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Abstract

Quantum mechanics is nonlocal, meaning it cannot be described by any classical local hidden variable
model. In this thesis we study two aspects of quantum nonlocality.

Part [ addresses the question of what classical resources are required to simulate nonlocal quan-
tum correlations. We start by constructing new local models for noisy entangled quantum states.
These constructions exploit the connection between nonlocality and Grothendieck’s inequality, first
noticed by Tsirelson. Next, we consider local models augmented by a limited amount of classical
communication. After generalizing Bell inequalities to this setting, we show that (i) one bit of
communication is sufficient to simulate the correlations of projective measurements on a maximally
entangled state of two qubits, and (ii) five bits of communication are sufficient to simulate the joint
correlation of two-outcome measurements on any bipartite quantum state. The latter result can be
interpreted as a stronger (constrained) version of Grothendieck’s inequality.

In part[[Il we investigate the monogamy of nonlocal correlations. In a setting where three parties,
A, B, and C, share an entangled quantum state of arbitrary dimension, we: (i) bound the trade-off
between AB’s and AC’s violation of the CHSH inequality, obtaining an intriguing generalization of
Tsirelson’s bound, and (ii) demonstrate that forcing B and C to be classically correlated prevents
A and B from violating certain Bell inequalities. We study not only correlations that arise within
quantum theory, but also arbitrary correlations that do not allow signaling between separate groups
of parties. These results are based on new techniques for obtaining Tsirelson bounds, or bounds

on the quantum value of a Bell inequality, and have applications to interactive proof systems and

cryptography.
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Chapter 1

Introduction

1.1 Motivation

In 1935, Einstein, Podolsky, and Rosen suggested that quantum theory might emerge from a de-
terministic local theory, by averaging over the values of some hidden variables, or properties of the
system inaccessible to experiment [6]. Some thirty years later, Bell proved that this is impossible:
Any hidden variable model for quantum theory must be nonlocal, in a manner I shall make precise be-
low [7]. Bell’s conclusion has since been validated by a large number of experiments [8 [9, [0, 111, 12].

More recently, theoretical research into quantum algorithms [13], quantum communication com-
plexity [14], and quantum cryptography [15] has shown that quantum devices are more powerful
than their classical counterparts. Indeed, the goal of the burgeoning field of quantum information
theory [I6] is to obtain an information-theoretic understanding of the power of quantum resources.
Here T apply this perspective to one quantum resource: nonlocal correlations. The aim is to go
beyond the conclusion that quantum theory is nonlocal, instead answering the question of just how

nonlocal it is.

1.2 Nonlocal correlations

1.2.1 An example

We start with an example. Alice and Bob, who will star in this thesis, each have a machine. Each
machine has a switch, which can be in one of two positions (labeled 0 and 1), together with two
lights, a red one and a green one. Every second, exactly one of the lights flashes.

After running some experiments, Alice deduces the following:

1. No matter which position her switch is in, the red light will flash with probability 1/2, otherwise
the green light will flash.

In other words, Alice’s machine behaves as a random number generator. Bob notices the same thing:
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2. No matter which position his switch is in, the red light will flash with probability 1/2, otherwise
the green light will flash.

But when they look at each other’s machines, they observe that

3. If Alice’s switch and Bob’s switch are both in position 1, then the color of Alice’s light is

always different from the color of Bob’s light; otherwise their lights are always the same color.

Furthermore, this is true no matter how far apart the machines are. So, although the colors of the
lights on Alice and Bob’s machines are locally random, they are correlated in a way that depends
on how their switches are set. After providing the relevant definitions, we’ll prove below that these
correlations are nonlocal, meaning they are incompatible with any classical local theory. In fact, the

machines just described are together known as a nonlocal box [I7, [I8]. We make three observations:

1. The switches are essential. Suppose the switches on Alice and Bob’s machines are stuck in
position 1. Then Alice and Bob’s machines are just a correlated random source, a classical

resource.

2. The machines can be realized with instantaneous communication and a correlated random
source. Suppose that, by some means, the position of Alice’s switch is (instantaneously) com-
municated to Bob’s machine. Then this is sufficient to reproduce their behavior. Of course,

instantaneous communication is unphysical.

3. The machines cannot be used to communicate. Suppose Alice is in Amsterdam and Bob in
Melbourne. Then there is no way for Alice to send a message to Bob using the machines. No
matter how she sets her switch, the data Bob obtains from his machine is just a sequence of
random bits. It is only when Alice and Bob meet up and compare their data that they notice
something nonclassical is going on. We term such correlations no-signaling. No-signaling
correlations are a weaker information-processing resource than communication, but a stronger

resource than a classical correlated random source.

The operation of the machines can be summarized by specifying the conditional joint probability
distribution of Alice and Bob’s results. Assume Alice sets her switch in position ¢ € {0,1} and Bob
sets his in position j € {0,1}. Label the output of Alice’s machine (the color of the light) a € {0, 1},
and the output of Bob’s b € {0,1}. Then the probability that Alice observes outcome a and Bob
observes outcome b is

1
Pr(a, bli, j) = i[a@b:i/\j]a (1.1)

where [t] = 1 if the clause t is true and 0 otherwise.
We shall be concerned with the following question: Which conditional joint probability distribu-

tions are accessible in classical, quantum, and no-signaling theories? For example, we shall observe
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by the end of this chapter that the machine described above is unphysical: The distribution Eq. (L))

is not realizable, even with quantum resources.

1.2.2 Notation and definitions

We restrict attention to scenarios with two parties, Alice and Bob. In a measurement scenario, each
party selects one of M measurements (labeled 0,1,..., M — 1) and then outputs one of K different
outcomes (labeled 0,1,..., K — 1). Mostly we shall be interested in the case K = 2. As above, we
label Alice’s measurement 4, and Bob’s j. Alice’s output is labeled a; Bob’s b.

A local hidden variable (LHV) model for a measurement scenario is defined as follows:

Definition 1.2.1 (LHV model). An LHV model for a (bipartite) measurement scenario is defined
by (i) a set A and a probability distribution g over A, (ii) a function A : A X Zp; — Zg, and (iii) a
function B : A X Zy; — Zg. We write the LHV model as a protocol:

Protocol 1.2.2. (Random Variables) Alice and Bob share a variable A € A, chosen according to
the distribution gq.

(Alice) Alice outputs a = A(\, ).

(Bob) Bob outputs b = B(A, j).

We note that this definition is completely general: Any unshared randomness can be replaced
by shared randomness on which the one party does not act. To calculate the resulting conditional

probability distribution, we average over A:

Pr(atfi) = [ drgla = AN = BOLI)L (12)
If there exists an LHV model reproducing some correlations p(a, bli, j), we say that the correla-

tions are local. Otherwise they are nonlocal.

Definition 1.2.3 (No-signaling conditional probability distribution). A conditional probability dis-
tribution is no-signaling if each party’s marginal distribution is independent of the other’s choice of

input. More formally, p(a, b|i, j) is no-signaling if

Pr(ali,j) = > p(a,bli, 5) (1.3)

b

is independent of j for all a and i and
Pr(bi, j) = Y p(a,bli, j) (1.4)

is independent of ¢ for all b and j.
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Nonlocal correlations in quantum theory arise from making local measurements on entangled
quantum states. We assume that Alice and Bob share a mixed quantum state p with support on
Ha ® Hg, where H4 (Hg) is the local Hilbert space of Alice’s (Bob’s) system. The dimensions of
the local spaces are denoted d4 = dim H 4, dgp = dim Hpg. By extending the smaller of H 4 and Hp
we can assume that the local spaces have the same dimension d = max(da,dp). The operator 14 is
the identity operator operating on a space of dimension d. Where it is clear from the context, we
omit the subscript indicating the dimension. The most general measurement possible in quantum
theory is termed a postive operator-valued measure (POVM). A K-outcome POVM M on H4 is
defined by K positive Hermitian operators Ag, A, ..., Ag_; such that >, Ay = 1. The elements

A are termed effects.

Definition 1.2.4 (quantum model). A quantum model for a (bipartite) measurement scenario is
defined by (i) a state p on Ha ® Hp; (ii) a set of M POVMs M; on H 4 with effects A?; and (iii) a
set of M POVMs N; on Hp with effects B;’-. We write the quantum model as a protocol:

Protocol 1.2.5. (Preparation) Alice and Bob share the state p.
(Alice) Alice measures the POVM M; on p, outputting her result a.

(Bob) Bob measures the POVM N on p, outputting his result b.
This results in the conditional probability distribution
Pr(a, bli, j) = tr (A} @ Blp).. (1.5)

We say that a conditional probability distribution p(a, b|i, j) is realizable with quantum resources if

there is a quantum model for p(a, b|7, j).

Specializing to two-outcome measurements, we define the joint correlation

1

(0 85) = Z 1) Pr(a, bli, 5). (1.6)

a,b=0

We define the observable corresponding to a two-outcome measurement M as A = A° — A'. When
Alice measures an observable A on p, we label the outcome o € {—1,+1}. We similarly label Bob’s
outcome (3. Denote the set of possible observables by O 4 for Alice and Op for Bob. Then the joint

correlation of Alice and Bob’s measurement results is given by
(aB)qu =tr (A®@Bp). (1.7)

Note that it is conventional to suppress the dependence of the left-hand side on A and B. The



marginal probabilities are given by

(a)ou = tr(A®lpp), (1.8)

Blou = tr(la®@Bp). (1.9)

Together, these three equations define the full probability distribution for two-outcome measure-
ments on p.

Often the conditional probability distributions we wish to study arise from making measure-
ments on quantum states, in which case the existence of a quantum model is trivial. A quantum
measurement scenario for two-outcome measurements is a measurement scenario where we label the

measurements by the corresponding quantum observables. For completeness, we state the following:

Definition 1.2.6 (LHV model for two-outcome observables). An LHV model for a (bipartite)
quantum measurement scenario is defined by (i) a set A and a probability distribution g over A, (ii)
a function 4 : A x O4 — {—1,+1}, and (iii) a function B : A x Op — {—1,+1}. We write the LHV

model as a protocol:

Protocol 1.2.7. (Random Variables) Alice and Bob share a variable A € A, chosen according to
the distribution gq.

(Alice) Alice outputs a = A(A, A).

(Bob) Bob outputs b = B(A,B).

We average over A to calculate the resulting correlations:

by = / gV A, A), (1.10)
By = /qu(A)B(/\,B), (1.11)
0By = / drg(\) A\, A)B(), B). (1.12)

We say that the LHV model reproduces the joint correlation on a state p when (af)Luv = (af)qm
for all observables A and B. We say that the LHV model reproduces the full probability distribution

when, in addition, (@)Luv = (a)qm and (B)Luv = (B)qm-

1.2.3 Bell polytopes

Bell inequalities [7] describe necessary conditions on the probabilities Pr(a, b|é, j), which must be
satisfied if these probabilities are to be produced by an LHV theory. When a set of these conditions is
also sufficient, we say that we have a complete set of Bell inequalities. The construction of complete
sets of Bell inequalities is an exercise in convex geometry, which we briefly sketch. See Ref. [19] for

more details.
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Consider a deterministic protocol, i.e., one in which no randomness, shared or otherwise, is used.
Each party’s output can only depend on their local measurement. Such a protocol is characterized
by the two functions A and B in Def. [[LZI] which describe the outcomes of the two parties’ mea-
surements: If A selects measurement ¢, she outputs A(z) and if B selects measurement j, he outputs
B(j). The probabilities for the scenario are then p(a, bli,j) = [a = A(i)][b = B(j)]-

By listing the components, we may view the probabilities p(a, b, j) as vectors p in RP with
D = M?(K?—1) (there is a normalization constraint Y-, , p(a, bli, j) = 1). To each pair of functions
{A, B}, there corresponds a deterministic protocol, so the set of all deterministic protocols is a finite
collection of such vectors {d¢|¢ =1, ..., K2M}.

Now comnsider the effect of allowing randomness. For any fixed choice of the random variables
A € A, the functions A(A,-) and B(),-) are deterministic, so that the set of all possible protocols

that use randomness is described by a convex sum of the deterministic protocols
F=> Xde, > Ac=1, A >0. (1.13)
¢ ¢

The set of all protocols therefore corresponds to a region Q7 in R, which is a polytope because
there is a finite number of extreme vectors Jg [20]. This permits an alternative description: Instead
of describing the polytope Qusx as the convex combination of a finite set of extreme points, we can
describe it by specifying a complete (finite) set of facet inequalities. A facet inequality is a pair
{ f, c} that defines a half-space of R” via the inequality JF -p < c. Complete sets of facet inequalities

ﬁ;, cy are satisfied if and only if §'is in Qa7
peQuk iff f,-p<c,, V. (1.14)

Each facet is therefore a Bell inequality and complete sets of facet inequalities are complete sets
of Bell inequalities. Complete sets are known in the two-party case when M = 2, K = 2 [21];

M=3K=2; M =2 K =3 [22,23)]; and also when extra symmetry constraints are imposed [24].

1.2.4 The CHSH inequality

In the simplest nontrivial case M = 2, K = 2, there is (up to symmetries) one nontrivial Bell
inequality, the Clauser-Horne-Shimony-Holt (CHSH) inequality [25]. Given a conditional probability
distribution p(a, bli, 7), define

(Bcusu(p)) = (aofo) + (wofr) + (a1 80) — (a151), (1.15)

where (a;0;) are the joint correlations defined by Eq. (L6]).
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Theorem 1.2.8 ([21] 25]). Suppose there is an LHV model for a distribution p(a,bli,j). Then

(Bonsu(p)) < 2. (1.16)

Furthermore, if a distribution p(a,bli,j) satisfies Eq. (I10), as well as equivalent inequalities ob-

tained by permuting parties, measurements, and outputs, then it is obtained from some LHV model.

Proof. The proof of completeness is via facet enumeration, as described in the previous section, and
we omit it. It is, however, simple to see that if there is an LHV model for p(a, b|i, 7), then it satisfies
the inequality. Suppose the LHV model is defined by a set A, a probability distribution ¢ on A, and
functions A, B : A x {0,1} — {—1,+1}, where

(@) = [ Da)ANDBOI) (1.17)

Then

(Bensu(p)) /qu(k) [A(X,0) (B(A,0) + B(A, 1)) + A(X, 1) (B(A, 0) = B(A, 1))] - (1.18)

IN

/qu(A) [1B(A,0) + BOA, D]+ [B(X,0) = B(A, D] (1.19)

Now, |B(A,0) 4+ B(A,1)| is either 0 or 2. If it is 0, we're done; if it is 2, then |B(A,0) — B(A, 1) = 0.

In either case (Beusu(p)) < 2. [ |

At this point we can return to the nonlocal box, the example of nonlocal correlations given at
the start of this introduction. By construction, the correlations defined in Eq. (I1]),

1
Pr(a,bli,j) = E[a@b:i/\j], (1.20)

yield {(apB0) = (aof1) = {(@150) = —({a1 1) = 1, which gives (Beusu) = 4. Since 4 is larger than 2,
these correlations violate the CHSH inequality and are nonlocal. Furthermore, they are maximally
nonlocal, within this measurement scenario.

The nonlocal box is a powerful resource. Consider some Boolean function f : {0,1}" x {0,1}" —
{0, 1} with two n-bit strings as inputs, labeled a and b. Alice knows string a, while Bob knows string
b. They want to compute f(a,b) in a distributed manner, by exchanging some messages. Given a
supply of nonlocal boxes (such as the machine described above), van Dam has shown that Alice
and Bob can compute the function f with just one bit of communication, independent of n [26].
Thus nonlocal boxes trivialize communication complexity. In fact this conclusion is true even in the

presence of some noise [27].
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The nonlocal box is not realizable with quantum resources. This follows from the following, due

to Tsirelson:

Theorem 1.2.9 (Tsirelson [28]). Suppose Alice and Bob make local measurements on an entangled

quantum state, yielding a distribution p(a,bli,j). Then
(Bensu(p)) < 2V2. (1.21)

Proof. Assume there is a quantum model for p(a, b|i, j). By taking a purification of the shared state
p and conditioning on the randomness, it is sufficient to consider the case where Alice and Bob share

a pure state |¢). Suppose Alice measures A; on input ¢, and Bob B; on input j. Then
(aifj) = (V|A; @ Bj|v)). (1.22)

Define |a;) = A; ® 1Y) and |b;) = 14 ® Bj|1). Then (a;|a;) = (bj|b;) < 1, since the eigenvalues
of A; and B, are in [—1,+1]. This implies

(Bensu(p)) = (aol (bo) + [b1)) + (a1] (|bo) — [b1)) (1.23)
< oo + [b1)ll + [[1bo) — [b1) | (1.24)
— 2(cos0/2 + sin6/2) (1.25)
< 22, (1.26)

where cos 0 = |{bg|b1)|- [ |

1.2.5 Measures of nonlocality

One benefit of narrowing in on one aspect of quantum theory—mnonlocality—is that it allows us to
compare quantum theory to stronger theories, and not just to classical mechanics. But first we
need some way of measuring the nonlocality of some distribution p(a,bli, j). We have seen one way
already: the extent of violation of a Bell inequality. This measure is the right one in a number
of contexts, such as the extent to which sharing entanglement allows the provers in a multi-prover
interactive proof system to “cheat,” an application I have explored in Ref. [29]. But other measures
are more relevant in physical applications, such as experimental tests of Bell inequality violation.
We explore some of these here.

Resistance to noise—Given a distribution p(a, bli, j), define the noisy distribution

pula,bli, j) = pp(a,bli, j) + (1 — p)q(a, bli, j), (1.27)
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where 0 < p < 1 and ¢(a,bli,j) is a local distribution. What is the largest value of p such that
pu(a,bli, j) is local? Here the local distribution ¢(a,bl, j) can be some fixed distribution, such as
the uniform distribution, or can be chosen adversarily. We shall explore this measure in Chapters
and B

Communication cost of simulation—What is the communication complexity of generating a dis-
tribution p(a, b|i, 7)? In other words, suppose we augment an LHV model with a limited amount of
communication, after the parties decide on which setting to measure and before they output results.
How many bits of communication are required to reproduce the correlations exactly or approxi-
mately? We formalize this notion for one-way communication (which is what will be relevant for

our results) as follows:

Definition 1.2.10 (LHV model with ¢ bits of one-way classical communication). An LHV model
augmented by c¢ bits of one-way classical communication for a (bipartite) measurement scenario is
defined by (i) a set A and a probability distribution ¢ over A, (ii) a function A : A X Zy — Zg, (iii)
a function m : A x Zp; — Z, and (iv) a function B : A x Zps X Z. — Zx. We write the model as a

protocol:

Protocol 1.2.11. (Random Variables) Alice and Bob share a variable A € A, chosen according
to the distribution gq.

(Alice) Alice outputs a = A(\,4). Alice sends a message m = m(\,4) to Bob.

(Bob) Bob outputs b = B(A, 4, m(A,)).

We explore this measure in Chapters [l [5 and

Dectector efficiency required for loophole-free Bell inequality violation—There are a number of
“loopholes” in experimental tests of Bell inequality violation that a local theory might exploit in
order to simulate quantum correlations. For example, if there is time for a signal to travel from Alice’s
apparatus to Bob’s apparatus after she chooses her measurement but before he outputs his results,
then it is possible to simulate what appear to be quantum correlations with classical resources.
Known as the locality loophole, this can be closed by ensuring Alice and Bob’s measurement events
are spacelike separated. This has been done experimentally in Refs. [9] [10] [1T].

Another loophole arises if the detectors used are not 100% efficient. We should compare correla-
tions measured with inefficient detectors to LHV models with an extra outcome, viz., “the detector
failed.” For a fixed value of the shared randomness, if the probability of detector failure depends on
the measurement setting, then it is possible to reproduce quantum correlations via a local model, for
sufficiently inefficient detectors. For a given set of correlations, what detector efficiency is required
for loophole-free Bell inequality violation? This loophole has been closed experimentally in [12].
We note that the locality and detector inefficiency loopholes have not yet been closed in the same

experiment.
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Statistical distance to local theories—How many trials of a Bell inequality experiment should we
perform to observe a contradiction with LHV models at some level of statistical significance? In this
case, the relevant parameter is the relative entropy between the nonlocal distribution and the best

local model. See Ref. [30].

1.3 Overview of the thesis

1.3.1 Classical models for the quantum joint correlation

In the first part of the thesis, we study classical models for the joint correlation (af)qm = tr (A @ Bp),
resulting from performing two-outcome measurements on a quantum state p.

For a quantum state p, define

pu:up+(1—u)dAdB~ (1.28)

In Chapter 2] we give bounds on the amount of noise required to make the correlations on p,, local.
These build on work of Tsirelson [31],82], who connected Bell inequality violation with Grothendieck’s
inequality. For two-qubit Werner states p;" = p|¢") (¢~ | 4 (1 — p)1/4, we show that there is an
LHV model for projective measurements if and only if u < 1/K(3). If we restrict the projective
measurements to a plane, then there is a local model for projective meausurements on p,, if and only
if p <1/v2.

In Chapter Bl we exploit this connection to construct explicit LHV models, based on (the proofs
of) Krivine’s upper bounds on Kg(n) [33]. Among the constructions are local hidden variables
models for (i) projective measurements on the qubit-qubit Werner state p}/ = p|p=) (s~ | + (1 —
w)1/4, for p < 0.6595, (ii) the joint correlation of projective measurements on p, = pp+ (1 —p)1/4,
where p is an arbitrary qubit-qubit quantum state, for g < 0.6009; and (iii) traceless two-outcome
observables on pit™ = p[y7 ) (| + (1 — p)1/d?, where [¢)]) is a maximally entangled state in d
dimensions, for p < 0.5611.

Next we turn to simulation with LHV models augmented by classical communication. In Chap-
ter @l we show how to generalize Bell inequalities to this setting. Suppose Alice and Bob each choose
one of M two-outcome measurements and exchange one bit of information. We present the complete
set of inequalities for M = 2, and the complete set of inequalities for the joint correlation observable
for M = 3. The correlations produced by quantum theory satisfy both of these sets of inequalities.
One bit of communication is therefore sufficient to simulate quantum correlations in both of these
scenarios.

In Chapter Bl we show that one bit of communication is sufficient to simulate the correlations

of projective measurements on a maximally entangled state of two qubits. We apply this result to
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show that certain quantum teleportation experiments, which teleport a single qubit, admit an LHV
model.

Part I culminates in Chapter [fl Here we put the ideas of Chapters[2] and [3] together with those
of Chapter [l to show that five bits of communication are sufficient to simulate the joint correlation
of two-outcome measurements on any bipartite quantum state. This result can be interpreted as a

stronger (constrained) version of Grothendieck’s inequality.

1.3.2 Monogamy of nonlocal correlations

In Part II, we describe new techniques for obtaining Tsirelson bounds, or upper bounds on the
quantum value of a Bell inequality. Since quantum correlations do not allow signaling, we obtain
a Tsirelson bound by maximizing over all no-signaling probability distributions. In Chapter [1 we
show this maximization can be cast as a linear program.

We apply these techniques in a setting where three parties, A, B, and C, share an entangled
quantum state of arbitrary dimension. We: (i) bound the trade-off between AB’s and AC’s violation
of the CHSH inequality, and (ii) demonstrate that forcing B and C to be classically correlated

prevents A and B from violating certain Bell inequalities, relevant for interactive proof systems and

cryptography.
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Part 1

Classical Models for the Quantum

Joint Correlation
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Chapter 2

Local models for noisy entangled
quantum states: existence

2.1 Introduction

In this chapter, we relate the nonlocal properties of noisy entangled states to Grothendieck’s constant,
a mathematical constant appearing in Banach space theory. For two-qubit Werner states pgv =
plY X~ |+ (1 —p)1/4, we show that there is a local model for projective measurements if and only
if p <1/Kg(3), where K¢ (3) is Grothendieck’s constant of order 3. Known bounds on K (3) prove
the existence of this model at least for p < 0.66, quite close to the current region of Bell violation,
p ~ 0.71. We generalize this result to two-outcome measurements on arbitrary quantum states. This
chapter is joint work with Antonio Acin and Nicolas Gisin.

From an operational point of view it is not difficult to define when a quantum state exhibits
nonclassical correlations. Suppose that two parties, Alice (A) and Bob (B), share a mixed quantum
state p with support on Ha ® Hp, where Ha (Hp) is the local Hilbert space of A’s (B’s) system.
Then p contains quantum correlations when its preparation requires a nonlocal quantum resource.
Conversely, a quantum state is classically correlated, or separable, when it can be prepared using
only local quantum operations and classical communication (LOCC). From this definition, due to
Werner [34], it follows that a quantum state p is separable if it can be expressed as a mixture
of product states, p = Zivz1pi|7/’f4><7/’f4| ® [ )k ] A state that cannot be written in this form
has quantum correlations and is termed entangled. But the above definition, in spite of its clear
physical meaning, is somewhat impractical. Tests to distinguish separable from entangled states are
complicated [35], except when dq = 2 and dp < 3 [36] B7], d4a and dp denoting the dimensions of
the local subsystems.

Violation of a Bell inequality by a quantum state is, in many situations, a witness of useful corre-
lations [38]. In particular, Bell inequality violation is a witness of a quantum state’s entanglement.

Now, the question is: Are all entangled states nonlocal? For the case of pure states, the answer is
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Figure 2.1: Nonlocal properties of two-qubit Werner states, pZV . Werner’s local model works up to

p = 1/2, while the CHSH inequality is violated when p > 2-1/2 ~ 0.71. Here, we prove the existence
of a local model for projective measurements when p < 0.66.

yes [39]: All entangled pure states violate the CHSH inequality. In 1989, Werner showed that the
previous result cannot be generalized to mixed states. He introduced what are now called Werner
states, and gave a local hidden variable (LHV) model for measurement outcomes for some entangled
states in this family [34]. Although the construction only worked for projective measurements, his
result has since been extended to general measurements [40].

In spite of these partial results, it is generally extremely difficult to determine whether an entan-
gled state has a local model or not, since (i) finding all Bell inequalities is a computationally hard
problem [22] [41] and (ii) the number of possible measurement is unbounded (see however [42] for
recent progress). This question remains unanswered even in the simplest case of Werner states of
two qubits. These are mixtures of the singlet [¢p~) = (|01) — |10))/+/2 with white noise of the form

o =l e+ (- p) (21)
It is known that Werner states are separable iff p < 1/3, admit an LHV model for all measurements
for p < 5/12 [40], admit an LHV model for projective measurements for p < 1/2 [34] and violate
the CHSH inequality for p > 1/ V2 (see Fig. L1). However, the critical value of p, denoted pY,
at which two-qubit Werner states cease to be nonlocal under projective measurements is unknown.
This question is particularly relevant from an experimental point of view, since p? specifies the
amount of noise the singlet tolerates before losing its nonlocal properties.

In this chapter, we exploit the connection between correlation Bell inequalities and Grothendieck’s
constant [43], first noticed by Tsirelson [31], to prove the existence of a local model for several noisy
entangled states. We first demonstrate that p! is related to a generalization of this constant, namely,
pW =1/Kg(3), where K¢(3) is Grothendieck’s constant of order 3 [33]. The exact value of Kq(3)
is unknown, but known bounds establish that 0.6595 < pZV <1/ V2. Thus, we close more than

three-quarters of the gap between Werner’s result and the known region of Bell inequality violation
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(see Fig. ). Next, we show that if Alice (or Bob) is restricted to make measurements in a plane
of the Poincaré sphere, then there is an explicit LHV model for all p < 1/Kg(2) = 1/v/2. This
improves on the bound of Larsson, who constructed an LHV model for planar measurements for
p < 2/7 [44]. Thus, in the case of planar projective measurements, violation of the CHSH inequality

completely characterizes the nonlocality of two-qubit Werner states.

In the case of traceless two-outcome observables, we can extend our results to mixtures of an
arbitrary state p on C¢ ® C¢ with the identity, of the form

1
pp=pp+1-p)s5 (2.2)

Denote by p.(p) the maximum value of p for which there exists an LHV model for the joint correlation

of traceless two-outcome observables on p,, and define
d_ s — Tim o
pe =minpe(p)  pe= lim p. (2:3)
P d—oo

Then p. = 1/K¢ where K¢ is Grothendieck’s constant. Again, the exact value of K¢ is unknown,

but known bounds imply 0.5611 < p. < 0.5963.

Finally, we discuss the opposite question of finding Bell inequalities better than the CHSH

inequality at detecting the nonlocality of pZV , or, more generally, of Bell diagonal states.

Before proving our results, we require some notation. We write a two-outcome measurement by
Alice as {AT, A~}, where the projectors A% correspond to measurement outcomes +1. Similarly, a
two-outcome measurement made by Bob is denoted { BT, B~}. We define the observable correspond-
ing to Alice’s (Bob’s) measurement as A = At — A~ (B = B" — B™). An observable A is traceless
if tr A = 0, or equivalently tr A~ = tr A™. The joint correlation of Alice and Bob’s measurement

results, denoted a and (3, respectively, is
(af) =tr (A® Bp). (2.4)

Alice’s local marginal is specified by (a) = tr (A ® 1 p), and Bob’s by (8) = tr (1 ® B p). Together,
(af), () and (B) define the full probability distribution for two-outcome measurements on p. An
LHYV model for the full probability distribution is one that gives the same values (a3), () and (3) as
quantum theory. An LHV model for the joint correlation is one that gives the same joint correlation
(af3), but not necessarily the correct marginals. In the qubit case, the projective measurements
applied by the parties are specified by the direction of their Stern-Gerlach apparatuses, given by

normalized three-dimensional real vectors @ and b: A=ad-d and B=1b-7.
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2.2 Werner states

Let us first consider the case of Werner states (Z1I). For projective measurements on pZV , LHV
simulation of the joint correlation is sufficient to reproduce the full probability distribution. This

follows from:

Lemma 2.2.1. Suppose that there is an LHV model L that gives joint correlation (o). Then

there is an LHV model L' with the same joint correlation and uniform marginals: {(aB)r = (af8)L,

()pr = (B)r = 0.

Proof. Let o and 8 be the outputs generated by the LHV L (dependent on the hidden variables
and measurement choices). Define a new LHV L’ by augmenting the hidden variables of L with an

additional random bit ¢ € {—1,1}. In L', Alice outputs ca and Bob ¢f. [ ]

Therefore, the analysis of the nonlocal properties of Werner states under projective measurements
can be restricted to Bell inequalities involving only the joint correlation. Actually, this holds for any
Bell diagonal state, under projective measurements, since trq p = trg p = 1/2 for all these states,
so all projective measurements give uniform marginals. In the Bell scenarios we consider, Alice and
Bob each choose from m observables, specified by {A1,..., A,,} and {B1,..., By, }. We can write a

generic correlation Bell inequality as

| D My (i) <1, (2.5)

ij=1

where M = (M;;) is an m X m matrix of real coefficients defining the Bell inequality. The matrix

M is normalized such that the local bound is achieved by a deterministic local model, i.e.,

m
o] Z i aiby| (2.6)
4,j=1
For the singlet state (a;3;)y- = —a; - Ej. We obtain the maximum ratio of Bell inequality violation

for the singlet state, denoted (), by maximizing over normalized Bell inequalities, and taking the
limit as the number of settings goes to infinity:
m
Q = lim sup max| Z M;; d; - bjl. (2.7)

m— 00 L s .
M;; d;i,b; ij=1

Since all joint correlations vanish for the maximally mixed state, it follows that the critical point at
which two-qubit Werner states do not violate any Bell inequality is p¥ = 1/Q.
As first noticed by Tsirelson, the previous formulation of the Bell inequality problem is closely

related to the definition of Grothendieck’s inequality and Grothendieck’s constant, K¢ (see [31] for



17

details). Grothendieck’s inequality first arose in Banach space theory, particularly in the theory
of p-summing operators [45]. We shall need a refinement of his constant, which can be defined as

follows [43]:

Definition 2.2.2 (Grothendieck’s constant of order n). For any integer n > 2, Grothendieck’s
constant of order n, denoted K¢(n), is the smallest number with the following property: Let M be

any m X m matrix for which

m
| Z Mij aibj| S ]., (28)
i,j=1
for all real numbers aq, ..., am,b1,...,bm € [-1,+1]. Then
| Z Mi; @; - bj| < Kg(n), (2.9)
i,j=1
for all unit vectors ay, ..., dm, l;l, e ,l;m in R"™.

Definition 2.2.3 (Grothendieck’s constant). Grothendieck’s constant is defined as

Kg = lim Kg(n). (2.10)
n—00
The best bounds currently known for K¢ are 1.6770 < Ko < 7/(2log(1 +v/2)) = 1.7822 [46].
The lower bound is due to Reeds and, independently, Davies [4] [5], while the upper bound is due to
Krivine [33].
It follows immediately from the first definition that the maximal Bell violation for the singlet

state (Z71) is K¢ (3). We have therefore proved

Theorem 2.2.4. There is an LHV model for projective measurements on the Werner state pZV if

and only if p < p¥ =1/Kq(3).

It is known that v/2 < K¢(3) <1.5163. The lower bound follows from the CHSH inequality; the
upper bound is again due to Krivine [33]. He shows that K (3) < m/(2c3) where c3 is the unique

solution of

c3
%/ t=3 2 sintdt =1 (2.11)
0

in the interval [0,7/2]. Numerically we find that ¢z ~ 1.0360. This implies K¢(3) < 1.5163 and
pW > 0.6595. Furthermore, it turns out that an explicit LHV model emerges from Krivine’s upper
bound on K¢(3), as we shall see in the following chapter.

Another result follows from Krivine’s work:

Theorem 2.2.5. If Alice’s projective measurements are restricted to a plane in the Poincaré sphere,

then there is an LHV model for pZV if and only if p < 1/4/2.
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Proof. In this case, the vectors @; in (ZX1) are two-dimensional. Since the quantum correlation
depends only on the projection of Ej onto @;, we can assume that the vectors Ej lie in the same
plane. It follows that p!¥ = 1/K(2) for planar measurements, and Krivine has shown that Kg(2)

is equal to v/2 [33]. [ |

Again Krivine’s proof can be adapted to give an explicit LHV model for planar measurements,

valid for p < 1/ v/2 and we shall do this in the next chapter.

2.3 Generalization to higher dimensions

It is possible to extend these results to general states of the form (Z2l), if we restrict our analysis
to correlation Bell inequalities of traceless two-outcome observables. Admittedly, this analysis is far
from sufficient. Indeed, it does not allow us to determine whether the full probability distribution
admits an LHV model even in the case of two-outcome measurements, since the most general Bell
inequalities have terms that depend on marginal probabilities [23]. Mindful of this caveat, we
now prove the existence of LHV models for the joint correlation of the states (22)). To make the
connection with Grothendieck’s constant, we start with a representation of quantum correlations
as dot products, first noted by Tsirelson [3I]. It is sufficient to restrict to the case of pure states,
since we can obtain an LHV model for a mixed state p by decomposing it into a convex sum of pure

states, and taking a convex combination of the LHVs for those pure states.

Lemma 2.3.1. Suppose Alice and Bob measure observables A and B on a pure quantum state
|) € CT® C. Then we can associate a real unit vector @ € R24* with A (independent of B), and
a real unit vector b € R2 with B (independent of A) such that (af)y = d- b. Moreover, if |¢)) is

maximally entangled, then we can assume the vectors a and b lie in R -1,

Proof. Let |a) = A® 1g|¢) and |b) = 14 ® B|t). Then (af) = (a|b), (ala) = (b|b) = 1. Denote the
components of |a) as a; where i = 1,2, ..., d?, and similarly for |b). We now define a 2d*~dimensional
real vector @ = (Reay, Imay, Reaz, Imas, ..., Reagz, Imag2), and similarly b= (Reby, Imby, Rebs,
Imby, ..., Rebge, Imbgz). Then @-d@=b-b=1 and (o) = @- b (because (a|b) is real).

If [¢) is maximally entangled, we can assume [¢) = [¢t) = 1/Vd Zle |i7). We calculate
(af)y+ = tra (AB") /d where B' is the transpose of B. Introduce a (d* — 1)-dimensional basis g;
for traceless operators on H 4, normalized such that tr (¢;g;) = dd;;. Let A=Y, a;9;, B* =, b;gi,
which define the vectors @ and b. Squaring these definitions and taking the trace gives ), a? =

>, b? = 1. Finally, tr (AB*) = d ", a;b;, which implies that (a8) = >, a;b; = a - b. [

The converse of Lemma 2.3.1]is also true: All dot products of normalized vectors, d, be R"™, are

realized as observables on [T), where n = 2|log, d| + 1. This result was derived by Tsirelson in
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Ref. [31]. For the sake of completeness, we state it here without proof (see [31] for the details).
Theorem 2.3.2 (Tsirelson [31]). Let {a;}, and {ZA)j};”:l be sets of unit vectors in R™. Let d =

2172 and |®) be a mazimally entangled state on C¢ @ C. Then there are observables A; ..., A,
and Bi ..., B, on C* such that

<0¢i> = <(I>|AIL (9 ﬂ|‘1)> =0, (2.12)
(B;) = (®[L® B;|®) =0, (2.13)
(i) = (2|A; @ B;|®) = - by, (2.14)

foralll1 <i,j<m.

Note that in our case, the stipulation that the observables be traceless ensures that their out-
comes are random on the maximally mixed state. Theorem [2.3.3] follows from Lemma 2.3.1] and

Theorem
Theorem 2.3.3. Let p be a state on C¢® C? and define p, and p? as in Eqs. (Z21Z3). Then

1
Kg(2|logy d] +1)°

1 ; <pi< (2.15)

Kq(2d?
In other words, there is always an LHV model for the joint correlation of traceless two-outcome
observables on p, for p < 1/Kg(2d?) and there is a state (in fact, the maximally entangled state on

|log, d| qubits) such that the joint correlation is nonlocal for p > 1/K¢(2|log, d] + 1).

Corollary 2.3.4. The threshold noise for the joint correlation of two-outcome traceless observables

isp.=1/Kg.

This follows from the previous theorem, taking the limit d — oo. The known bounds imply
0.5611 < p. < 0.5963. Compare this to ps, the threshold noise at which the state p, is guaranteed
separable: While py decreases with dimension at least as 1/(1 + d) [47], p. approaches a constant.
In the case of two-qubit systems, we can be more specific, because projective measurements are

traceless and have two outcomes:

Corollary 2.3.5. Suppose p is an arbitrary state on C? ® C2. Then there is an LHV model for the
joint correlation on p, = pp+ (1 —p)1/4 for p < 1/Kg(8). In particular, Ka(8) < 1.6641 [33],
which implies there is an LHV model for p < 0.6009.

For maximally entangled states, marginals of traceless observables are uniform, so Lemmas 222.T]

and 23] imply:

Theorem 2.3.6. Let p, = p | YT | + (1 — p)1/d* where |) is a mazimally entangled state in
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C?®@CY. Then there is an LHV for the full probability distribution arising from traceless observables
forp <1/Kg(d®* —1).

2.4 Bell inequalities for Werner states

Just as upper bounds on K¢(n) yield LHV models, lower bounds yield Bell inequalities. The case of
Werner states appears of particular interest: At present, there is no Bell inequality better than CHSH
at detecting the nonlocality of pZV . This and other approaches to construct new Bell inequalities
will be presented in [48]. Unfortunately, none of these inequalities could be proven to be better than
CHSH. It is remarkable how difficult it is to enlarge this region of Bell violation or, equivalently, to
show that Kg(3) > Kg(2) = v/2. Actually, in the case of random marginal probabilities, as for Bell
diagonal states under projective measurements, no improvement over the CHSH inequality can be
obtained using 3 x n measurements [49].

This result, however, would imply that K¢ (3) = Kg(2) = v/2, which seems unlikely. Actually,
one can find in [46] an explicit construction with 20 settings showing that Kg(5) > 10/7 > /2.
More recently, one of us has shown that Kg(4) > /2 as well [45].

2.5 Conclusions

In this work, we have exploited the connection between Bell correlation inequalities and Grothendieck’s
constants to prove the existence of LHV models for several noisy entangled states. In the case of
Werner states, one can demonstrate the existence of a local model for projective measurements up
to p ~ 0.66, close to the known region of Bell violation. Although we only proved here the existence
of the LHV models, the correspondence between noise thresholds and Grothendieck’s constants can
also be exploited to construct the explicit models. Indeed, these can be extracted from (the proofs

of) Krivine’s upper bounds on K¢ (n). The details are presented in the following chapter.
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Chapter 3

Local models for noisy entangled
quantum states: constructions

3.1 Introduction

In the preceding chapter, I, with Acin and Gisin, related the nonlocal properties of noisy entangled

states to Kg(n), Grothendieck’s constant of order n. In this chapter, I exploit this connection

to construct explicit local hidden variables models, based on Krivine’s proofs of upper bounds on

Kg(n)

As before, we consider the one-parameter family of states obtained by mixing an arbitrary quan-

tum state p with white noise

pp=pp+ (1—p)lg/d*

where 0 < p < 1. We list our results:

1. Qubit-qubit Werner states are mixtures of the singlet [¢)~) = (|01) —|10))/+/2 with white noise

of the form

py =Pl X[+ (1 -p)7. (3.2)

e

It is known that Werner states are separable iff p < 1/3, admit an LHV model for all measure-
ments for p < 5/12 [40], admit an LHV model for projective measurements for p < 1/2 [34] and
violate the CHSH inequality for p > 1/v/2 (see Fig. 2I)). In the previous chapter, we showed
that there is an LHV model for projective measurements iff p < 1/K¢(3). Although K¢(3) is
not known exactly, it is known that V2 < K, ¢(3) < 1.5163. The lower bound comes from the
CHSH inequality; the upper bound is due to Krivine [33]. He shows that Kg(3) < 7/(2¢3)
where c3 is the unique solution of

c3
%/ t=32sintdt =1 (3.3)
0
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in the interval c¢g € [0,7/2]. Numerically we find that c¢s ~ 1.0360. This implies Kg(3) <
1.5163. It turns out that we can extract an explicit LHV model from Krivine’s proof, valid for

p < 0.6595. We present it in Section

2. For projective measurements on pZV , but where Alice’s measurements are restricted to a plane
of the Poincaré sphere, there is an LHV model iff p < 1/Kg(2) = 1/v/2. We construct
this model in Section 37 Previously, it was known that there is an LHV model for planar

measurements for p < 2/m = 0.6366 [44].

3. For the joint correlation of projective meausurements on pp—+(1—p)1/4, where p is an arbitrary
state on C? ® C?, there is an LHV model for p < 1/K(8). Known bounds give an explicit
model for p < 0.6009. We give this construction in Section

4. For traceless observables on p |11 X4 F |+ (1—p)1/d?, where [} ) is a maximally entangled state
in C? ® C4, there is an LHV model for the full probability distribution if p < 1/Kg(d? — 1).
This generalizes result 1 (for qubit-qubit Werner states) to higher dimensional systems. In
Section [3.4] we give an explicit construction that works for all d, provided p < 0.5611. For any

particular value of d, we can do better: We describe this construction in Section

5. For the joint correlation arising from traceless observables on pp + (1 — p)1/d?, where p is an
arbitrary state on C?® C¢, there is an LHV model for p < 1/Kg(2d?). In Section B4l we give
an explicit construction that works for all d, provided p < 0.5611. For any particular value of

d, we can do better: We describe this construction in Section

In each case we state the LHV model first, before proving its correctness. This means we shall
have to pull some constants and functions from thin air, without much motivation. We have chosen
this format so that a reader who is only interested in the protocols need not wade through the
proofs. At first glance, the LHV models may appear rather mysterious, and so we attempt to give
some intuition where they come from. For further intuition, we refer the reader to Krivine’s original
paper. As these results owe much to Krivine’s work, we have attempted, where possible, to keep the
notation consistent with his paper.

The remaining material in the chapter is organized as follows: In Section[3.2] we present a simple
LHV model that does not actually reproduce any quantum correlations, but is used as a primitive
in LHV models that do. In Sections B.3] and B.4] we present two LHV models for the correlation of
traceless observables on mixtures of the identity with an arbitrary quantum state. The model in
Section [3.3] is simpler than that in Section B4} it is, however, valid only for p < 0.4345, whereas the
model in Section B.4] works for p < 0.5611. Next, in Section B35 we give an LHV for observables
on qubit-qubit Werner states. In Section [3.6, we present an LHV model for traceless observables

on mixtures of the identity with an arbitrary state on C? @ C?. The most important application
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of this result is the LHV for observables on noisy qubit-qubit states described above. The LHV
model for Werner states of Section [3.5]is actually just a special case of the model in Section 3.6 We
present it separately, however, because it is the case of most interest and requires only mathematical
machinery that is likely to be familiar to quantum theorists. Finally, in Section 3.7 we present an
LHV model for planar measurements on a Werner state.

Section is required to understand what follows, but Section through Section [37] can then
be read independently of one another. We have, however, ordered the sections so that the LHV
models increase in sophistication, and we do recommend they be read in order.

We write S,, for the unit sphere in R™”. We write the complex conjugate of a vector ¥ € C" as

¢*. The function “sgn” is the sign function: sgnx = z/|z|.

3.2 A primitive for LHV models

In this section, we present a simple protocol that doesn’t itself give correct correlations for the
quantum states of interest, but is used as a primitive in the models that do. Originally due to
Grothendieck [45], it was presented independently by Bell [7] and others. The LHV model is as

follows:

Protocol 3.2.1. (Random Variables) Alice and Bob share a unit vector A € R” chosen uniformly
at random from the unit sphere.

(Alice) Alice outputs o = sgn(é - A).

(Bob) Bob outputs 3 = sgn(b - \).

We claim:

Lemma 3.2.2. Protocol[3.21] results in correlations
2 . —1 A >
(aff) = —sin” " a - b. (3.4)
T

Proof. Let us calculate Pr(a = ). Introduce an azimuthal coordinate ¢ for \ in the plane spanned
by a and b, such that @ has coordinate ¢ = 0 and b has coordinate r = cos™! z - yt € [0,7]. Then
sgn(i - A) = 1 for ¢ € [—7/2,7/2] and —1 otherwise, while sgn(b- \) = 1 for ¢ € [r — 7/2,r + 7/2]
and —1 otherwise. Because \ is distributed uniformly in RY, ¢ is distributed uniformly in [0, 27).
Thus Pr(a = ) = (7 — r)/m, the fraction of the interval [0,27) on which oo = . It follows that

(af) =Pr(a=p) —Pr(a# ) = % (g - 7") = %sin_1 a- ZA), (3.5)

as required. [ |
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Protocol B.2.1] works in any dimension n. Notice that we didn’t really need the shared vector X
to be a unit vector: For any r € (0,00), replacing A by X = 7\ does not change the sign of v - X,
so we can draw our shared random vectors from any set with the property that the projection of X
onto the unit sphere is uniform. A particularly convenient choice is to sample each coordinate of X
at random from a Gaussian distribution with mean 0 and standard deviation 1. This results in the

following model, which is equivalent to Protocol B.2:Tt

Protocol 3.2.3. (Random Variables) Alice and Bob share a sequence A1, Az, ..., A, of numbers

where each \; is drawn from a normal distribution with mean 0 and standard deviation 1. We write

—

A= (A1, A2,..., ) €ER™
(Alice) Alice outputs a = sgn(d - A).
(Bob) Bob outputs 3 = sgn(b - \).

Lemma 3.2.4. Protocol[T.2.3 results in correlations
2 . 4. 3
(aff) = =sin" " a-b. (3.6)
T

We omit the proof.

3.3 LHYV model based on Grothendieck’s upper bound on K

In this section we present an LHV model for traceless observables on mixtures of an arbitrary
quantum state with the identity. It is based on Grothendieck’s original upper bound on what came
to be known as his constant K¢ and is valid for p < 0.4345. To proceed, let a € R™ be the vector
associated with Alice’s observable A by Lemma 23] and let b € R" be the vector associated with

Bob’s observable B by the same lemma.

Protocol 3.3.1. (Random Variables) Alice and Bob share an integer k drawn from the prob-
(m/2)2 1

They also share 2k + 1 unit vectors /A\l7 5\2, ceey 5\2k+1
drawn uniformly at random from the unit sphere in R™.
(Alice) Alice outputs a = (—1)*sgn [(d )@ Ag) - (a- 5\2]€+1):|

(Bob) Bob outputs § = sgn [(l; M) (b Ag) - (b- 5\%4_1)} .
Theorem 3.3.2. Protocol[3.31] results in correlations

1 N

() = g7y @0 (3.7)

Proof. We had better start by making sure that our protocol is well defined, i.e., check that
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> Pr(k) = 1. This is straightforward:

zk: Pr(k) = sinh( 7r/2 zk: 2k +1)! /2)2k+1 =1 (38)

2k+1

since the Taylor series for sinhz is ), mx . Thus the protocol is well defined.

We calculate

(7T/2 2k+1
() = zk:(_l)k(Qk—i—l I'sinh(7/2) /d)\l /d/\%'Irl (3.9)

sgn [(a-xl)...(a.x%ﬂ)] sgn [(6-&1)-..(5-}%“) . (3.10)

by averaging over the shared randomness. Since the vectors 5\1, ceey A are chosen independently, we

may break up the integral in the k’th term of the sum into the product of 2k + 1 terms:

(7.‘./2 2k+1

(af) = zk:(_l)k (2k + 1)!sinh(7/2) {/d/\l sgn(@- h1) sgn(b- &)

rw (3.11)

Fortunately, we have already evaluated this integral in the preceding section. Indeed, it the just the

expression for the correlations arising from Protocol B.22.Jl Therefore, by Lemma [3.2.2] we have

a 2 1

dhysgn(a- A)sgn(b- M) = =sin"ta-b. (3.12)
T
Substituting this into Eq. (BI1l), we obtain
1 1 .12k+1
= — —1)F——|sin"ta-b 3.13
(af) sinh(r/2) 2.(=1) 2k + 1)! [Sm “ } (3.13)
k
1 T I 1 o
— _ a-b)= ————a-b 14
sinh(7/2) sin(sin™" & - b) sinh(ﬂ'/Z)a (3.14)
This completes the proof. [ |

3.4 LHYV model based on Krivine’s upper bound on Kg

In this section we give a better LHV model for correlations of traceless observables on mixtures
an arbitrary quantum state with the identity. The model in the previous section was valid for
p < 0.4345; the model in this section works for p < 0.5611. It is adapted from a proof of Krivine,
later simplified by Alon and Naor [41]. Let @ € R™ be the vector associated with Alice’s measurement

in accordance with Lemma 23], and let b € R™ be the vector associated with Bob’s measurement.
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Let ¢ =sinh ™' 1 = In(1+ \/5) We present a protocol that gives correlations

>1|l\3
®'>

(ap) = (3.15)

To simulate these correlations, we map a and b to new vectors, A(a) and B(b), respectively,
which live in a much larger space. We then run Protocol B2 on A(a) and B(b). The trick is in
choosing appropriate functions A and B.

To this end, let A, B : R" — @72 (R™)®2k+1) | The range of A and B is a direct sum of tensor
products of R™. Of course @i, (R™)®(Zk+1) is just R* (usually denoted Io.), the space of infinite
sequences, but this particular parameterization is convenient. We write A(7) = @pe, A% (), and
term the functions A?**1(%) “coordinates” of A(%). Similarly B(%) = @,-, B***1(%)

Define

c2k+1 c2k+1

A2k+1(17) — (_1)k (Zk - 1)

FOEk+1). B+ () =

—®(2k+1)
2k +1)! ’ v ’ (3.16)

where 7 ®2F+1) denotes the vector 7@ T® - - - ® ¥ with 2k + 1 tensor factors.

The LHV model is as follows:

Protocol 3.4.1. (Random Variables) Alice and Bob share an infinite sequence A1, A, ... of real
numbers, where each )\; is drawn from a normal distribution with mean 0 and standard deviation 1.
We write X = (A, A2,...) €l

(Alice) Alice outputs a = sgn(A(a) - X).

(Bob) Bob outputs 8 = sgn(B(b) - X).

Theorem 3.4.2. Protocol [3.7.1] results in correlations

2¢ .~ 2sinh™'1_ .
Ca-b=2""10 24 h. (3.17)

s s

(aB) =

Proof. In order to apply Lemma B.2:2] we have to check that that A(a) is a unit vector whenever
i is, and do the same for B(b). We'll defer verification of this fact until after we calculate the
correlations.

Provided A(a) and B(b) are unit vectors, Lemma .22 implies that Protocol Bl results in

correlations
(af) = —arcsmA( ) - B(b). (3.18)
Now,
7 — 2k+1 2k+1 - 1 a®2k+1) | p®(2k+1)
B(b) =Y A**'(a)-B => (-1 2k+1) b : (3.19)

k=0
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. ~ . ~ ?
But a®* . p®" = (& . b) , since we can just evaluate the dot product separately on each tensor factor.

Therefore
2k+1

o0
B(h) — A1 Y PN
B(b) = kzzo 2T 1(a-b) sin (ca b) , (3.20)
since the Taylor series for sinz = Y, (—1)*22*+1/(2k + 1) It should now be apparent why the

functions A and B were chosen as they were. Lemma [3.2.2] then implies that

(af) = —arcsmA( ) B(b) = %a.b. (3.21)

It remains to check that A(a) and B(b) are unit vectors. We check this for A(a):

= ®(2k+1) | ~®(2k+1) —
kZ:O 2% +1)! kZ:O 2kt 1y TMeTh (3:22)

which explains why we chose ¢ as we did. The calculation for B(b) is almost identical. This verifies

that we were correct in applying Lemma [3.2.7] [ |

3.5 LHYV model based on Krivine’s upper bound on K;(3)

In this section we present an LHV model for observables on the Werner state

o =plo e+ (1) T, (323)
valid for p < 0.6595. Although the LHV model in this section is just a special case of that which
will be presented in Section [B.6] we present it separately for two reasons: (i) LHV models for
qubit-qubit Werner states are of particular interest, and (ii) most physicists (ourselves included) are
more familiar with spherical harmonics and Legendre polynomials than they are with the equivalent
technical machinery in higher dimensions.

The protocol is similar to that developed in Section B.4] in that it makes use of Protocol [3.2.1]
but we use different functions A and B to obtain an LHV model that works for a larger range of

parameters. Suppose Alice measures pZV along a direction & € R3, and Bob along b e R3.

In particular, let A3, Bs : S5 — @re @%H (2k+1) R? and write
[e%) 2k+1
M@= @ A", (3.24)

k=0 m=—(2k+1)

and similarly for Bz, which serves to define the “coordinates” of As and Bs.
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Let c¢3 be the unique solution of
es
% / t732sintdt = 1 (3.25)
0

in the interval c3 € [0,7/2]. Numerically we find that ¢ ~ 1.0360. We define

m)a Am3/2 Jop s 2(c3) N .
Aé%ﬂ’ )(a) = (-1 ,/223/ (Re Y3i 14 (a), Im Y3y, (@) (3.26)
. 4m3/2 ] (c3) . .
k+1,m 2k+3/2\C3 m m
B§2 + m)(b) = %3/ (Re52k+1(b),lm32k+1(b)) ; (3.27)

where Y] are the spherical harmonics, and J, is the Bessel function of the first kind of order v.

The protocol proceeds as follows:

Protocol 3.5.1 (LHV model for qubit-qubit Werner states). (Random Variables) Alice and
Bob share an infinite sequence A1, s, ... of real numbers, where each \; is drawn from a normal
distribution with mean 0 and standard deviation 1. We write \ = (M, A2,...) €l

(Alice) Alice outputs a = sgn(As(a) - X).

(Bob) Bob outputs 3 = sgn(Bs(b) - X).

We claim that:

Theorem 3.5.2. Protocol [3.5.1] results in correlations

(af) = —%a -b. (3.28)

Before proving Theorem B.5.2] we assemble a number of facts about special functions we shall

need:
Lemma 3.5.3 (Addition Theorem for Spherical Harmonics). The spherical harmonics Y, satisfy
n

> Y@y (b), (3.29)

m=—n

o 4r
Pala-b) =575

where P, is the Legendre polynomial of order n, normalized such that P, (1) = 1.

Lemma 3.5.4 (Orthogonality of Legendre polynomials). The Legendre polynomials satisfy

1
2
/_ PUOP (0 = 3 (3.30)

Lemma 3.5.5 (Rodrigues’ formula for P,). The Legendre polynomial P,(x) can be written as

Pole) = — (%)n(ﬁ_m. (3.31)
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Lemma 3.5.6 (Definition of J,, (z)). The Bessel function of the first kind has integral representation

w3

Jy(x) = m (g)yl cos(x sint) cos® t dt, (3.32)

us
2

forv>—-1/2 and x € R.

As before, to use our analysis of Protocol B.Z.1], we must first establish that the function Az maps

unit vectors to unit vectors.

Lemma 3.5.7. If a is a unit vector, then so is As(a). Similarly, zflA) is a unit vector, then so is

Bs(b).

Proof. We calculate

2k+1

Z Z Ag2k+1 m)( ). A(2k+1 m)( ) (3.33)

k=0 m=—(2k+1)

Az(a) - Az(a)

> 47T3/2J2k+3/2 (03) 2k+1

= Y Re > Y (a)Yapi(a) (3.34)
k=0 4v2¢s m=—(2k+1)

47T3/2J2k+3/2 (03) 4]€ =+ 3
= P. 1 3.35
Z s AT 2k+1(1) ( )

1/ Z Ak + 3) Jaky3/2(c3), (3.36)

where we made use of Lemma [3.5.3

It is a technical exercise to evaluate this sum (see Appendix [A]) and we find that

™ s \/E c3
\ 2en > 4k + 3)Jays/2(c3) = 73 / t=3/2sintdt = 1, (3.37)
3 k=0 0

by our choice of the constant c3. This establishes that As(a) is a unit vector. A similar analysis

works for Bj (IA)) [ ]

With these tools in hand, we are in a position to prove Theorem [3.5.2]
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Proof of Theorem [T.5.2. We calculate

2k+1

k=0 m=—(2k+1)

As(a) - Bs(b)

2k+1

S J2k+3/2(03)
= Sy T n@lp | S v @B (339)
k=0 4v2es m=—(2k+1)
= 3/2 . (c3) 4k + 3 .
_ 1)k+1 ar 2k+3/2\C3 P - 3,40
,;)( ) N I Peena(@-b) (3.40)
Y. C3Z D (4 + 3) Jopsa/2(c3) Pai1 (@ - D). (3.41)
k=0

We claim that this is the expansion of — sin(cza-b) in Legendre polynomials. To check this, write
— sin Cgt Z a2k+1P2k+1( ) (342)
k=0

where the expansion is guaranteed to exist by completeness of the Legendre polynomials. By the

orthogonality of Legendre polynomials (Lemma [B.5.4), the coefficient asg41 is given by

4k +3 [t
a2k4+1 = — 5 / sin(cst) Pog41(t)dt. (3.43)
—1

We use Rodrigues’ formula for Pyt (given in Lemma [B5.0) and integrate by parts 2k + 1 times to

obtain
e =~ g [ ettt -1
= %(_UkJﬂ /11 cos(est)(1 — £2)25+1 g (3.44)
= % (—1)~+1 /z cos(czsint’) cos2Zrt D+ gy (3.45)
= e GO AR 3) Taiaga(cs), (3.6)

where we use the integral representation of J,(z) given in Lemma [3.5.6)

It follows that
A3(a) - By(b) = —sin (03d : 6) , (3.47)

and so, by Lemma [3.2.2], Protocol B.5.1] gives correlations

(af) = —%a b, (3.48)
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This completes the proof. [ |

3.6 LHYV model based on Krivine’s upper bound on K¢(n)

In this section, we generalize the LHV model of the previous section to higher dimensions. If we
are interested in simulating the correlations of noisy states supported on Hilbert spaces of known
dimension, then we can do slightly better than Protocol B4l In particular we saw in Section [3.7]
that Kg(2) = V2, and in Section B4 that lim,_,ec Kg(n) = Kg < 1.78. In this section we give
better upper bounds (or better hidden variables models) for finite n.

We start with a number of definitions and facts. This section is rather technical: Ref. [50] provides
an introduction to the required mathematics. Let H}' be the space of homogeneous polynomials in
n variables of degree k, harmonic on R™. (A polynomial hx(?0) is homogeneous of degree k if it
satisfies hy(A\0) = A¥hy () for A > 0; it is harmonic if it satisfies Laplace’s equation V2hy(7) = 0.)

The dimension of the space HJ is
NP =n+2k—-2)(n+k—3)/El(n—2). (3.49)

Let A} ; be a real orthonormal basis for H}! for j =1,..., N. These functions are termed surface

harmonics. They are normalized such that

/ Z’] Z’]/dQ == (5jj/. (3.50)
Sk

Definition 3.6.1 (Gegenbauer polynomials). The Gegenbauer polynomial of degree k and order v
is defined by the generating function

i Cy(z)r* = (1 —2rz + 7“2)_1/ . (3.51)
k=0

Setting v = 1/2, we obtain the generating function for the Legendre polynomials, which implies
that C’; /2 (x) = Py(x). These polynomials are the generalization to higher dimensions of the Legendre

polynomials. To make the comparison more explicit we have the following;:

Definition 3.6.2 (Ultraspherical polynomial). The ultraspherical polynomial of degree k and order

n is o1

P (x) = 02/271(1) - (n+k—3) "k

(). (3.52)

Our terminology here is not standard: “Ultraspherical polynomial” is often synonymous with

“Gegenbauer polynomial” as defined above; our ultraspherical polynomials are normalized, reparametrized
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Gegenbauer polynomials.

There is a generalization of the addition theorem for spherical harmonics (Lemma[3.5.3) to higher

dimensions:

Lemma 3.6.3 (Addition Theorem for Ultraspherical Polynomials (Theorem 11.4 of Ref. [50])). The

surface harmonics A} ; satisfy

n
Nk

~o7 Wn no(a n (7
P'(a-b) = N7 Z AR j(@)Ag ;(b), (3.53)
k=1

where w, = 21"/?/T(n/2) is the surface area of S,,.

Notice how Lemma [3.6.3] reduces to Lemma [3.5.3] when we set n = 3.
Next, we define a probability distribution on [—1,+1] that mimics the distribution of a - b on

Sy X Sp:
Lemma 3.6.4. Define

T'(n/2)

) = SR - 1)/2)

(1 —22)"=3)/2qy, (3.54)

Then for all continuous functions F : [—1,+1] — R,

1
/ Fa)m (dz) = / / F(a- b)dadb. (3.55)
-1 Sy JSn
The ultraspherical polynomials are orthogonal with respect to this measure:

Lemma 3.6.5 (Orthogonality and completeness of ultraspherical polynomials (Egs. (3.15.16) and (1.15.17)
of Ref. [B0])). The ultraspherical polynomials satisfy

1
/_ P )P ) o) = Nig(skl. (3.56)

Furthermore, the ultraspherical polynomials form a complete system (with respect to my, ) for functions

on [—1,+1].

Just as in the three-dimensional case, we can write the function sinc,z = > -, by, P (),

where the coefficient by, | = Ngj fil sin ¢, w Py, (v)m, (dw). Leaving aside the value of ¢, for the
moment, we can write down the LHV protocol. We define functions A,,, By, : S, — @re @;Vz%“ R,
with coordinates defined by
oo Naki1 _
M@ =@ @ A7 857

k=0 j=0



and

Bn<a>=él B (@), (3.58)

oo (b, N
Agkﬂa)(a) _ (_1) wA%HJ( a), (3.59)
n
A 6%, NZ R
Br(szJrl,J)(b) _ % A2k+1,j (b). (3.60)
n

Protocol 3.6.6 (LHV model for correlations on arbitrary states). (Random Variables) Alice and

such that

Bob share an infinite sequence A1, s, ... of real numbers, where each \; is drawn from a normal

distribution with mean 0 and standard deviation 1. We write X = (M, A2,...) €l
(Alice) Alice outputs a = sgn(A, (@) - X).

(Bob) Bob outputs 8 = sgn(B,(b) - X).

Theorem 3.6.7. Protocol[7.6.0] results in correlations

(af) = 2%& b (3.61)

The proof that this protocol gives the correct correlations goes through in the same manner as
the proof of Theorem [3.5.2] in the previous section. To determine the value of ¢,, we require that
A, (@) be a unit vector, which is equivalent to the condition 3 i 105111 = 1. We shall state Krivine’s

result without proof:

Theorem 3.6.8 (Krivine [33]). The coefficient c,, is determined by

Z|b2k+1| Z éjﬁ) ()40 =1, (3.62)

where A1 =1 and
R e e Bl e ) @09
Using this expression, Krivine obtains ¢4 = 1, and so on. The case k = 8 is of particular

interest, in light of Corollary 2235l We find cg + ¢3 /15 = 1, which gives cg = 0.9439. This implies
K(8) < 1.6641, or that our LHV model for the joint correlation of projective measurements on

pp + (1 — p)1/4 works for p < 0.6009.
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3.7 LHYV model based on Krivine’s upper bound on Kg(2)

In this section, we deal with the scenario where Alice and Bob share the Werner state

Pz = % [P X¢~ [+ <1 - %) %, (3.64)

and make measurements on this state along axes that lie in a fixed plane of the Poincaré sphere. In
fact, it is sufficient if either Alice or Bob choses measurements from a plane, because then only the
projection of the other’s measurement axis onto that plane is relevant. We construct an LHV model
for these measurements from Krivine’s proof that K¢ (2) = v/2.

Fix a reference direction in the plane, and assume Alice measures her qubit at an angle xz and
Bob measures his at an angle y with z,y € [—m, 7). Alice outputs a bit & and Bob a bit 3 depending
on whether their qubit is aligned with, or opposite to, their measurement axis. We require that
(af) = —% cos(z — ).

We shall make use of the following particularly nice fact about LHV models for simulating

correlations of two-dimensional vectors:
Lemma 3.7.1. Let A € R. Suppose there is a protocol P that generates correlations {a3) = F(x—y).

Then there is a protocol Px, which generates the correlations (o) = F(A(zx —y)).

Proof. Simply run the original protocol P on inputs Az and Ay. ]

Note that we cannot obtain a similar result for vectors living in a space of dimension greater
than two.

Before stating the protocol, we require a few definitions. Define a function f : [—7,7) — [—1,+1]

such that f(t) = f(—t), f(t) = —f(7w — 1), and

1 if t € [0,7/4],
ft) = ; (3.65)
31-2)—4(1-2)" ifte[n/4,7/2].

(This is the mysterious part of the protocol. We explain the choice of f below.) We sketch the
function f in Fig. Bl We can extend the function f to the real line by defining f(t + 27) = f(¢).
We also define a function g : [-m,7) — [—1,+1],

g(t) = sgn(cost). (3.66)

Let car41 be the Fourier coefficients of f:

ft) = Z Cok+1 cos(2k + 1)t, (3.67)
k=0
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Figure 3.1: The function f defined by Eq. (365
and dag+1 be the Fourier coefficients of ¢:
g(t) = dogy1 cos(2k + 1)t. (3.68)
k=0
Let
Cok+1d2k+1 % 2
_ L R S S 3.69
A2k+1 5 (—1) T2k + 1)02k+17 ( )

where we have substituted for the coefficients doiy1. Finally, we define a sequence bori1. Let
b = 1/(\/§a1), and

1
b2k+1 = —a— Z adb(2k+1)/d, (370)
L dl2k11),d1

for £k > 0. Numerically, the first few terms are b; = 0.9284, b5 = —0.0597, b5 = —0.0041, and
b7 = 0.0017.
We require the following lemma to ensure that our protocol is well defined. We defer its proof

until after presentation of the protocol.
Lemma 3.7.2. The set {|bary1]|: k= 0,1,...} is a probability distribution, i.e., >, |boxs1| = 1.
We are now in a position to define the protocol.

Protocol 3.7.3. (Random Variables) Alice and Bob share an integer 2n 4+ 1 chosen randomly
and distributed such that Pr(2n + 1) = |ba,+1]. (In practice this can be accomplished by sharing a
random number 7 € [0,1) and choosing n such that Eii}l [bogt1] < 7T < Zii—i{l |bak+1].) They also
share an angle t € [—m, ) drawn uniformly at random.

(Alice) Alice outputs
a = —sgn(bent1) g[(2n+1)(xz —1t)]. (3.71)
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(Bob) Bob outputs 8 € {—1,+1} such that

(B) = fl2n+ 1)t —y)]. (3.72)

In order to prove that Protocol 3.7.3] yields the correct correlations, we start by establishing some
properties of the function f(¢). We shall need only these properties for the rest of the proof; the
function f(t), defined in Eq. (3:68]), is chosen to establish the existence of a function that satisfies:

Lemma 3.7.4. Let the function f(t), defined by Eq. (363), have Fourier coefficients capi1, as
defined in Eq. (3.67). Let x(2k + 1) = /2 cos [(2k + 1)7 /4] (= £1). Then

(i) f(t) =1 fort e [0,7/4];
(it) f(t) = f(=t) and f(t) = —f(m —t);
(iii) c¢1 > 0 and sgncapr1 = —(—1)*x(2k + 1) for k > 0;

(iv) c1 > Y02y leansal/(2k +1).

Proof. Properties (i) and (ii) are obvious. To establish (iii) and (iv) we calculate the Fourier coeffi-

cients of f(t) directly. We find that

768 cos[(2k + 1)(m/4)] ( 1 ) kw).

42k + 1) 2k +1 (=1) 1 (3.73)

Cok+1 =

Property (iii) follows immediately. To prove (iv), we either plug Eq. (B773) into a computer algebra

system, or calculate (following Krivine),

\/7567: g (lzcljkﬂ) = g (2ki1)4 (% - 2(;:?) (3.74)

< ki ﬁ (% + %) (3.75)

= (lg - 1) (% + %) (3.76)

< 1-n/4= \/7567: c1, (3.77)

using Y0 1/(2k + 1)* = 7 /96. =

Continuing, for the moment, to defer proof of Lemma B.7.2] (which ensured our protocol was well

defined), we prove

Theorem 3.7.5. Protocol[3.7.3 results in correlations

1
(af) = 7 cos(x — y). (3.78)
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Proof. Integrating over the random variables, we find that
dt
(@B) == banta 7, 9(@n+ D@ =) f((2n +1)(t —y)). (3.79)
n
Let F' = f % g be the convolution of f and g:
Pla— )—/ﬁf(x—t) (t—y) =3 azkss cos[(2 + 1)(z — ) (3.80)
Yy)= o g Yy)= ) 2k+1 Yl .

recalling the definition of aggy1. It follows that

(@B) = = b F[2n+1)(z —y)] (3.81)
= - Z Z ban+1a2m+1 cos[(2m + 1)(2n + 1)(z — y)] (3.82)
= — Z Z a2m+1b(2k+1)/(2m+1) COS [(2](3 + 1)($ — y)] 5 (383)

k (2m+1)|(2k+1)

where the rearrangement of the summations is justified because the series ), aox41 and Y, bogt1
are both absolutely converging (the former by Eq. (8:69) and property (iv) of Lemma [B74} the
latter by Lemma [B7.2)).

The coefficients bay41 were chosen such that a1b; = 1/\/5 and

> asmiibeitn@min) =0 (3.84)
(2m+1)|(2k+1)

if £ > 0 (this is just a rearrangement of Eq. (370)), so only the k = 0 term survives in Eq. (3:83)

and we have (af) = —% cos(z — y). [ |

Proof of Lemma[3.7.2, We first determine the signs of the by. The Fourier coefficients agg41 are
given by Eq. (B69) so that a1 > 0 and sgnagky1 = —x(2k + 1) for & > 0 by property (iii) of
Lemma B.74 We prove by induction that sgnbogy1 = x(2k + 1). We need the fact that y(mn) =
x(m)x(n) where m and n are odd integers, which is easily established (indeed it is sufficient to check
for m,n € {£1, £3} since x(m) = x(m + 8)). It is clear that sgnb; = x(1). The coefficient bayt; is

defined inductively via

1
bok+1 = - Z adabery1)/ds (3.85)
L dl2k11),d1

and sgn(aabor+1y/4) = —X(d)x((2k +1)/d) = —x(2k + 1) for all 1 < d < 2k + 1 by the inductive

hypothesis. Hence all the terms in the sum have the same sign and we have sgnbog+1 = x(2k + 1).



38

So we must compute Y, [baky1| = D bag+1x(2k + 1). To this end, define the Dirichlet series

o0
a2k+1x(2k‘ + 1)
D(s) = —_— . 3.86
k=0
From property (iv) of Lemma [B74 it follows that a3 > |as| + |as| + -+, so the series D(s) is

absolutely converging for s > 0 and has an inverse,

bok+1x(2k + 1)
1/D(s) =2 Z G (3.87)

where the coefficients are given by Eq.(30), as can be verified by equating coefficients in the product
term by term.

Substituting s = 0 gives

Zb2k+1X(2k +1) = [\/5 Z azk+1X(2k + 1)} - (3.88)

= 23 e cos[(2k + 1)/4] B (3.89)
1
T 2F(n/4) (390)
Now F(r/4) = [" 4t T —1t). Noting that g(§ —t) =sgncos(§ —t) = 1if t € [-n/4,37/4],
we find
37 /4 dt —m/4 dt 92 /4
P(r/4) = / et s =2 [, (3.91)

using property (ii) of Lemma 74 Now, since f(¢t) = 1 if ¢ € [0,7/4] by property (i) of the same
lemma, we have F(m/4) = 1/2, which implies that )", |bogs1| = 1. |

It is instructive to look through the proof and note where we used each of the four properties of
the function f(t) enumerated in Lemma 3774l Property (iv) ensures that the Dirichlet series D(s),
defined in Eq. (3:80]), is absolutely converging for s > 0, which means we may write 1/D(s) as a
Dirichlet series that itself is absolutely converging. Property (iii) ensures that we can compute the
signs of the coefficients agr41 and beg41. Finally, properties (i) and (ii) ensure that F'(7/4) is as
large as possible, which makes ), |bar+1| as small as possible, which gives the best possible LHV

model.

3.8 Discussion

In this chapter we have constructed explicit LHV models for the joint correlation resulting from

making two-outcome projective measurements on quantum states. This work raises a number of
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questions:

1. Tt is rather unsatisfying to have results only for the joint correlation. Can we generalize these

techniques to obtain LHV models for the full probability distribution?

2. Can we obtain better bounds on K¢ (n) and, in particular, on Kg(3)? I have attempted to
improve the lower bound on K¢(3) elsewhere, thus far without success [48]. T also suspect that
Krivine'’s upper bound on K¢ (3) can be improved a little. This is because we know that the
upper bound given by the same construction (i.e., that of Section 3. is not tight for n = 2.
Perhaps a similar construction to that used in Section [3.7] is possible in the case n = 3, but

the analysis will be messier due to the absence of Lemma B.7.1]l when n > 2.

3. Do all proofs of Grothendieck’s inequality (and there are many) give rise to explicit LHV
models? For example, I do not see how to extract an LHV model from the proof in Ref. [51] (see

Theorem 6.27, p. 152).
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Chapter 4

Bell inequalities with auxiliary
communication

4.1 Introduction

We turn now to a different measure of nonlocality, the communication cost of classical simulation.
We generalize Bell inequalities to the setting of local realistic theories augmented by a fixed amount
of classical communication. Suppose two parties choose one of M two-outcome measurements and
exchange one bit of information. We present the complete set of inequalities for M = 2, and the
complete set of inequalities for the joint correlation observable for M = 3. We find that correlations
produced by quantum theory satisfy both of these sets of inequalities. One bit of communication
is therefore sufficient to simulate quantum correlations in both of these scenarios. This chapter is
joint work with Dave Bacon.

Quantum correlations on spacelike separated systems cannot be reproduced classically. If, how-
ever, the systems are timelike separated, then classical simulation is possible, albeit at the expense
of some communication, but how much is required? In particular, suppose a number of spatially
separate parties share an entangled quantum state, and each makes a local measurement on their
component. Then quantum correlations are manifest in the joint probability distribution of the par-
ties’ outcomes, dependent on each party’s choice of measurement. If this probability distribution
cannot be reproduced by a classical local realistic theory, then it violates some generalized Bell
inequality [19]. This means some communication between the parties is required to reproduce the
probability distribution, but Bell inequality violation does nothing to quantify how much. More
generally, entanglement is a resource for performing information processing tasks, and an important
goal of quantum information theory is to demarcate the difference between it and classical resources,
such as shared randomness and classical communication channels. What classical resources are re-
quired to reproduce the joint probability distributions arising from local measurement on shared

quantum states?



41

Within the setting of local realistic theories augmented by a fixed amount of two-way classical
communication [52], we introduce the notion of Bell inequalities with auziliary communication. These
inequalities provide conditions on the joint probability distribution, which must be satisfied if such
correlations can be simulated with shared randomness and a fixed amount of communication. Of
particular significance are complete sets of such inequalities, which provide necessary and sufficient
conditions. In the scenario where two parties choose one of M two-outcome measurements and
exchange one bit of information, we present the complete set of inequalities for M = 2, and the
complete set of inequalities for the joint correlation observable for M = 3. We find that quantum
correlations satisfy all of these inequalities, irrespective of the particular quantum state or the specific
measurements, and can therefore be explained in these settings by augmenting a local realistic theory
with a single bit of communication. This is particularly remarkable for the M = 3 case, where one

would naively expect a trit of auxiliary communication is required to simulate quantum correlations.

4.2 The model

We restrict attention to scenarios with two parties, A and B. In a quantum measurement scenario
for this bipartite case, each party selects one of M different measurements and then—possibly after
some delay, during which we might allow the parties to communicate—outputs one of K different
outcomes. (Note that A and B may choose measurements from different M-element sets.) Such a
measurement scenario results in a set of probabilities 0 < p(a,bli,j) < 1, where p(a,bli, ) is the
probability that A outputs a and B outputs b, given that A selects measurement i and B selects
measurement j. Discounting null outcomes (which can be incorporated as a separate outcome if
desired), it follows that Zf;ol Zf:?)l p(a,bli,7) =1, where 0 < i,5 < M — 1. A valid measurement
scenario is any set of probabilities that satisfies these normalization constraints.

Given a particular measurement scenario, we investigate all protocols that the two parties might
perform to produce the correct probabilities. A protocol consists of three stages: (i) preparation via
the distribution of shared randomness, (ii) communication via the exchange of messages between the
parties, and (iii) output of outcomes by each party as determined by information accessible to each
party. A and B select their measurements after step (i) but before step (ii). If a protocol produces
identical probabilities to the measurement scenario, then we say that the protocol has simulated the
scenario.

Two informational resources are of interest: the quantity of shared randomness and the amount
of communication between the parties. We focus on the amount of communication and define the
cost of a protocol to be the maximum amount of communication required (as opposed to the average
amount of communication, see [53], [54] (55, 56 [57]). In the preparation phase of a protocol, we allow

A and B to share an infinite amount of classical information and, in particular, continuous variables.
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In the parlance of foundational studies of quantum theory, these are known as local hidden variables
(LHVSs) [58]. A protocol with no communication (step (ii) missing) is usually called an LHV theory.
In such a theory, each party’s output depends on the shared randomness and on which measurement
the particular party has locally selected, but not on the measurement choice of the other party.

The protocols we investigate are therefore an extension of LHV theories, where we allow the
parties to communicate after selecting measurements [52]. This allows some “which-measurement”
information to propagate between the parties. We emphasize that a protocol of this form simu-
lates the joint probability distribution resulting from a set of quantum measurements, but not the
quantum measurements themselves: It is not possible to replace local measurements made by two
spacelike separated parties on an entangled quantum state by classical communication. Even in this
case, however, the amount of two-way communication required to reproduce the joint probability
distribution provides a measure of the nonlocality of the correlations. From an information process-
ing perspective, this model provides a fair setting for the comparison of quantum correlations and
classical resources required to reproduce them.

Of particular significance in this respect is the result of Brassard, Cleve, and Tapp [52], who
demonstrated that the correlations produced by two-outcome projective measurements on an EPR
pair can be simulated by a local realistic theory augmented by eight bits of communication. Sur-
prisingly, a single bit of communication is sufficient, as we shall see in the next chapter.

Little, however, is known for more general states and more general measurements. The goal of
this paper is to illuminate how such bounds can be achieved by generalizing Bell inequalities to what

we term Bell inequalities with auxiliary communication.

4.3 Bell polytopes

We described how to construct Bell inequalities without auxiliary communication in Section [L2.3]
For completeness, we reproduce the argument here. Bell inequalities [7, 25] describe necessary
conditions on the probabilities p(a, bli, j), which must be satisfied if these probabilities are to be
produced by a local realistic theory. When a set of these conditions is also sufficient, we say that we
have a complete set of Bell inequalities. The construction of complete sets of Bell inequalities is an
exercise in convex geometry.

Consider a deterministic protocol, i.e., one in which no randomness, shared or otherwise, is
used. (This corresponds to a protocol consisting only of step (iii) above, with the additional re-
quirement that this step is deterministic.) Each party’s output can only depend on their local
which-measurement information, so that all such protocols can be completely characterized by two
functions «, 8 : Zpy; — Zg, which describe the outcomes of the two parties’ measurements: If A

selects measurement ¢, she outputs «(i) and if B selects measurement j, he outputs ((j). The
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probabilities for the scenario are then p(a, b|i, j) = 53@)5%(].).

By listing the components, we may view the probabilities p(a,bli, j) as vectors p in RP with
D = M?(K? —1) (recall the constraint Z(Ll)])(ct7 bli,j) = 1). To each pair of functions {«, 3}, there
corresponds a deterministic protocol, so the set of all deterministic protocols is a finite collection of
such vectors {d¢|¢ = 1,..., K2M},

Now consider the effect of allowing randomness. Any unshared randomness can always be re-
placed by shared randomness on which the other party does not act [59], so we may continue to
assume step (iii) is deterministic. But then every set of random variables in step (i) corresponds
to a particular deterministic protocol. Therefore the set of all possible protocols that use random-
ness and mo communication is described by a convex sum of the deterministic protocols without

communication

F=Y Ade, D Ae=1, X >0. (4.1)
¢ ¢

The set of all protocols therefore corresponds to a region Q7 in R, which is a polytope because
there is a finite number of extreme vectors cfc [20]. This permits an alternative description: Instead
of describing the polytope Qu/x as the convex combination of a finite set of extreme points, we can
describe it by specifying a complete (finite) set of facet inequalities. A facet inequality is a pair
{ f, c} that defines a half-space of R” via the inequality JF -p < ¢. Complete sets of facet inequalities

ﬁ;, cy are satisfied if and only if §'is in Qa7
PeQuk iff f,-p<c,, V. (4.2)

Each facet is therefore a Bell inequality and complete sets of facet inequalities are complete sets
of Bell inequalities. Complete sets are known in the two-party case when M = 2, K = 2 [2]],

M =3, K =2 [22], and also when extra symmetry constraints are imposed [24].

4.4 Bell inequalities with auxiliary communication

We now turn to the main focus of this chapter: extending the formalism of Bell inequalities to
protocols that permit communication after the parties have chosen their measurements. Again
consider a deterministic protocol, but now allow for the communication (possibly two way) of at
most 7 bits of information between the parties after selection of measurements. Such a protocol is
completely characterized by two functions «, 8 : Zy; ® Zp — Zy, which describe the outcomes of
the two parties’ measurements, but now each party’s output can also depend on which measurement
the other party selects: If A selects measurement i and B measurement j, A outputs «(i,j) and B
outputs 8(4, 7). The probabilities for such a deterministic protocol are then p(a, b|i, j) = (53(@]»)6%(@]»).
While a and 8 can now depend on which measurement the other party selects, not all functions
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a(i, ), B(i,j) are necessarily accessible, if the parties exchange at most 7 bits of communication.
The set of possible functions «(i,j), (4, j) for protocols that use at most r bits of communication
is the subject of the field of communication complexity [60, 59]. For example, with a single bit of
communication from A to B, a(i,j) is independent of B’s measurement j, and ((i,j) can depend
only on a partition of the set of possible i’s into two sets. Despite this complication, deterministic
protocols still correspond to a finite set of vectors of probabilities CZ;ST) in RP.

If we now allow randomness, the set of accessible probabilities Qg\?K is given by the convex

combination of the deterministic probabilities, p'= Z( )\Cdz(r), Z( Ac =1, A¢ > 0. Again, QS\Z)K is
a convex combination of a finite number of extreme points—a polytope—and can be described by a
finite set of facet inequalities: p' € Q%?K iff fn(r) -p < ¢y, V1. The complete set of facet inequalities
for Qg\Z)K is a complete set of Bell inequalities with r bits of communication. An important limit
arises when r > 2log, M because then each party can tell the other exactly which measurement they
have selected. In this setting, all deterministic protocols can be executed by the two parties: The
probability distribution p(a,bli, j) is unrestricted. This implies that Bell inequalities with auxiliary

communication are trivial when M = 1.

Additionally, for r > log, M, Bell inequalities with auxiliary communication, although not nec-
essarily trivial, are never violated by probability distributions arising from local measurements on a
shared quantum state. In fact this is true for any probability distribution satisfying the no-one-way-
signaling conditions: pg|;; = Zf:_ol p(a, bli, j) = pq)i is independent of j for all a and i. In other
words, A’s marginal probability distribution is independent of B’s choice of measurement. In such
cases, it is sufficient that only A communicate her measurement choice. The simulation procedure is
as follows: For each of A’s measurements i, the parties share a random variable @; drawn from the
probability distribution {a,p,|;} (i.e. @; = a with probability p,|;). Suppose A chooses measurement
1 and B chooses measurement j. A outputs @; and sends her measurement choice ¢ to B. B then
outputs B&,;,i,j7 where l~)a7i7j is drawn from the probability distribution {b,ps, sjs,;}. (The roles of A

and B in the no-one-way-signaling conditions and protocol may be reversed.)

4.4.1 Complete set of Bell inequalities with auxiliary communication

Consider the simplest case M = K = 2 and r = 1 bit. The polytope Qélg is 12 dimensional
and has 112 extreme vectors. Using both the primal-dual algorithm and the double description
method [61), 62] for facet enumeration, we find that this polytope has 48 facets. Sixteen facets

describe trivial inequalities, p(a,bli,j) > 0 (0 < 4,j,a,b < 1). Another 16 facets are of the form

p(al, b1|0, O) +p(a2, leO, 1) +p(a3, b3|17 0) +p(a4, b4|17 1) <2, (43)
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with (ajasasas) € {(0101), (1010), (0110), (1001)} and (bybabsbs) € {(0011), (1100), (0110), (1001)}.

The remaining 16 facets are given by
p(a, 014, 3) + p(a, 13, 5) + p(0,0l3, 7) + p(1, 0], j) — p(a, bli, j) > 0 (4.4)

(0 < i,j,a,b < 1), where 0 = 1 and 1 = 0. The above inequalities completely describe the
region of probability distributions that can be created with one bit of communication. There are
probability distributions that violate these inequalities: For example, if p(a,bli, j) = 6?6? , Eq. (£3)
with (ajazaza4) = (0101) and (b1bab3bs) = (0011) is maximally violated; substitution gives 4 € 2.
It is straightforward to check that any probability distribution satisfying the no-signaling con-
ditions satisfies inequalities Eq. (I3) and Eq. ([@4)). Finally, consider the probability distribution
pla,bli, j) = 5 (607 + 6465). This probability distribution violates the no-signaling conditions (in
both directions), but satisfies Eq. (£3) and Eq. [@4), thus indicating that these inequalities are

strictly stronger than no-signaling.

4.4.2 Complete set of Bell inequalities for the joint observable

The above complete Bell inequalities with auxiliary communication were used to bound the allowed
probabilities p(a, b|Z, j) for protocols using a specified amount of communication. In quantum theory
we are often not interested in all of the probabilities for a measurement scenario, but only on the
value of a particular joint observable. This simplifies our computational task, because we may
project the polytope Qg\?K onto a lower dimensional subspace and only enumerate the facets of the
projected polytope, as we shall explain in the following. We term a complete set of facet inequalities
for this convex set a complete set of Bell joint observable inequalities with auxiliary communication.
These generalize the CHSH inequality [25] to protocols with communication.

Consider a measurement scenario with probabilities p(a, b|i,j) and identify measurement out-

comes with values of local observables. The joint observable for the ith and jth measurements of A

and B is then defined as
K-1K-1

Cij = Z Z AaBbp(aab|i7j)7 (45)

a=0 b=0
where A, and By are the values of the local observable corresponding to measurement outcomes
a and b, respectively. As for the full measurement scenario, we may list the components of the
joint observable to form a vector ¢ in RP with D = M? (compare D = M?(K? — 1) for the full
probability distribution). For deterministic protocols with at most r bits of communication, the
allowed functions o and 3 are the same as in the previous section, but now correspond to vectors
with components c;; = A j)Bs,j)- Since the map given by Eq. (5] is linear, the vectors

corresponding to joint observables accessible using randomness remain convex combinations of the
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vectors accessible via deterministic protocols.

We now specialize to the scenario where each party has local £1-valued observables (K = 2) and
they exchange r = 1 bit of communication. The joint correlation observable then has components
¢i; = p(0,0]¢, ) + p(1,1]4, 5) — p(0, 1]¢,5) — p(1,0]4, j). If M = 2, we obtain only trivial inequalities
—1 < ¢;; < 1. That the inequalities are trivial also follows from Eqs. ({.3) and (@4), for in this
scenario all possible joint observables can be obtained from probability distributions that satisfy the

no-signaling conditions [17, [18§].

If M = 3, the polytope has 320 extreme vectors. Using again both the primal-dual algorithm and
double description method for facet enumeration we find that this polytope has 498 facets. FEighteen
of these describe the trivial inequalities —1 < ¢; ; < 1. The remaining 480 facets can be described

by the inequalities

2
Z Mi,jci,j S 1, (46)
i,7=0

where M; ; is either

0o -1 1 1 2 -2
My =2 1 1 1 My = = 2 1 2 (4.7)
1= 6 — B 2 = 11 5 .
1 1 1 -2 2 1

or any matrix obtained from these two matrices by (i) permuting the rows and/or columns of the
matrix and/or (ii) multiplying any subset of the rows and columns of the matrix by —1. The full

set of inequalities is a complete set of Bell joint observable inequalities for M = 3.

Let us show that quantum theory satisfies all of the above Bell joint observable inequalities with
auxiliary communication. We do this for a single one of the inequalities and the other inequalities all
follow by a similar argument. For +1-valued observables A; and B; and the joint quantum state p,
a particular inequality looks like Tr [pT;] < 1, where T; is the operator corresponding to matrix M;,
e.g., T1 =[A1(-B2+B3)+ As(—B1+ B2+ B3) + A3(B1 +Bo +B3)] /6. Tr [pT] is bounded by the
sup norm of T, [T| = sup,y, [|T|¥)[|/[|[¥)|| and further Tr [pT] < |T*|'/*. Calculation of T* yields
a polynomial in A;, B;, and I. Since [ X+ Y| < |X|+ Y| and |P| < 1 for any product P of A;, B,
and 1, it follows that |T¥| is less than or equal to the sum of the absolute value of the coefficients
in the polynomial expansion of T*. By computer calculation we find that the sum of the absolute
value of the coefficients of T7 is % so that |Tq| < ¢ %. Thus this Bell inequality with auxiliary
communication is satisfied. Similar arguments using T1 or T35 show that all of the inequalities
Eq. (&0]) are satisfied. Therefore in the scenario where each party chooses one of three two-outcome

measurements, a single bit of communication is sufficient to simulate the joint correlation observable

in quantum theory for all quantum states and all quantum observables.
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4.5 Conclusion
Bell inequalities with auxiliary communication are a powerful new tool for understanding the cost

of producing quantum correlations. In all the cases we considered, it was sufficient to augment local

realistic theories with a single bit of communication to simulate the quantum correlations.
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Chapter 5

Communication cost of simulating
Bell correlations

5.1 Introduction

In this chapter, we continue our study of the communication cost of simulating quantum correlations.
For the simplest and most important case of local projective measurements on an entangled Bell
pair state, we show that exact simulation is possible using local hidden variables augmented by just
one bit of classical communication. Certain quantum teleportation experiments, which teleport a
single qubit, therefore admit a local hidden variables model. This chapter is joint work with Dave
Bacon.

Bell pairs are the maximally entangled states of two quantum bits (qubits) and are the basic
resource currency of bipartite quantum information theory. Various equivalences are known: One
shared Bell pair plus two bits of classical communication can be used to teleport one qubit [63] and,
conversely, one shared Bell pair plus a single qubit of communication can be used to send two bits
of classical communication via superdense coding [64].

Consider the gedanken experiment of Einstein, Podolsky, and Rosen [6] (EPR), as reformulated
by Bohm [65]. Two spatially separate parties, Alice and Bob, each have a spin—% particle, or qubit.
The global spin wave function is the entangled Bell singlet state (also known as an EPR pair)
) = % (I al l)B =114l TB)). The spin states | 1), | |) are defined with respect to a local set
of coordinate axes: | T) corresponds to spin along the local +2 direction, while | |) corresponds to
spin along the local —Z direction. Alice and Bob each measure their particle’s spin along a direction
parameterized by a three-dimensional unit vector: Alice measures along a, Bob along b. Alice
and Bob obtain results, o € {+1,—1} and 8 € {+1, —1}, respectively, which indicate whether the
spin was pointing along (41) or opposite (—1) the direction each party chose to measure. Locally,
Alice and Bob’s outcomes appear random, with expectation values (o) = (5) = 0, but their joint

probabilities are correlated such that (o) = —a-b. We refer to these correlations as Bell correlations.
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It is not possible to reproduce these correlations using a protocol that draws on random variables
shared between Alice and Bob, but does not allow communication after they have selected measure-
ments [7]. So how much communication is required to exactly simulate them [53], 52} 55] 66} 2], 54 [56] ?
Naively, Alice can just tell Bob the direction of her measurement a (or vice versa), but this requires
an infinite amount of communication. The question of whether a simulation can be done with a finite
amount of communication was raised independently by Maudlin [53], Brassard, Cleve, Tapp [52],
and Steiner [55]. Their approaches differ in how the communication cost of the simulation is de-
fined: Brassard et al. take the cost to be the number of bits sent in the worst case, Steiner, the
average. (Steiner’s model is weaker because the amount of communication in the worst case can be
unbounded, although such cases occur with probability zero.) Brassard et al. present a protocol that
simulates Bell correlations using exactly eight bits of communication (since improved to six bits [66]).
In light of the previous chapter, where we could prove no nontrivial lower bounds, the only lower
bound for the amount of communication is given by Bell’s theorem: At least some communication

is needed. Here we present a simple protocol that uses just one bit of communication.

5.2 Simulation protocol

We first note three simple properties of Bell correlations: (i) if @ = b, then we must have a =
—(: Alice and Bob must output perfectly anticorrelated bits; (ii) either party can reverse their
measurement axis and flip their output bit; and (iii) the joint probability is only dependent on &
and b via the combination @ - b. In his original paper, Bell gave a local hidden variables model
that reproduces these three properties for all possible axes, but his model fails to reproduce Bell
correlations because the statistical correlations when a # b are not as strong as those of quantum
mechanics [7]. The protocol we describe below is inspired by Bell’s original protocol. Property (iii)
implies that we may restrict attention to rotationally invariant protocols, for which all probabilities
depend only on a - b and not @ and b separately, by randomizing over all inputs with the same dot
product. More precisely, suppose P is any protocol that simulates the correlations. Then define a
new protocol P’ whose hidden variables consist of (i) those required by P, and (ii) a random rotation
R € SO(3). Protocol P’ then consists of running protocol P on Ra and Rb in place of & and b.

We now describe our protocol. Alice and Bob share two random variables A1 and 5\2, which are
real three-dimensional unit vectors. They are chosen independently and distributed uniformly over
the unit sphere.

The protocol proceeds as follows:
1. Alice outputs o = —sgn(é - Ay).

2. Alice sends a single bit ¢ € {—1,+1} to Bob where ¢ = sgn(a - A;) sgn(a - Ag).
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3. Bob outputs 3 = sgn |b- (5\1 + 05\2)},

where we have used the sgn function defined by sgn(z) = +1if > 0 and sgn(z) = —1if 2 < 0. A
geometric description of our protocol is given in Fig. 5.1l We note immediately that Bob obtains no

information about Alice’s output from the communication.

We now prove that the protocol reproduces the correct expectation values. Each party’s output
changes sign under the symmetry A\; < —A1, Aa <> —Ag, 0 (o) = (B) = 0 because A1 and Ay are

uniformly distributed. The joint expectation value (o) can be calculated using

(aB) = E{ —sgn(a- ) Z (1+720d) sgn [ZA) (A + dj\z)} }, (5.1)
d=+1

where E {z} = ﬁ fd;\l fd;\g x, ¢ = sgn(a - 5\1) sgn(a - 5\2) and we have used the trick that

(14+ed)/2=1if c=d and 0if ¢ # d. After substituting for ¢ and expanding Eq. (1), we obtain the

sum of four terms (because each term inside the summation sign is itself the sum of two terms) and,

using sgn(a - 5\1) ¢ =sgn(a- 5\2), we note that the four terms are related by the symmetries A\; < Ao

or Ao «» —\g, so each has the same expectation value. Hence

(af) =F {2 sgn(é - Ap) sgn {IA) (5\2 - ;\1)} } . (5.2)

This integral may be evaluated with the help of the two diagrams shown in Fig. 5.2 with the result
that (a8) = —a - b, as required.

Our protocol exactly simulates the quantum mechanical probability distribution for projective
measurements on the singlet Bell pair state. If a large number of simulations is performed in
parallel, the communication may be compressed. To see this, assume Alice’s measurement vector a
is uniformly distributed (if not, we randomize, as outlined above). Then, if M - Ao = cos 7, Alice
sends —1 with probability /7 and 1 with probability 1 — n/m, so that the communication can
be compressed to foﬂ/2 sinndnH (n/7) ~ 0.85 bits, where H(n/m) is the Shannon entropy. This
encoding depends on the shared unit vectors A1 and Ao: A third party without access to the hidden

variables will observe Alice sending uniformly distributed bits to Bob.

Our protocol is easily modified to simulate joint measurements on any maximally entangled
state of two qubits, because every such state is related to the singlet by a local change of basis and
thus may be simulated by rotating and/or reflecting the input vectors @ and b, before running our

protocol.
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(a) Alice’s output

- output —1

|:| output +1

(b) Communication

A sends +1 A sends —1

(c) Bob’s output
A AL+ A2 i

Figure 5.1: The protocol: The shared unit vectors 5\1 and 5\2 described in the text divide the Bloch
sphere into four quadrants, as shown. Alice and Bob’s actions depend on which quadrant their
respective measurement axes lie in, and in Bob’s case, the bit he receives from Alice. (a) Alice’s
output: if @ lies in the shaded region, Alice outputs —1; in the unshaded region, she outputs +1. (b)
The communication: Alice sends ¢ = +1 if her measurement axis lies in the N or S quadrants, and
—1 otherwise. (c) Bob’s output: this depends on the bit received from Alice. The shading is as for

(a).
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a=1(0,0,1)

b= (sinr,0,cosr)

gb

cost:l;-j\l cosT =a-b
2 = (sin 0 cos ¢, sin 0 sin ¢, cos 0) A= (sin  cos ¢, sin 6 sin @, cos 6)
(a) E/d)\gsgn [b()\g—)\l)} = —b')\l (b) %/d)\l sgn(a-)\l)b-)\l =a-b

Figure 5.2: Construction used to evaluate Eq. (5.2): (a) We first integrate over o, taking b to point
along the positive z-axis [67]. Observe that sgn {IA) (5\2 — ;\1)} is positive in the top spherical cap
(shaded) and negative otherwise. The area of the top spherical cap is Ay = 27 fg sin 0df = 27 (1 —
cost) where cost = b- Ay, hence fd:\Q sgn {IA) (Mg — ;\1)} = A, —(4mr—AL) = —4rcost = —4xwh- ).
(b) We now take a to point along the positive z-axis [68], set b= (sinr,0,cosr), and integrate over

A1, obtaining [ dA; sgn(a - A)b- Ay = [ sin6dd fo% d¢ sgn(cosf) (cosBcosr + sinf cos psinr) =
2 cos T = 2 - b
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5.3 Application to teleportation experiments

Now consider the following experiment: Alice prepares a qubit in a state unknown to Bob. She
then teleports the qubit to Bob, who performs a projective measurement on it, along a direction
unknown to Alice. We shall show that this experiment admits a local hidden variables description.
We first note that quantum teleportation experiments do not purport to test whether quantum me-
chanics allows a local hidden variables model; rather they aim to distinguish quantum teleportation
from other protocols Alice and Bob might carry out using classical communication, but no entan-
glement [69]. From this point of view, teleportation experiments represent “investigations within
quantum mechanics” [70], rather than comparisons of quantum mechanics with classical local hidden
variables models [71]. With this distinction in mind, it is still interesting to ask whether teleportation
experiments can be explained by a local hidden variables model.

If one allows an infinite amount of classical communication from Alice to Bob, then there is a
trivial local hidden variables model, for Alice can just send a classical description of the state to
Bob, who then simulates his measurement. We now give a local hidden variables model that requires
only two bits of communication, which is the same amount as the quantum teleportation protocol.
The construction is based on Ref. [54], where the procedure is termed “classical teleportation.” It
is sufficient to consider the case where Alice prepares the qubit in a pure state, which we suppose
has spin aligned along the axis a. We suppose Bob’s measurement is aligned along the axis b. Alice
and Bob share uniformly distributed random three-dimensional unit vectors 5\1 and 5\2 (which can
be thought of as hidden variables carried by the Bell pair used for teleportation). The protocol is

as follows:
1. Alice sends ¢; = sgn(a - Ay) and ¢, = sgn(a - A2) to Bob.
2. Bob outputs 8 = sgn {I; (015\1 + 02;\2)}.

It is easy to verify that () = a- b, as required. We also note that the two bits sent appear completely
random to a party without access to the hidden variables.

It is usual in teleportation experiments to have (i) a third party Victor supply Alice with a
quantum state unknown to her, and (ii) Bob hand off the teleported state to Victor (or another
party) to measure, rather than measuring it himself. Such a distinction is not important for the
question we address, because the qubit transmitted from Victor to Alice, for example, can carry
hidden variables describing its state. The point is that local hidden variables are hidden: Although
it is convenient to describe a local hidden variables model as if Alice and Bob had access to the
hidden variables, the model still exists even if the hidden variables are inaccessible to them. There
is no way for the experimenters to tell whether their experiment is described by quantum theory or

by “gremlins” within their apparatus, executing the local hidden variables protocol described above.
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Are there quantum teleportation experiments that do not have such a local hidden variables
description? One obvious possibility is an experiment that teleports entanglement itself. But there is
a more subtle possibility. If we allow Bob to measure the qubit using elements of a positive operator-
valued measure, then there may not be a local hidden variables description that respects the two-bit
classical communication bound. More generally, if Alice teleports n qubits (which requires 2n bits of
communication) and Bob makes a joint measurement on them, then it is known that any exact local
hidden variables theory requires that Alice send at least a constant times 2™ bits of communication
in the worst case [52]. Whether this holds for protocols with bounded error is an important open
question.

Finally, using the classical teleportation protocol, we obtain a (not necessarily optimal) protocol
to simulate joint projective measurements on partially entangled states of two qubits, which uses two
bits of communication: Alice first simulates her measurement and determines the post-measurement

state of Bob’s qubit; Alice and Bob then execute the classical teleportation protocol.

5.4 Conclusion

The results presented here offer an intriguing glimpse into the nature of correlations produced in
quantum theory. If we interpret Bell inequality violation to mean that some communication is
necessary to simulate Bell correlations, then our results prove that the minimal amount, one bit,
is all that is necessary for projective measurements on Bell pairs. Is our straightforward protocol
an indication of a deep structure in quantum correlations? We hope that our protocol and the
development of a general theory of the communication cost of simulating quantum correlations will

help shed light on this fundamental question.
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Chapter 6

Communication cost of simulating
the quantum joint correlation

6.1 Introduction

In this chapter, we show how to simulate exactly the quantum joint correlation of two-outcome
measurements using five bits of communication. This combines ideas from Chapters 3 and 5. This
chapter is joint work with Oded Regev.

Suppose that Alice and Bob share a state p on C¢®@C¢?, on which they perform local two-outcome
measurements. Label Alice’s observable by A, Bob’s by B, Alice’s outcome by «, and Bob’s by (.

Recall that the joint correlation is

(af) =tr (A ®Bp). (6.1)

Let n = 2d?. Let & € R™ be the vector associated with Alice’s measurement in accordance with

Lemma 23] and let b € R™ be the vector associated with Bob’s measurement.

6.2 A communication primitive

We first present an LHV model augmented by five bits of communication that does not reproduce

the correct correlations, but which we shall use as a primitive in a protocol that does.

Protocol 6.2.1. (Random Variables) Alice and Bob share unit vectors N ER"fori=1,2,...,5,
chosen independently and uniformly at random from the unit sphere, together with a bit ¢ chosen
uniformly at random from {—1,+1}.

(Alice) Let o; = sgn(a - /A\z) fori=1,2,...,5. Alice outputs ¢ and sends to Bob the five bits «;
(i=1,2,...,5).

(Bob) Let g; = sgn(l; . 5\7) fori=1,2,...,5. Let v = MAJ(a1 51, @20, ...,a505) where MAJ is
the majority function. Bob outputs 8 = vye.
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It is useful to define some functions. Let f : [—1,1] — [0, 1] be defined by

1

flz) = - cos™ ' (6.2)
Let g : [0,1] — [—1,+1] be defined by
g(y) =1 —20y> + 30y* — 124/°. (6.3)
Let h(z) = go f(x).
Lemma 6.2.2. Protocol[6.2.]] gives correlations
(aB) = h (a : z}) (6.4)

Proof. Because the unit vectors \; are chosen independently, the events «; = ; are independent
for different i. Let p = Pr(a; # i) = (1 — (;f3;)) /2, which is independent of i. By Lemma B22]
p = f(a-b). Thus

Pr(y = —1) = p° + 5p*(1 — p) + 10p*(1 — p)*. (6.5)

Noting that (a8) =1 — 2Pr(y = —1) completes the proof. [ |

6.3 Simulation of the joint correlation using five bits of com-

munication

Just as in Chapter Bl we need to do some preliminary work before we can state the protocol.

Lemma 6.3.1. Let cop41 be the coefficients in a series expansion of h(x) about x =0, i.e.,

h(z) = Zczk+1$2k+l- (6.6)
k=0

Then ¢1 > 0 and cop1 < 0 for all k > 0.

We prove this lemma in Appendix [Bl

Let dak41 be the coefficients in a series expansion of h=!(z) about z = 0, i.e.,
o0
hla) = dopgra® T (6.7)
k=0

We note that >, doxr1 = h~'(1) = 1. In fact, all the daj41 are positive. This follows from
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Lemma 6.3.2. Let f : [—1,+1] — [—1,+1] be a function and let f~1 be its inverse. Suppose that
flx) =302 cxx® and f~H(y) = > pe, dey®, with ¢cv > 0 and ¢, <0 for all k > 1. Then dj, > 0 for
all k.

Proof. There is an explicit formula for dj (see, e.g., Ref. [72]):

dk:i > (_1)8H+u+”'n(n+1)"'("—1+s+t+u+,,,) <C_2>S(C_3>t..., (6.8)

ney sltlu! - - c1 c1
s, t,u,...
where s + 2t + 3u + --- = n — 1. Then every term in the sum is nonnegative, from which it follows
that dg > 0 for all k. [ |

Our simulation procedure will be as follows: We map @ and b to new vectors, C(a) and C(l;),
respectively, which live in a much larger space. We then run Protocol G22Il on C(a) and C (ZA)) The
trick is in choosing an appropriate function C.

To this end, let C : R™ — @ ,(R™)®Z+1 The range of C a direct sum of tensor products of
R"™. We write C(7) = @pe, C***1(7), and term the functions C?**1(%) “coordinates” of C(7).

Define

O+ (7) = \fdp g 7O@FHD), (6.9)

where 7 ®2k+1) denotes the vector 7@ 7® - - - ® ¥ with 2k + 1 tensor factors. Note that this is well
defined, since dax4+1 > 0 for all k.

The LHV model is as follows:

Protocol 6.3.3. (Random Variables) Alice and Bob share an infinite sequence A1, A, ... of real
numbers, where each )\; is drawn from a normal distribution with mean 0 and standard deviation
1. They also share a bit ¢ chosen uniformly at random from {—1,+1}. For i =1,2,...,5, we write
Xi = (A Aiess Aig10--2) € loo.

(Alice) Let a; = sgn(C(a) - A;) for i = 1,2,...,5. Alice outputs ¢ and sends to Bob the five bits
a; (t=1,2,...,5).

(Bob) Let 5, = sgn(C(lA)) . 5\1) fori = 1,2,...,5. Let v = MAJ(1 61, @202, ..,a505) where
MAJ is the majority function. Bob outputs 8 = ~e.

Theorem 6.3.4. Protocol[6.3.3 results in correlations

(af)=a-b. (6.10)

Proof. In order to apply Lemma [6:2:2] we have to check that C(9) is a unit vector whenever @ is.
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This is straightforward:

C(v)-C(0) = Z o1 0O R HOEEHL = Zd2k+1 =h"'(1) =1. (6.11)
k=0 k=0

Lemma now implies that Protocol [6.3.3] results in correlations
(aB) = h (C(&) C(B)) . (6.12)

But

C(a)-C Zdzk 1R pEERRL) — Zd2k+1< )QkH:h*l (a-5). (6.13)

k=0

It follows that Protocol 3.4.1] results in correlations

(aB) = h (C(d) : C(z;)) —hoh! (a . g) _

Q>
S

(6.14)

which concludes the proof. ]

6.4 Discussion

The protocol presented above made use of 5 bits of communication. We have another protocol that
only requires two bits of communication, which we shall present at a later date. In the previous
chapter, we saw that one bit of communication sufficed in the case n = 3. We suspect that one bit
is insufficient in the limit n — oo.

We have yet to explore other applications of this technique. For example, Alon and Naor have
presented an approximation algorithm for the cut-norm of a matrix that is based on Krivine’s
proof of Grothendieck’s inequality [41]. Perhaps this extension of Krivine’s technique has a similar

application.
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Part 11

Monogamy of Nonlocal

Correlations
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Chapter 7

Monogamy of nonlocal no-signaling
correlations

7.1 Introduction

One of the remarkable properties of quantum entanglement is that it is monogamous: If Alice (A),
Bob (B), and Charlie (C) each have a qubit, and A and B are maximally entangled, then C’s qubit
is completely uncorrelated with either A’s or B’s. This property is inherently nonclassical: If A,
B, and C have bits instead of qubits, and A’s bit is always the same as B’s bit, then there is no
restriction on how A’s bit is correlated with C’s bit. In this work, we consider the correlations that
result from making local measurements on a multipartite quantum system. Some such quantum
correlations violate Bell inequalities [7]. We show how these correlations, termed nonlocal, can also

be monogamous.

Consider, for example, the well-known Clauser-Horne-Shimony-Holt (CHSH) inequality [25].
Two parties, A and B, share a quantum state p, and each chooses one of two observables to measure

on their component of the state. Define the CHSH operator
Bensa = A1 ® (B1 4+ Ba) + A ® (B — By), (7.1)

where A; and Ay (B; and By) are A’s (B’s) observables and are Hermitian operators with spectrum
in [-1,+1]. Then the CHSH inequality states that |(Bcush)py| < 2, for all local hidden variable
(LHV) models, but there are observables on the singlet state of two qubits [1)~) = (]01) — [10)) /v/2,
such that (BCHSH)QM = tr (Beusulv ™ )®~|) = 24/2. Thus these correlations cannot be described
by an LHV model. In fact, it is true that |tr (Bousap)| < 2v/2 for all observables Ai, Ay, By,
Bo, and all states p. Such a bound on the maximum quantum value of a Bell inequality is termed
a Tsirelson bound [2§]. Although we do not know how to calculate the best such bound for an

arbitrary Bell inequality, a number of ad hoc techniques have been developed [28 29| [3T].
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In this chapter, we introduce a new technique for obtaining Tsirelson bounds. Since local mea-
surements on spatially separated components of a multipartite quantum system can be carried out
simultaneously, such measurements cannot be used to send a signal from one party to another. The
outcomes of local measurements on an entangled quantum state are therefore described by a no-
signaling probability distribution. Maximization over no-signaling probability distributions can be
cast as a linear program, and so we obtain an upper bound by solving this linear program. (For the
CHSH inequality there is a no-signaling probability distribution such that (Bcush)yg = 4, so this
technique is not useful [17]).

Suppose three parties, A, B, and C, share an entangled quantum state of arbitrary dimension.
We use this technique to (i) bound the trade-off between (A and B) and (A and C)’s violation of the
CHSH inequality, and (ii) demonstrate that forcing B and C to be classically correlated prevents A
and B from violating the odd cycle Bell inequality of Ref. [29].

7.2 Framework

We cast our results in the language of cooperative games of incomplete information, also called
nonlocal games [29]. Let V' : Z5* x ZI" — [0, 1] be a function and let 7 be a probability distribution
on Z". (A game defined in this way can be converted to a “standard” game (where V is a predicate)
by adding questions.) Then V and 7 define a m-player nonlocal game G(V, 7) as follows: A referee
chooses a set of questions (q1, g2, ..., qm) € Z" randomly, according to 7, and sends question g; to
player i. Each player must answer with a bit a;. The players are not permitted to communicate after
receiving the questions, but they may agree on a strategy before receiving them. They win with
probability V (a1, as,...,am|q1,q2, ..., qm) (where the | in V(-|-) separates answers from questions).
The classical value of a game G(V,7), denoted w.(G), is the maximum probability with which the
players can win, assuming they use purely classical strategies. The quantum value, denoted wq(G),
is the maximum winning probability, assuming they are allowed to share entanglement. The no-
signaling value, denoted wys(G), is the maximum winning probability, assuming the players are
allowed (black box) access to any no-signaling probability distribution. It is clear that w.(G) <
wq(G) < wns(G).

7.2.1 The CHSH game

We describe how to interpret the CHSH inequality within this framework. The CHSH game
Gcush is defined by setting n = 2, letting 7 be the uniform distribution on Zs X Zy and letting
Va1, az2|q1,q2) = [a1 ® as = ¢1 A q2], where a1 @ as is the “exclusive-or” of bits a; and az, ¢1 A g2
is the “and” of bits ¢1 and g2, and [¢] is 1 if ¢ is true and 0 otherwise. Then the winning proba-
bility of a particular strategy is 1/2 + (Bcusn) /8, where Bensn is the CHSH operator of Eq. (Z21))
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and (-) is the appropriate expectation value for the strategy. It follows that w.(Gcusu) = 3/4,
wq(GCHSH) - 1/2 + 1/(2\/5) ~ 0857 and wns(GCHSH) =1.

7.3 Main technique

An m-party no-signaling probability distribution is a set of probabilities p({a; }7,|[{¢:}7*), subject

to
1. Positivity: p({a:}|{a}) > 0;
2. Normalization: For all {g;}, > (.., P({ai}{a:}) = 1;

3. No-signaling: For each subset S C Z,, of the m parties, the marginal probability distri-
bution on Z,, — S must be independent of the inputs of the parties in S. In particular,
> {aiiesy P({ai}[{gi}) must be independent of {g; : i € S} for all {a; : i ¢ S} and for all
{ai:i¢ St

The no-signaling value of G is given by

wns(G) = max > w{ahV{ait{ah)p{ait{a)),
{ai}.{ai}
subject to the three sets of linear constraints enumerated above. We observe that wys(G) is the
solution to a linear program in variables p({a;}|{¢;}). Solving this program for w,(G) gives an
upper bound on wy(G). Moreover, even if we cannot solve the linear program, we can obtain
an upper bound on w,s(G) by constructing a solution to the dual program (see Ref. [73] for an

introduction to convex optimization).

7.4 Applications

7.4.1 An analogue of the CKW theorem for nonlocal quantum correla-

tions

Suppose three parties, A, B, and C, each have a qubit. There is a well-known theorem of Coffman,
Kundu, and Wootters (CKW) that describes the trade-off between how entangled A is with B, and
how entangled A is with C. It states that C%5 + Ci, < 4detpa, where Cap is the concurrence
between A and B, C4¢ is the concurrence between A and C, and p4 is the reduced density matrix
of A [74].

To derive a similar expression for correlations, we consider a generalization of the CHSH game

to three players, suggested by Michael Nielsen (see also [75]). In the game Gygy, the referee sends
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bits chosen uniformly at random to each of the three players, and with probability 1/2 checks if
a1 ® az = q1 A ¢2 and with probability 1/2 checks if a1 ® a3 = g1 A ¢3. Formally, 7 is uniform on
Z3 and V(ay,az,as|q1,q2,q3) = [a1 ® a2 = q1 A q2]/2 + [a1 ® a3 = q1 A g3]/2. Then the winning
probability of a particular strategy is 1/2 + <BCHSH> /16 + <BCHSH> /16, where the superscripts
denote on which parties the CHSH operator acts. It is easy to see that w.(Grpsy) = 3/4 (a strategy
where everyone always answers 0 achieves this, and this strategy is the best possible, by the CHSH
inequality applied to AB and BC separately). It turns out that wy,s(Gepsy) = 3/4 too, as is easily

verified using linear programming software, which implies the following:

Theorem 7.4.1. Suppose three parties, A, B, and C, share no-signaling correlations, where each

chooses to measure one of two observables. Then

[(BEHsu)| + |(BEfisu)| < 4. (7.2)

Theorem[T 4 Tlestablishes a trade-off between AB’s and AC’s violation of the CHSH inequality. In
particular, CHSH correlations are monogamous: If AB violate the CHSH inequality, then AC cannot,
as has been shown independently for no-signaling correlations by Masanes, Acin, and Gisin [76]. (In
fact, Theorem [T.4.J] may be obtained easily from Result 3 of Ref. [76] by symmetrization of B and
C.) Note that if AB and AC each share an EPR pair, there are measurements such that either
tr (BABgup) or tr (B&Ssup) is 2v/2, which at first appears to contradict Theorem 1. It does not: In
Theorem 1 we insist that A’s observables are the same in tr (BAfgyp) and tr (BAGgyp). This is in
the same spirit as the requirement of CKW that B and C are entangled with the same qubit of A.

One can generalize this result:

Corollary 7.4.2. Suppose N +2 parties A, By, By,..., By share a quantum state and each chooses

to measure one of two observables. Then A violates the CHSH inequality with at most one of the B;.

Proof. Suppose A violates the CHSH inequality with both B; and By, j # k. Trace out the rest of
the B;’s. We obtain a contradiction with Theorem [T.Z.1] [ ]

For no-signaling probability distributions, we also have a converse of Theorem[Z.4.]} For any pair
((B&Hsn) » (Béfsn)) consistent with Ineq. (Z.2), there is a no-signaling probability distribution with
these expectation values. This is because we can write (<BCHSH> <BégSH>) as a convex combination
of (4,0), (0,4) and (0,0), each of which is achieved by a no-signaling probability distribution. Thus
Ineq. (2] establishes precisely which (<BCHSH> <BCHSH>) are allowed. For quantum theory, it
turns out that the allowed region is described by <BCHSH> <BCHSH> < 8, as we shall see in the

next chapter.
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7.4.2 Classical correlation restricts Bell inequality violation

Consider a two-player game G(V,7) being played by A and Byg. We show that forcing By to be
classically correlated with additional players By, B, ..., and By restricts the advantage that A and
By can gain by sharing entanglement. For N > 1, define the Nth extension of a two-player game
G(V,m) to be the N 4 2 player game G (Vy,7n), with my defined by choosing (g1, g2) according
to 7 and setting g2 = g3 = q4 = - - - = qn42; and Vy({a;}|[{a:}) = V(a1, a2]q1,q2) X [a2 = a3 = ag =
-+ =any2|. We also set Gy = G. The idea is that we send By’s question to the other B;’s and the
players win if (i) the answers A and By give satisfy the winning condition of G(V, ) and (ii) all the

B;’s agree.

Theorem 7.4.3. Let G(V,7) be a two-player game. Then the values of its extensions satisfy (i)
we(GN) = we(G) for all N, and (i) wns(GN) is a nonincreasing sequence in N, with wps(Gp—1) =

we(G), where n is the number of questions for By in G.

Proof. To prove (i), we observe that we can assume an optimal classical strategy for G is deter-
ministic, which immediately gives a strategy for G with the same value. Conversely, we may
convert a strategy for Gy to one for G by ignoring By through By. Hence w.(Gn) = w.(G).
To prove (ii), it is clear that w,s(Gx) is a nonincreasing sequence in N, because any strategy
for Gy gives a strategy for Gp;, M < N, by ignoring Bjsy; through By. Finally, consider
a no-signaling strategy for G,_1, with probabilities p ({a;}|{g:}). We define a classical strat-
egy for G as follows: A and By share bits ¢y, c2, ..., ¢y—1, drawn according to the distribution
>, Plar,az = co a3 = c1,. ., a1 = n—1]q1,q2 = 0,3 = 1,...,gny1 = n — 1), which is guaran-
teed to be independent of ¢; because p is no-signaling. Then if A and By are asked questions ¢; and

g2, By answers ¢4, and A answers with a bit a; drawn from the distribution

palar) = p(ai,co€1y- - yn-1]q1,0,1,...,n—1)
1 — .
Za,l p(al,co ey yen—1]q1,0,1,...,n —1)

One can check that this classical strategy for G wins at least as often as that of the no-signaling

strategy for G,,—1. Hence wps(Gn—1) = we(G). [ ]

A similar result was already known for w,(Gn), and the proof is analogous [77]. Theorem [.4.3]

places a limit on how polygamous the no-signaling violation of a Bell inequality can be.

7.4.3 The odd cycle game

Our final example is taken from Ref. [29], and illustrates how violation of a Bell inequality can
preclude classical correlation with another party. We start with a two-player game based on an

interactive proof for graph colorability. Imagine that the two players, A and B, are trying to
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convince the referee that an odd cycle of length n is two-colorable (which it is not, as n is odd).
The referee sends them each the name of a vertex, such that the two vertices are either the same or
adjacent. A and B each send one of two colors back to the referee. The referee requires that, when
the vertices are the same, the two colors should agree and, when the vertices are adjacent, the colors
should differ. Formally, we define a two-player game Goc as follows: Let n > 3 be an odd integer,
let 7 be uniform over the set {(q1,q2) € Zn X Zy, : 1 = g2 or (1 +1 = g2 (modn)} and let V be
defined by V' (a1, az2lq,q) = [a1 = az|, V(a1,a2|q, ¢+ 1) = [a1 # az]. It is established in Refs. [78] [29]
that w.(Goc) =1 —1/2n and w,(Goc) = cos?(7/4n).

Now consider the first extension of this game, which we denote G{,. Formally, G is defined
by using the same distribution as Goc on (q1,¢2), and setting g2 = g3. The function V is defined
by V(a1,as2,a3lq,q,q) = [a1 = az = as], V(a1,az2,a3|q,qg+ 1,9+ 1) = [a1 # az = az]. Theorem [[43]
implies that w.(Gpe) = we(Goc) = 1 — 1/2n. We shall show that wy,s(Goe) = 1 — 1/2n also.
This result is remarkable because it establishes that adding just one additional player is sufficient to
prevent A and B from gaining advantage by sharing entanglement, rather than the n — 1 additional
players required in Theorem [[.4.3]

There are a number of symmetries we can use to simplify the problem. Without changing the
probability of winning: (i) all parties can flip their outputs, or (ii) all parties can add (modn) an
integer m to their inputs, or (iii) B and C can exchange roles. For a given no-signaling strategy, let
p(a, b, c|i, j, k) be the probability that (A,B,C) answer (a, b, ¢) when asked (4, j, k). Then we can take
p(a, b, cli, 4, k) to be symmetric under these three symmetries. In particular, symmetry (i) implies we
can restrict attention to a = 0, symmetry (ii) to ¢ = 0. Therefore, let r(b, c|j, k) = p(0,b, |0, j, k). We
shall use symmetry (iii) to give extra constraints, rather than to reduce the number of parameters.

We rewrite the primary linear program in these variables, labeling the constraints. Our goal is
to maximize

1
wnS(G/OC) = §max [7’(0,0|0,0)+7"(1,1|1,1)], (73)
T
subject to:

e (Normalization) n(j, k): >_, . 7(b,clj k) =1, for 0 < j, k < n.

(Symmetry) s(b, c|j, k): r(b, c|j, k) = r(c, blk, j), for b,c € {0,1}, 0 < 4,k < n. Note that when

b= c and j = k this constraint is trivial.

(No-signaling conditions, A to BC) y(d|j, k): p(0,d|j,7 + k) + p(1,d|j,j + k) = p(0,d|0, k) +
p(1,d|0, k), for d € {0,1},1 < j < n, 0 < k < n, where the sum j + k is taken mod n.

(No-signaling conditions, B to AC) z(d|j, k): p(0,d|j, k)+p(1,d|j, k) = p(0,d|0, k) +p(1,d|0, k),
for d € {0,1},1 <j <n, 0<Ek < n, where the sum j + k is taken mod n.
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We omit the no-signaling conditions in the other directions (BC to A and AC to B), which do not

further constrain the solution.

Each constraint in the primary linear program corresponds to a variable in the dual, as labeled

above. The objective of the dual program is to minimize

1 .
7,k
subject to the constraints x(0,0]0,0), u(1,1]1,1) > n, u(b,c|j, k) > 0, for all b,c € {0,1}, 0 < j, k <

n, where

p0sclisR) = k) + (0l ) — s(e, bk )
+li = O]:ill (y (1 - Jk) +z<c|j’,k-)>
020 (5 (5 ik =) + 2l (7.5)

We now give an explicit solution to the dual. The nonzero variables are:

n(0,0) = 2n—1;
5(0,1]0,0) = 3n/2,
5(0,1]1,0) = —n+1,
5(0,00,1) = —n+1,
5(0,1]1,1) = -n/2,
5(0,0[5,j +1) = (=1 forj=1,2,...,n—1;
5(0,1]7,7 +1) = —(=1)forj=1,2,...,n—1;
y(0]1,0) = —2n+3,
y(0|1,k) = —n+k+5/2+(=1)F/2
fork=1,2,...,n—1;
y(1]1,0) = 3—3n/2,
y(11,1) = —n+4,
y(1)5,1) = —(=1) for j =2,3,...,n— 1,
y(11,k) = —n+k+5/2+(=1)%/2

fork=2,3,...,n— 2,
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y([l,n—=1) = —-n+3,
y(1|jyn—1) = 1—(=1)forj=2,3,....,n—1;
2(0[1,0) = n—3,

= —1forj=2,3,....,n—1,

= (=1 forj=2,3,...,n—1,

= n—k-3/2+(-1)k)2
fork=3,4,....,n—1;

2(14,7—1) = —14+(=1) forj=1,2,...,n—1,
2(11,k) = n—k—3/24(=1)%/2

fork=1,2,...,n—1.

All other variables are zero.

For this solution, it’s tedious but straightforward to establish that 1(0,0(0,0) = u(1,1]1,1) =
n, u(0,10,0) = 2n, u(1,0/0,1) = 2n — 2, p(0,0[5,5 —1) = 1+ (=1)7 for j = 1,2,...,n — 1,
w(Lk+1,k) =1+ (=1)*for k=1,2,...,n—1, and u(b,c|j, k) = 0, otherwise. Thus our solution
satisfies the constraints. This solution was constructed by solving the linear program for small n,
finding a consistent set of equality conditions by generalizing from the small n case, and inverting
these constraints to yield the solution. Substituting into Eq. (T.4)), we find that w,s(GHa) < 1-1/2n,

which proves the following theorem:

Theorem 7.4.4. For the first extension of the odd cycle game, w.(G'pe) = we(Goe) = wns(Gpe) =
1-1/2n.

Thus sharing entanglement (or indeed no-signaling correlations) gives no advantage for Gy .
In the context of interactive proof systems, we can interpret the fact that we(Goc) > we(Goc)
in the two-player game as saying that sharing entanglement allows the provers to cheat, because
it increases the probability with which they are able to convince the referee that the odd cycle is
two-colorable. Theorem [(.4.4] shows that we can counter this by adding an extra prover, and forcing
B to be classically correlated with her. This placed no extra burden on classical provers, because
an optimal classical strategy is deterministic, but it prevents quantum provers from gaining any
advantage by sharing entanglement. We hope that a similar approach will help in determining the

power of the complexity classes QMIP and MIP* [29].
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This result also has applications to cryptography [79, 80]. Suppose that A and B are trying
to share a secret key, and that C is eavesdropping on them. If A and B observe correlations that
would cause them to win the two-player odd cycle game with probability greater than 1 — 1/2n,
then this limits how correlated C can be with B. Indeed, Barrett, Hardy, and Kent have presented
a key distribution protocol along these lines [79], which is provably secure against no-signaling

eavesdroppers.
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Chapter 8

Monogamy of nonlocal quantum
correlations

8.1 Introduction

Suppose three parties, A, B, and C, share any quantum state p (of arbitrary dimension) and each
chooses to measure one of two observables. In the previous chapter, we proved Theorem [Z.4.1] which

established a trade-off between AB and AC’s violation of the CHSH inequality, viz.:

|<Bé§SH>‘ + |<BégSH>‘ <4 (8.1)

The proof of Theorem [[.4.7] only required that the correlations be no-signaling. In this chapter, we
prove a stronger monogamy trade-off relationship for correlations that are realizable with quantum
resources. This chapter is joint work with Frank Verstraete.

We shall only be concerned with the CHSH inequality in this chapter, so we drop the subscript
indicating the Bell inequality: (Bap) = <Bé§SH>. We establish the following monogamy trade-off

relation:

Theorem 8.1.1. Suppose that three parties, A, B, and C, share a quantum state (of arbitrary

dimension) and each chooses to measure one of two observables. Then

(Bag)? + (Bac)® < 8. (8.2)

2 < 8, as a simple corollary.

The important point is that we obtain Tsirelson’s bound, (Bap)
Eq. (B2) is the best possible bound: There are states and measurements achieving any values of
(Bag) and (Bac) that satisfy it. We illustrate the monogamy trade-offs for various theories in

Fig. Bl
We prove Theorem B.I.1lin two parts. We first show that is sufficient to restrict to states with
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support on a qubit at each site. We can then relax the requirement that A’s measurements be the
same in (Bap) and (Bac), maximizing over the measurements in (Bap) and (Bac) separately, but

keeping the state fixed.

8.2 Dimensional reduction

We start by establishing a bound on the dimension of the quantum state required to maximally
violate certain Bell inequalities. This result was originally proved by Masanes [8I]. The main
ingredient—a canonical decomposition for a pair of subspaces of C"—is described in more detail in,

e.g., Ref. [82].

Lemma 8.2.1. Consider any Bell inequality in the setting where m parties each choose from two
two-outcome measurements. Then the mazimum quantum value of the Bell inequality is achieved
by a state that has support on a qubit at each site. Furthermore, we can assume this state has real

coefficients and that the observables are real and traceless.

Proof. For i € {1,2}, assume party k has observables My ;, acting on a Hilbert space Hy. By
extending the local Hilbert spaces H},, we can assume for all k and for all i = 1,2 that (i) H; = C>¢
for some fixed d, (ii) My, has eigenvalues £1, and (iii) tr My, = 0. The first condition states
that all local spaces have the same dimension 2d, the latter two that each observable corresponds
to a projective measurement onto a d-dimensional subspace and its complement. We also define
My, 0 = 124, the identity operator on Hj;. We can write a generic Bell operator in the setting stated

in the lemma as

2 2 9 m
B = Z Z T Z Civig-im, ®Mk,ika (83)
i1=0i5=0 Pt

im =0

where the coefficients ¢;,,...;,, are arbitrary real numbers. Our goal is find the quantum value of

this Bell operator, which is maximum of B = (¢)|B|t)) over states 1) and measurements My, ;.

We now choose a local basis for each Hy, such that party k’s observables have a simple form. We
start by taking My = [ ———————— ] . This leaves us the freedom to specify the basis within the two
d x d blocks on which My, ; ié constant. Let My, o = 2PPT — 144 (we suppress the dependence on k),
where P is a 2d x d matrix with orthonormal columns, which span the +1-eigenspace of M}, 5. Write

= [ ----- }, where P; and P, are d X d matrices. The rows of P are orthonormal, which implies

P'P = P[P + Pl P, = 14, so P{ P, and P} P, are simultaneously diagonalizable. This means there

is a singular value decomposition of the form

P = U{DV, (8.4)

P, = UID.V, (8.5)
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where Uy, Us and V are d x d unitary matrices and D; and Dy = /14 — D% are nonnegative

(real) diagonal matrices. Changing basis according to the unitary Uy & Ua, which leaves My 1
2D? — 14 2D D,
invariant, it follows that My o = [ -----------emmbeemmcaiicies , where each of the d x d blocks is diagonal.
7 2D1 D §2D§ — 14
We relabel our basis vectors so that My, = @;l:l Z, Mo = @?:1 (cost;Z +sin6;X), where
2D? — 14 = diag(cosfy,cosfy,...,cosf;) and X and Z are the usual Pauli operators. Hence our
operators are real and preserve a @?zl(CQ subspace of Hj,. They are traceless on each C2 space.
We wish to maximize B = (¢|B|¢) over the state |¢b) and the measurements My, ;. Fix k, and let
pk,j be the reduced density matrix obtained by projecting |1)) onto the jth C? factor of the @?:1(132
subspace induced by M} 1 and Mj o at site k. Then B = E?zl tr Bpy,; is a convex sum over the
C? factors, whereupon it follows that the maximum is achieved by a state with support on a qubit
at site k. Since this argument works for all k£, the maximum of B is achieved by a state that has
support on a qubit on each site.
Finally, write |[¢)) = [11) + i|tp2), where [¢)1) and [¢2) are real. Then (Yp|Blv) = (1|Blv1) +
(12|B|p2) since B is real, which is the same expression we would obtain if the state were a real

mixture of |¢1) and |¢)2). Hence the maximum of B is achieved by a state with real coefficients. ®

8.3 Monogamy trade-off relation

The region R of allowed values of ((Bag), (Bac)) is convex and can therefore be described by an

(infinite) family of half-space inequalities,
caB(Bas) + cac(Bac) < d, (8.6)

with cap, cac, d € R. The left-hand side of Eq. (8] is a Bell operator, as defined in Eq. (83]), which
means we can apply Lemma [B.2.T] to conclude that extreme points of R are achieved by real states
on three qubits, with measurements of the form M = cosfZ + sin#X. Theorem [B.1.1] will emerge

as a corollary of:

Lemma 8.3.1. Let 1)) be a pure state in C* @ C? ® C? with real coefficients. Then the mazimum
of (Bap) = (¥|Bag|¢) over real traceless observables Ay, A, By, By is

max (Bap) = 2y/1+ (YaYa)? — (VaYo)? — (ViYo)?, (8.7)

A,;,Bj

where Y is the usual Pauli operator, (YaYs) =tr (Y4 ® Y ® 1 p), and so on. Cyclic permutations
of Eq. [87) hold for (Bac) and (Bgpc).

Proof. We consider pap = tre 1) (1], which is a real state on C? ® C2. Horodecki and family have
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calculated the maximum quantum value of the CHSH operator for a state on C? ® C? [37]. Their
analysis simplifies in our case because the state and measurements are real. Define
(XaXp) (XaZp)

Tap — . (8.8)
(ZaXB) (ZaZp)

For i = 1,2, write A; = a; - &, B; = I;i - 0, where a; and IA)z are two-dimensional unit vectors and
&, = (X, Z). Define
81 + 62 = 2cos QdAl, 81 — BQ = 2sin 9(22, (89)

where 6 € [0,7/2] and d; and d; are orthogonal unit vectors. Then

1 X N
— max (Bag) = max cosfalTapd; + sin0asTapds (8.10)
2 Ai,B; d;,0,a;
= maxcos@HTABcﬂH +sin9HTABJQH (8.11)
dL,G
~ 112 ~ 112
— max HTABle + HTABdQH (8.12)
d;
= tr (TABTABt). (813)

This is just the Frobenius norm of Thp and it is straightforward to check that, for pure states on

C? ® C? ® C? with real coefficients, it is equal to half the right-hand side of Eq. (87). |

Lemma 8.3.2. For a pure state 1) with real coefficients in C*> @ C?> @ C2,

max (Bag)? + (Bac)? =8 (1 - <YBYC>2) . (8.14)

Proof. Lemma B3] applied to (Bap) and (Bac) separately, immediately implies:

2 2 2 2
<
A, (BaB)” + (Bac)” < Jpax (Bag)” + max (Bac)

8 (1 - <YBYC>2) . (8.15)

The reason we do not have equality is that the measurements A; achieving the maximum in (Bap)
and (Bac) may be different. We have to show they can be chosen to be the same. Define Thc in

analogy with Eq. (88) and write the vectors corresponding to C’s measurements as

C1 + ¢éo =2coshéy, ¢é1 — ¢y = 2sinfés, (816)

in analogy with Eq. (89) for B’s observables. One can check that [TapThp, TacThc] = 0 for all
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pure states |¢) with real coefficients. Hence there are orthonormal vectors a}j and a) that are
simultaneous eigenvectors of TagT kg and TacT . Next, note that the term being maximized in
Eq. (812), ||TABJ1||2 + ||TABCZQ||27 is actually independent of the d; (recall that di -dy = 0), so we
are free to choose the d; as we please. Take d; = Tigal for i = 1,2 and, similarly, take é; = T} oal.
Alice’s measurement vector a; in the AB maximization of the previous lemma was taken to be the
unit vector along TABcZi, but this is TagTkga, o a; so a4; = a;. The same will hold in the AC
maximization. Hence we can choose A’s measurement vectors to be the same in both cases, and we

have equality in Eq. (814). [ |

Combining Lemmas 2.1 and 832 we obtain Theorem BT Lemma also implies that
any (Bap) and (Bac) compatible with Eq. (814)) are achievable. In particular, the state

) = c_ (|010) + |011)) + ¢ (]100) + |101)), (8.17)

where
1
cy = 5\/1i\/§sint, (8.18)

and 0 <t < w/4, gives (Bap) = 21/2 cost, (Bac) = 2v/2 sint.
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(Bac)

quantum region

no-signaling region

—4

classical region

Figure 8.1: Accessible values of (Bap) and (Bac) for classical theories (interior of square), quantum
theory (interior of circle), and no-signaling theories (interior of diamond).
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Appendix A

Calculation of the constant c3

In Section 3.5 we left the identity in Eq. (3.31),
[ & \/_
I= % kz;o(éﬂf +3) Joky3/2( / t=3/2sint dt, (A1)

unproven. We now prove it. Although this identity would follow from Krivine’s Theorem [B.6.8]
we choose to prove the identity directly, so that our analysis of the three-dimensional case is self-

contained.

Our starting point is the series representation of J, (x):

= (—1)" T\ 2ntv
M@ =3 e 3) (4.2)
Substituting into Eq. (A.T]),
— T A 2 (=)™ T\ 2n+2k+1
T 7kz::onz::owH?))TZ!F(H+2IC+5/2) (5) (A.3)
_ s _1)l T l (4k+3)(—1)k -~
- ;W (kzo (l—k)!F(l+k+5/2)>x A (A4)

where we have reordered the sums and substituted [ = n + k.

20+1

To calculate the coefficient of x we note that

! k
oF1(1,=135/2+1;t) = 1'T(1 4+ 5/2) Z D)
k:O

k
'Fk+l+5/2)t’ (A.5)
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where o F (a, b; ¢;t) is the hypergeometric function. Differentiating Eq. (AH]) w.r.t. ¢, we obtain

l

(4k + 3)(—1)k &
nNrl+5/2) A6
(t+5/2) kZ:O T +k+5/2) " (4.6)
=4t oF{(1,—1;5/2+ I;t) + 32F1 (1, —1;5/2 + 15 1) (A7)
-
=4t (2, -l+1;7/2+ 1t F(1,-0;5/2+ ;). A.
5/2_'_12 1( + a7/+’)+32 1(7 a5/+,) ( 8)
Substituting ¢ = 1 and using Gauss’s hypergeometric theorem
oFi(a,b;¢;1) =T (c)T'(c —a —b)/T(c — a)T'(c —b) (A.9)
yields
I= S . A— A A.10
; 21+1 4l+1)x (4.10)

To convert this into the integral representation given in Eq. (AlI)), we start with the power series

expression for sin¢, multiply by ¢~3/2, then integrate term by term.
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Appendix B

Signs of the derivatives of h(x)

Here we prove Lemma [6.3.1]

Lemma B.0.3 [G3T). Let copr1 be the coefficients in a series expansion of

2 (cos~ !tz 3
h(z)=1-— ( - ) (107r2 —15mcos ' @ + 6 (cos™! x)Q) : (B.1)
T
about x =0, i.e.,
o0
h(x) = 262k+11‘2k+1. (B.Q)
k=0

Then ¢1 > 0 and cop41 < 0 for all k > 0.

Proof. We calculate ¢; = h/(0) = 15/47 > 0. For the other coefficients, consider the second

derivative
60
' (x) = —Fhl(x)hg(x), (B.3)
where
= _ sin~' 2
hi(z) = % (B.4)
sin~'x T
h = 4 — h . B.5
() s T @) (B.5)

In Lemma [B.0.5] we show that hi(z) =3, agrz2F with asy > 0 for all k, and in Lemma [B.0.6] that
hao(z) = >4 bok122F T with bogpi 1 > 0 for all k. This implies that all the coefficients in the series

expansion of h”/(z) are negative, i.e., cap41 < 0 for all & > 0. [ ]
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Lemma B.0.4 (Some series expansions). The following are valid for |z| < 1:

1 o0
— 2k
1—22 Z:L’ !
k=0
1 > > (2k — )
_ d ka _ ka,
Vioz2 kzzo 2k kzzo (2!
o0 oo
-1 o 2 2k+2 _ (2k)!! 2k+2
(sin™" ) Zf%“m Z 2k + D (k + 1)”” '
k=0 k=0
[e.¢] 2 k
co1 N3 2%+3 _ g (2k + 1! 1
(sm x) k2092k+3x kZ:O 2k 1 3)] jz:; 2+ 12

The third and fourth series expansions are Eqgs. (1.645.2) and (1.645.3) of Ref. [83].

Lemma B.0.5. Let hi(z) =), askx®*. Then agy, > 0 for all k.

Proof. We write

w2 2k +1
agr, = Zko_TQ%H
2@k (2 &1
N (2K 8 =2+ 1)2
22k — ) [ 72 & 1
S CLitLY (U o N
e |8 2j + 1)2

Thus all the coefficients in the series expansion of hy(z) are positive.

Lemma B.0.6. Let ho(x) =3, borr122F L. Then bopyq > 0 for all k.

2k+3

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)
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Proof. We have

2z z (sin™! x)2 d . 1 \2
ho(z) = T 12 + T2 + 2% (sin™'z) (B.16)
2 o0 o0 o0 o0
T .
= 7 2T DY a4 2 2k 4 2) forgae™ T (BAT)
k=0 k=0 j=0 k=0
[eS) 7_(_2 k—1
= Z 4(k+1) fopyo — — + Zfz; o | 2L (B.18)
k=0 =0
so that for all k£ > 0,
7T2 k—1
bok+1 = 4(k+1)forye — T + Z foj+2 (B.19)
7=0
> 2 2
= 4(k+1)fopte — Z fojyo (since T= (sin™'1)7) (B.20)
j=k
_Aen i (25)! (B.21)
(2k+ 1! = 27+ NG +1) '

Let
o0

(25)!!
(2 + NG +1)

> 2k: + 1
Sk = E Sk,j = (B.22)
—

J

Then Sy = 72/4 < 4 and sy ; = sk—1,;(1 + 2k)/(2k). Summing this over j = k,k+1,..., we obtain

We need to show that Sy < 4 for all k¥ > 0. To this end, suppose Si_1 > 3 + 1/k for some k. Then

the recurrence

SL_1 1+ 2k 1

K T T

(B.24)

which implies that Sj is unbounded as k — oco. We obtain a contradiction by calculating the limit

of Sy as k — oco. This is straightforward: For large j,

@) 1 7
i+t 2\ (B:25)

so that

Jlim 5 = \/_/ dz = 2. (B.26)

Hence Sy < 4 for all k, which implies bogy1 > 0 for all k. [ |
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