U;)"!|a;), independent of the state of the control system. Due to
the promise II, = s(x,y) Iy, the final state of the control and target system
can be rewritten into |y), ® I |¥1) (same calculation as in Eq. (5.20]) and
Eq. in the main text) as required for the algorithm in Fig. a). (To
avoid confusion, we want to mention that we label the unitaries in this section
(for convenience) with 1,2, ...,m.)

5.D.2. Proof of an upper bound

In this section, we will show that all HPPs that we can generate with our method from a
finite set of HPPs (we call them “fundamental” here) can be solved with a causal quantum
algorithm and O(nlog, (n)) calls to the black-box gates. The fundamental HPP can be
for example only the one given in Table [5.1] and then the HPP given in Table [5.2] of the
main text is an example of a (non-fundamental) task in that class. One can also consider
the class of all tasks generated by the two fundamental HPPs given in Table [5.1] and
Table which contains more tasks. Also other HPPs, not explicitly stated in this work,
can be included.

Theorem 5.1. A finite set of HPPs is given and we consider the class of problems that
can be generated from these fundamental HPPs with the method introduced in Section [5.3
of the main text. Let kpq be the number of unitary gates contained in the fundamental
HPP with the most gates and let C := 2 - (kpqaz — 1). For every problem (with a set of n
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unitary gates) in that class there exists a causal quantum algorithm that solves this task
by calling at most C - n -logy (n) gates.

Proof. We construct for any task in that class a causal algorithm that has the form given
in Fig. a) and calls at most C - n - log, (n) gates. More precisely, given that such an
algorithm exists for every problem in that class with at most n — 1 unitary gates, we
construct a solution for the task with n gates and the hypothesis follows by induction.

Base case:
For the base case, we consider all HPPs in that class that contain not more than k,,,,, gates
(hence 2 < n < kyqqe). For these tasks, there exists a solution with a causal algorithm that
calls n? gates in total. In fact, one can use the simulation of the quantum-n-switch given
in Fig. b). The hypothesis holds since C - n - logy (n) =2+ (kpmaz — 1) - 1 - logy (n) >
2 (k; — 1) -n > n? (note that ke > n > 2 and log, (n) > 1).

Induction step:
Consider any HPP with n involved black-box gates and denote the permutations involved
in this task as II, (with =z € {0,1,...,n, — 1}) and the promise as II, = s(z,y) .
Since the HPP is constructed with our method, there is a fundamental HPP from which
everything starts. Let’s denote the identity permutation of this HPP as Iy and let
k < kmaq be the number of unitaries in that HPP (note that, for convenience, we label
these unitaries with 1,2, ...,k instead of 0,1, ...,k — 1):

o= UpUp_1..UU; . (5.36)

The permutations II; = U&i(k)...ﬁ&i(Q)U&i(l) of that starting HPP are permutations of
the unitaries U; and satisfy the following relations:

; = 5(z,7) . (5.37)

Now, by applying our method, each unitary U; is replaced, step by step, with the
permutations of other HPPs. It is important to note that these permutations form by
themselves a HPP of the same class (but with less unitaries n; < n):

Vie{1,2,....k}: U; — I = s;(a;,y,) T (5.38)

T

Therefore, we can write the label x as (Z, z1, z2, ..., 7)) and the permutation II, is exactly
obtained by taking II; and replacing each unitary U; with the corresponding permutation
Hgfi). In this way, we obtain:

k
Lo =G a1,05,...00) = 3(2,) - (H si(@i, yz-)) Io0,0,....0 (5.39)
=1

k
= s(z,y) =35(2,7) - (H si(xi,yi)> . (5.40)

=1
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5. Computational advantage from a quantum superposition of qubit gate orders

Hence, solving the task is equivalent to find all values of ¢, y1,y2, ..., yx—1 and yg. Since

the permutations H;(,;z) = si(zi, yi) H() form a HPP of the same class with n; <n —1

involved unitaries, there is, by the 1nduct10n hypothesis, for each i a causal algorithm
that finds y; with C - n; - logy (n;) queries.

To find the remaining value g, more work is required. Let j be the index of the block
that contains the most unitaries (n; = max {n;}). If this index is not unique, one can

1<i<k
choose one of them. Since Hm 0,0,....0 is a permutation of the blocks H(()l), H(()Q), oy H(()k_l),

geeey

all permutamonb of the blocks H((] ), H[() ), o H(()k). This is achieved in the upper part of

the algorithm in Figure by a particular simulation of the quantum-k-switch build out
of two simulations of the quantum-(k — 1)-switch. Here, in each step i, depending on the

state of the control system |Z), the corresponding block H(%(l)) (with 3 (7) # j) is applied
\ng )> by swapping
‘&&i (,-)>. At the point where the block H(()j ) shall be applied on ‘\Ilgj )>, the algorithm in

the middle is used to realize this transformation. The first part requires at most k£ — 1

on the target system \Ilgj )> with the corresponding auxiliary system

steps since there are at most k — 1 blocks in Ilz g o,... o before H( ) Afterwards the same

procedure is used to simulate all blocks H( ) that appear after H(J ) , which requires again
at most k — 1 steps. Since each auxiliary system |a;) is swapped exactly once, it ends up

in the state (1161'))2(”“_1)_1 |a;), independent of the state of the control system |Z).
In total, this algorithm consumes

ZC’ n; - logon; + Z )-ni <C-n-logygn (5.41)
1=1,i#j

queries. The first term corresponds to the algorithms that find all values of y; and the
(2)

second term comes from the simulation of all permutations of the blocks H((Jl), I, ...,
H(()k) (each block contains n; black-box gates and appears 2 - (k — 1) times, except H((]j )
which does not appear at all). To see that this expression is smaller than C - n - logy n,

we observe that:

k k k
C'n-logzn—ZC-ni-logzni:C- <an> -logzn—C-Zni-loani (5.42)

i=1 =1
k k
(Z n; - logy ) >C- Z n; log2 — | >C- Z n; -logy2 | (5.43)
1=1,i#j i=1,1#£7
k k
=2 (kmaz —1)- | > ni| > Z 2. n;. (5.44)
i=1,i#j

Here, we have used that = > 2 for every i # j (since n; > n; and n > nj; +n;). This
concludes the proof. O
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Figure 5.5.: The algorithm that finds y = (9,y1,v2, ..., yx): The values y; for i # j are
found in the lower part of the algorithm completely independent of the rest
(the index j is skipped in the lower part). In the upper part, we simulate all

possible permutations of the blocks H(()l), H(()2), - H(()k) (which is sufficient to
determine g) by a construction that simulates the quantum-k-switch with
two simulations of the quantum-(k — 1)-switch. Here, in each step ¢ and
depending on the state of the control system |Z) the corresponding block

H(()&i @) (with 6z(2) # 7) is applied on ‘\Ilgj )> by swapping that target system
with ’dgi(i)>. The block Héj) is applied in the middle step. In this way, the
target system ‘\Ilgj)> ends up in the state Il ‘\Ifgj)> and the solution g can

be read out in the control system.
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6. Conclusion

In the first part of this thesis, we investigate the classical cost of reproducing the quantum
correlations arising from local measurements on two-qubit states. First, we studied the
prepare-and-measure scenario and found tight bounds on the communication cost. In
fact, we proved that two bits are necessary and sufficient to simulate all qubit strategies.
We used this simulation technique to show that arbitrary local measurements on any
entangled two-qubit state can be simulated by the same amount, namely two classical
bits. In our protocols, each party can choose an arbitrary measurement and we do not
require any knowledge of what the other party is going to measure on the other qubit. In
some special cases, we have shown that the communication cost is even smaller. Namely,
in Chapter 2 we proved that for the restricted class of projective measurements, already
a single trit is sufficient. In addition, if the state is either weakly or maximally entangled,
the communication cost reduces further to just a single bit. One important open problem
is to decide whether all two-qubit states can be simulated with a single bit of classical
communication. For this conjecture, a neural network approach provides strong numerical
evidence that this is indeed the case [I12]. In principle, it is also possible that even when
we consider the most general class of measurements (POVMs) just one classical bit of
communication might be sufficient to simulate all correlations.

There are several other ways this result could be extended. Our protocols apply only
to the most fundamental scenarios involving at most two qubits. However, the question
of how much classical communication is required to simulate quantum correlations can be
asked in every scenario, involving arbitrary quantum systems and an arbitrary number
of parties. The communication cost for many of these scenarios is unknown. Already
if the qubit in the prepare-and-measure scenario is replaced by a qutrit, a three-level
quantum system, it is not known whether these correlations can be simulated with a finite
classical message. Albeit, they can be reproduced with a communication cost that is finite
on average [48|, in the worst case, they might require an infinite communication cost.
These problems are relevant in many ways, for instance, for the question of bounding
the quantum to classical advantage in communication tasks. In this work, we proved
that all correlations that can be achieved by sending a qubit can also be reproduced by
sending two classical bits of communication. Hence, in any such communication task,
two classical bits perform at least as good as one qubit. Can we find similar bounds
for high-dimensional quantum systems? It is known that higher dimensional quantum
systems can perform exponentially better in certain communication tasks compared to
classical systems [12, [I3]. However, in principle, such an advantage could be even larger.
Can we find another communication task, in which quantum systems provide an even
larger advantage than classical systems? Or, on the other hand, can we achieve the
correlations obtained by these systems with a classical message of a certain length?
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Other important directions to explore are related scenarios involving several parties. In
Chapter 1 we consider prepare-and-measure scenarios, where one party sends a quantum
state to the other party, which measures the received state. How does the communication
cost change, when there is another party in the middle, that can apply an arbitrary
transformation on the state before it is sent to the party, that measures the state? Our
simulation protocols in Chapter 2 apply to two-qubit states. About multipartite qubit
states, it is known that equatorial measurements on a Greenberger-Horne-Zeilinger state
can be simulated with three bits of communication [55]. How much communication is
necessary when general three-qubit states and general qubit measurements are considered,
or even a multipartite state of a larger local dimension? Again, it is known that these
scenarios can be simulated with a finite communication cost on average [58]. However, it
is unknown if the communication cost remains finite in the worst case.

It is important to recognize that our simulation techniques are directly linked to hidden
variable models of the qubit. In fact, the simulation techniques we developed in Chapter
2 make direct use of the Kochen-Specker model [110]. More precisely, a simulation of
the correlations reduces to an efficient way of sampling the Kochen-Specker model for a
given qubit state. However, this model can only reproduce the correlations of projective
measurements. As a byproduct of our work, we obtain a new and even simple model of
the qubit capable of reproducing the outcomes of generalized measurements. Namely, in
Chapter 1 we discovered that two vectors distributed uniformly on the positive hemisphere
centered around the Bloch vector of the given quantum state (see Fig. and Fig.
are sufficient to simulate the effect of general POVMs applied to that state. This is a
natural extension of the Kochen-Specker model to the most general class of quantum
measurements. We believe this model has applications beyond the task of simulating
quantum correlations.

In Chapter 3, we turned our attention to a closely related question, the development of
local models for entangled quantum states. The seminal work of Werner [17] showed that
there are quantum states that are entangled but do not violate any Bell inequality for local
projective measurements. He proves this by providing an explicit local hidden variable
model that can reproduce the quantum correlations for all projective measurements.
In Chapter 3, we extend this model to generalized quantum measurements (POVMs).
It is worth noting that our model determines the exact threshold for which two-qubit
Werner states can demonstrate quantum steering. Interestingly, our result implies that
generalized measurements are not more powerful than projective measurements to demon-
strate quantum steering for these states. Namely, whenever a two-qubit Werner state can
demonstrate quantum steering, this effect can be demonstrated by using only projective
measurements. It is still an important open problem if there exists a quantum state that
admits a local hidden state model for all projective measurements but can demonstrate
quantum steering when generalized measurements are considered. The analog problem
for Bell nonlocality is also open. Does there exist a quantum state that admits a local
hidden variable model for all projective measurements but violates a Bell inequality when
generalized measurements (POVMs) are considered?
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Figure 6.1.: a) An arbitrary qubit state represented by its Bloch vector 4. b) The Kochen-

Specker model associates a hidden variable X to this quantum state according
to a certain distribution pz(X) (H(x) denotes the Heaviside function). This
model can simulate arbitrary projective measurements applied to that state.
c¢) In Chapter 1, we introduce a model capable of reproducing the statistics
for arbitrary qubit measurements (POVMs). The model consists of two
vectors \; distributed independently and uniformly in the positive hemisphere

centered around .

In the second part of this thesis, we explored quantum computation using indefinite
causal structures. It was known that the quantum-controlled gate orderings, which are an
instance of indefinite causal structures can boost the capabilities of quantum computing
even further. For instance, they can solve certain oracle tasks, such as determining
whether two gates commute or anticommute, by making fewer calls to the oracles than
causally ordered quantum algorithms [26]. Since then other tasks were found that were
expected to generalize this effect to an arbitrary number of gates. This is the topic of the
second part of this thesis. In Chapter 4, we studied a class of problems that are called
Fourier Promise Problems, introduced by Aratjo, Costa, and Brukner [27]. They were
expected to provide a quadratic advantage of using the quantum switch compared to
casually ordered quantum algorithms. However, we found more efficient causally ordered
algorithms for problems of this class, hence showing that the advantage is smaller than
previously expected.

In Chapter 5, we study another closely related class of problems called Hadamard
Promise Problems [28]. They can also be solved efficiently by using the quantum switch
and were expected to provide an advantage compared to causally ordered algorithms.
However, we showed that for these problems the advantage is smaller than previously
expected. We introduced a general procedure to obtain problem instances of this class
and proved that they can be solved by using a causally ordered algorithm and calling
each gate O(logn) times. This raises the question of whether other tasks might offer
a larger advantage by using indefinite causal structures. At the same time, it is also
interesting to explore whether these tasks can be used for other information-processing
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tasks involving indefinite causal structures. For instance, Guérin et al. [I56] showed
that the problem of determining whether two gates commute or anticommute can be
translated into a communication task that provides an exponential advantage compared
to causally ordered protocols. It is then interesting to ask, whether the problems we
introduce in Chapter 5 can lead to a similar advantage for communication tasks involving
several parties. Connected to that, one could also ask if these rather abstract oracle
problems can be translated into a more practical quantum algorithm capable of solving
more natural problems. Usually, oracle problems are introduced to study the power of a
new computational scheme. For instance, the power of quantum compared to classical
computation was first demonstrated by certain oracle problems, including Deutsch [I87],
Deutsch-Josza [I88], Simon [I89], and Bernstein-Vazirani [190]. Later, they were used
to find quantum algorithms for more useful tasks. Most famously, Shor was inspired
by Simon’s problem to find his polynomial quantum algorithm that can find the prime
factors of large numbers [24]. Do similar real-world tasks also exist for the rather abstract
Fourier and Hadamard Promise Problem?
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