Near-optimal quantum strategies for
nonlocal games, approximate
representations, and BCS algebras

by

Connor Paul-Paddock

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Combinatorics and Optimization - Quantum Information

Waterloo, Ontario, Canada, 2023

© Connor Paul-Paddock 2023



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner: Ivan Todorov
Professor, Dept. of Mathematics,
University of Delaware

Supervisor(s): Jon Yard
Professor, Dept. of Combinatorics & Optimization,
University of Waterloo

William Slofstra
Professor, Dept. of Pure Mathematics,
University of Waterloo

Internal Member: Ashwin Nayak
Professor, Dept. of Combinatorics & Optimization,
University of Waterloo

Internal-External Member: Michael Brannan
Professor, Dept. of Pure Mathematics,
University of Waterloo

Other Member(s): Richard Cleve
Professor, Dept. of Computer Science,
University of Waterloo

11



Author’s Declaration

This thesis consists of material all of which I authored or co-authored: see Statement of
Contributions included in this thesis. This is a true copy of the thesis, including any
required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

11



Statement of Contributions

Chapters 1, 2, 3 and 4 comprise of work in which I am the sole author. Some of
the results in Chapter 3 and 4 have been made previously available in the arXiv preprint
[ |. The material in Chapter 5 was co-written with William Slofstra and is to appear
in a upcoming work | ].

v



Abstract

Quantum correlations can be viewed as particular abstract states on the tensor prod-
uct of operator systems which model quantum measurement scenarios. In the paradigm
of nonlocal games, this perspective illustrates a connection between optimal strategies and
certain representations of a finitely presented x-algebra affiliated with the nonlocal game.
This algebraic interpretation of quantum correlations arising from nonlocal games has been
valuable in recent years. In particular, the connection between representations and strate-
gies has been useful for investigating and separating the various frameworks for quantum
correlation as well as in developing cryptographic primitives for untrusted quantum devices.
However to make use of this correspondence in a realistic setting one needs mathematical
guarantees that this correspondence is robust to noise.

We address this issue by considering the situation where the correlations are not ideal.
We show that near-optimal finite-dimensional quantum strategies using arbitrary quan-
tum states are approximate representations of the affiliated nonlocal game algebra for
synchronous, boolean constraint systems (BCS), and XOR nonlocal games. This result ro-
bustly extends the correspondence between optimal strategies and finite-dimensional rep-
resentations of the nonlocal game algebras for these prominent classes of nonlocal games.
We also show that finite-dimensional approximate representations of these nonlocal game
algebras are close to near-optimal strategies employing a maximally entangled state. As
a corollary, we deduce that near-optimal quantum strategies are close to a near-optimal
quantum strategy using a maximally entangled state.

A boolean constraint system B is pp-definable from another boolean constraint system
B’ if there is a pp-formula defining B over B’. There is such a pp-formula if all the con-
straints in B can be defined via conjunctions of relations in B’ using additional boolean
variables if needed. We associate a finitely presented x-algebra, called a BCS algebra, to
each boolean constraint system B. We show that pp-definability can be interpreted alge-
braically as *-homomorphisms between BCS algebras. This allows us to classify boolean
constraint languages and separations between various generalized notions of satisfiability.
These types of satisfiability are motivated by nonlocal games and the various frameworks
for quantum correlations and state-independent contextuality. As an example, we construct
a BCS that is C*-satisfiable in the sense that it has a representation on a Hilbert space
H but has no tracial representations, and thus no interpretation in terms of commuting
operator correlations.
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Chapter 1

Introduction

This thesis establishes results in areas related to the study of nonlocal games. First, we
explore the correspondence between perfect quantum strategies and the representations
of synchronous and boolean constraint system (BCS) algebras. In addition, we examine
the correspondence between optimal strategies for XOR nonlocal games and representa-
tions of the affiliated XOR algebra. Using techniques from approximate representation
theory we show that this correspondence is robust, in the sense that near-perfect (near-
optimal in the XOR case) quantum strategies correspond to approximate representations
of these game algebras. This thesis builds on the work of Slofstra and Vidick | ] who
used similar techniques to establish that near-perfect strategies for Zs-linear constraint
system (LCS) games corresponded to approximate representations of the solution group.
We also improve the robustness result for the XOR game case previously established in
[ | by removing the dependence on the dimension of the Hilbert space in the strategy.
Secondly, we provide the first systematic treatment of boolean constraint systems (BCS)
algebras. Boolean constraint systems offer a rich array of associated nonlocal games such
as the Mermin-Peres magic square and their associated algebras. Also, we show that
every synchronous algebra is x-isomorphic to a BCS algebra. Based on observations in
[Jil3, , , , |, we illustrate that BCS-algebra provides exam-
ples that separate several interesting satisfiability generalizations inspired by the various
frameworks for quantum correlations. We also show that BCS-algebras can be classified in
terms of boolean constraint languages and definability, a concept from computer science
and logic. Lastly, we answer an open question of Sam Harris | | by giving a syn-
chronous nonlocal game whose synchronous algebra has a representation in B(H) but no
tracial states.



1.1 Strategies for nonlocal games and representations

In a nonlocal game, two spatially separated parties, Alice and Bob, receive questions from
a referee. The questions or inputs x and y are drawn from finite sets X and Y according
to a probability distribution known to both players. Prohibited from communicating with
the other player, they must each reply to the referee with an answer a and b from finite
sets A and B. To win the game, the player’s answer pair (a,b) must satisfy the winning
predicate. The winning predicate is a function V' : X x Y x A x B — {0,1} such that if
(a,b) is a winning answer to (z,y), then V(z,y,a,b) = 1, and otherwise V(z,y,a,b) = 0.
Although Alice and Bob cannot communicate during the game, they can decide on a
strategy beforehand. Loosely speaking, a strategy is simply a means by which each player
chooses their answer based on their given question. This process could be deterministic or
probabilistic, employing some kind of shared randomness. We call a strategy with shared
randomness a classical strategy. A strategy is perfect if it allows the players to satisfy the
predicate V' (z,y,a,b) on every question pair (x,y). It is not hard to see that there are
nonlocal games for which no classical strategy can be perfect. Consider a Zs-linear system
of equations Az = b, where A is an n x m matrix with {0, 1}-entries. Consider the nonlocal
game where Alice receives the ith equation and is required to reply with a solution x to the
equation A; -z = b;. Meanwhile, Bob is given an index j and must give a {0, 1}-assignment
to the jth entry of x € Z%. The winning condition for the game is a consistency check.
That is, Alice and Bob must have assigned the same {0, 1}-value to z;, otherwise they lose.
Because Alice and Bob are unaware of which question are asked to the other player, it is
not hard to see that they will be unable to guarantee consistency. For example, if Az =b
does not have a solution, then it can be shown that there will always be some question
pair on which they could lose with non-zero probability (provided that every question has
a non-zero probability of being asked). On the other hand, if Ax = b has a solution, then
there is always a perfect strategy. Alice and Bob simply decide on a solution ahead of time
and use that assignment to consistently satisfy any question pair.

Although the players in a nonlocal games cannot communicate, they can share a quan-
tum state, which gives them access to the larger set of quantum correlations. In particular,
they can use a quantum state as a resource in their strategy by making local quantum mea-
surements to obtain their answers. They can even choose which state they want to share
prior to the game. A collection of local measurements for each player and a choice of quan-
tum state make up a quantum strategy for the nonlocal game. What is surprising is that
there are nonlocal games with no perfect classical strategy but a perfect quantum strategy.
A famous example is the Mermin-Peres magic square | , |, which consists of a
3 x 3 grid, where each row and column has a specified +1-valued constraint. The object



of the game is, given a row or column, reply with +1-values that multiply to the row or
column constraint. If each player gets a row or column, their assigned values overlap on
at least one value of the grid. The object of the game is to give a consistent assignment
on this overlapping square. For certain configurations, namely when the total number
of —1 constraints is odd, no perfect classical strategy exists. Yet, there is a assignment
of +1-values observables and a quantum state which enables the players to win on every
input.

Quantum strategies do not always provide such shocking improvements over classical
strategies. For example, in the well-known CHSH nonlocal game there is neither a perfect
quantum nor classical strategy. However, the optimal quantum strategy does provide a
significant improvement over the best classical strategy | , |. It should
also be said that quantum strategies often provide no advantage over classical strategies.
Determining if a nonlocal game has a quantum advantage is extremely hard computa-
tionally. In particular, for an arbitrary nonlocal game, and any 0 < ¢ < 1, deciding (in
the promise case) if there is a quantum strategy that wins with probability 1 or 1 — € is
complete for RE | |. Despite the hardness of this problem, one can still attempt
to characterize classes of games for which a quantum advantage is present. From a more
practical perspective, understanding which games require highly entangled quantum states
provides a means of certifying the presence of an entangled state. This is a concept critical
to the area of device-independent cryptography and self-testing, which is markedly related
to the theory of nonlocal games, for instance, see [ .

Some of the first progress toward characterizing scenarios that required large amounts
of entanglement was made by Tsirelson. Tsirelson was investigating specific quantum
correlations produced in simple Bell scenarios, like the CHSH scenario of | |, which
we now call XOR correlations. He showed that the set of these XOR correlations was related
to a closed convex set of real symmetric matrices, and that the extreme points of this set
corresponded to representations of the Clifford algebra with tracial states | , ].
We now know that these points also correspond to unique optimal strategies for XOR
nonlocal games | ]. Hence, Tsirelson described a correspondence between unique
optimal quantum strategies for certain XOR games and representations of the Clifford
algebra. That is, the measurement operators employed by Alice and Bob in any unique
optimal strategy for an XOR game must be equivalent to representations of the Clifford
algebra, and in fact, their employed quantum state must come from an abstract tracial
state on the Clifford algebra. In | |, Slofstra associated a finitely presented (XOR)
algebra to the optimal strategy of a XOR game. The approach of Tsirelson and Slofstra
are complementary in the sense that the Clifford algebras correspond to the extreme points



of these correlations, while the XOR algebras® are associated with supporting hyperplanes
of Tsirelson’s XOR correlations. It follows that whenever there is a unique supporting
hyperplane, the XOR algebra is isomorphic to a Clifford algebra | ].

Based on the structure of the Mermin Peres magic square example, several authors
[ : , ] began the study of linear constraint system (LCS) nonlocal games.
Their main observation was that perfect quantum strategies for these LCS nonlocal games
correspond to matriz solutions of the m X n linear system Axr = b with a maximally
entangled state. By thinking of a system of Zs-linear equations multiplicatively, a matrix
solution to Ax = b is a collection of +1-valued observables {X7,..., X} such that

(a) HjeKi X;=(=1)% for all 1 <i < m, and

(b) X;X) = XiX; whenever k, j € K, for all 1 <i <m.

Where K; is the set of variables {z1,...,z,} appearing (i.e. having non-zero coefficient)
in the ith equation. Satisfying condition (a) ensures that the observables satisfy each of
the linear constraints, whereas satisfying condition (b) ensures that the observables are
jointly measurable within the context defined by the row equation. Although implicit
in the earlier works, it was in | , | that the existence of a perfect quantum
strategy was tied to the algebraic structure of a finitely-presented group called the solution
group I'(A, b) associated to a linear system Az = b. Conditions (a) and (b) are some of the
abstract relations in this group, and hence are automatically satisfied by any representation.
Hence, perfect quantum strategies for the linear constraint system games were matrix
representations of this group, and vice versa.

Around the same time, another group of researchers introduced an interesting family of
nonlocal games called synchronous games. The prototypical synchronous nonlocal game is
the graph k-colouring game, which was first given in | |, and has been the basis for
many subsequent works | , , , , , | to list a few.
Given a graph G = (V, £) with vertices V and edges &, the referee sends vertices u to Alice
and v to Bob, each drawn according to some a distribution on V x V. The players reply to
the referee with one of the k colours for their given vertex. If they are given adjacent vertices
and they return the same colour, then they lose the game. They also lose, if they reply with
different colours when given the same vertex. It is clear, that there is a perfect classical
strategy for the game if and only if there is a k-colouring of the graph G. In a synchronous
game, like graph k-colouring, both the players’ input and output sets are the same, that

1Slofstra called these solution algebras but to avoid confusion with the algebra of the solution group
we will use the term XOR algebra.



is A = B and X =Y. The synchronous condition states that, whenever the players are
given the same input, they lose if they give different outputs (i.e. a lack of consistency).
In the graph colouring game, the synchronous condition is enforced by the condition that
they lose whenever they give a different colour to the same vertex. Remarkably, it was
shown that there are graphs, and a value of £ € N, which cannot be k-coloured, yet a
perfect quantum strategy exists for the corresponding graph k-colouring nonlocal game.
Additionally, the existence of perfect quantum strategies for synchronous games correspond
to representations of an abstract finitely-presented x-algebra called the synchronous algebra,
which can be associated to every synchronous nonlocal game. There are many results about
synchronous nonlocal games in the literature, in particular due to the connection with the
Connes’ Embedding Problem, see for instance | , , ].

There is a natural way to generalize Zy-linear constraint system (LCS) nonlocal games.
Rather than having a system of linear constraint over a set of variables, one could allow
a system of arbitrary constraint formulae in the boolean variables. Such games are called
boolean constraint system (or BCS) nonlocal games. A boolean constraint system consists
of a set of global variables and a set of constraints in those variables. These games were
investigated in | , ], but there has not been much exposition on them in the
literature since. In the past, BCS games have been called “binary” constraint system
nonlocal games, but we prefer the term boolean. Use of the term “binary” rather than
boolean in the naming could lead to conflation with the notion of a system of “2-ary”
constraints, which is unintended, as we do not wish to restrict the arity of the constraining
relations.

In a BCS nonlocal game, Alice receives a constraint C;, over variables X = {z1,...,z,},
from a set {C1,...,C,,} and must reply with an assignment ¢ : X — {1} that restricts
to a satisfying assignment on the variables in the scopes of the ith constraint. Like in
an LCS game, Bob receives a single variable and must return a Zs-assignment ¢(z;) to
that variable. The winning condition is again consistency check between Alice and Bob’s
assignment. That is, they lose whenever ¢(z;) # ¢(z;). For a BCS nonlocal game, one can
associate a finitely presented x-algebra to the game, called the BCS algebra. Unlike in the
case of LCS games, the more general constraints allowed in a BCS cannot be encoded in
group relations but rather as x-polynomials. Despite this difference, similar arguments to
the LCS case show that every perfect quantum strategy for a BCS game is a representation
of the BCS algebra | , . We will return to discuss BCS algebras again later.



1.2 Near-optimal strategies and approximate repre-
sentations

In the previous section, we highlighted several examples the correspondence between finite-
dimensional representations of finitely-presented *-algebras and perfect (or optimal) quan-
tum strategies for some classes of nonlocal games. This correspondence has been very
fruitful for finding interesting nonlocal games and uncovering curious features of the quan-
tum correlation set. However, the results stemming from this idealized picture is too
abstract for those who want to make statements about physical quantum correlations.
One fundamental issue is that quantum measurement and state preparation is inherently
noisy, and it’s unlikely we will be able to eliminate these effects anytime soon. For instance,
when we record the outcome probabilities from some experiment, these values may differ
from the idealized values we expect from the model. In the context of nonlocal games, if
our strategy is no longer perfect (or optimal) but only near optimal, do we still have any
guarantees that our strategy is close to the representations we have in the ideal case?

The issue of noise matters in the context of the widely used application of nonlocal
games known as self-testing. Generally speaking, a correlation can have many different
quantum models, which are indistinguishable to an observer. In particular, the optimal
value of a nonlocal game could be achieved my more than one quantum strategy. Remark-
ably, there are certain correlations, called self-tests, which are unique up to the addition
of auxiliary quantum systems and under a local change of basis | , ]. Self-
tests are highly relevant in the field of quantum device-independent verification protocols
[ , , |. Suppose you are given a black-box “quantum device”
and want to certify that it is employing features of entanglement. You have the device
perform a self-testing Bell scenario, and if you see these self-testing correlations, you can
ensure that the device is performing the measurements and utilizing the state from that
unique quantum model. If the self-test requires a maximally entangled state, you can con-
fidently conclude that the device is quantum. However, if there is noise in the state or the
measurements you might not obtain the self-testing correlation but an approximation.

The study of self-testing in the approximate regime is called robust self-testing, for
more, see | |. We will not get into the specifics of self-testing in this thesis, but it
was recently shown | ] that self-testing of extremal quantum correlations for several
natural classes of quantum models is equivalent to there being a unique (finite-dimensional)
abstract state on the bipartite measurement algebra. Hence, self-testing can be viewed as
a statement about the uniqueness of the representations from scenarios and games. We
believe that the methods in this thesis, although not specifically self-testing results, can be



used to establish a more mathematical theory of robust self-testing.

In the context of nonlocal games, we are concerned with the following question: If
a nonlocal game achieves a value near the optimal value, is the strategy still close to a
representation of the associated game algebra? This concept is related to notions of weak
self-testing, or approximate rigidity, see for instance | |. To tackle this question we
need to adopt tools of approximate representation theory, which provides us with a rigorous
notion of a near-representation. For the class of linear-constraint systems (LCS) nonlocal
games, Slofstra and Vidick | | employed approximate representation theoretic results
to show that the correspondence between representations and perfect quantum strategies is
robust, in the sense that near-perfect strategies correspond to approximate representations
of the solution group. This work builds on the results in | | by examining the robustness
of the correspondence between quantum strategies and representations of the game algebra
for synchronous, boolean constraint systems, and XOR nonlocal games. The results in
[ | for LCS games, in combination with the dilation stability results for groups | ,

|, allow for strong theory of robust self-testing for LCS games | ].

Before we present our main results, we need to discuss two notions in more detail,
near-perfect (near-optimal in the XOR case) quantum strategies and near-representations.
For an € > 0, a strategy is e-optimal if the probability of winning with the strategy is less
than e-away from the optimal value of the game. Similarly, a strategy is e-perfect if the
probability of winning is at least 1—e. On the other hand, the notion of near-representations
comes from approximate representation theory, typically studied in the setting of groups
and C*-algebras. For a finitely presented *-algebra an approximate representation with
parameter € > 0, or e-representation, is a map sending the abstract generators to matrices
where the relations hold approximately. More precisely, the parameter ¢ > 0 measures
how closely the matrices in the approximate representation satisfy the relations. This is
measured using some chosen matrix norm. The notion of an e-representation comes from
the fact that in a genuine representation the norm of any relation will be zero.

One of the main contributions of this thesis is a quantitative version of the correspon-
dence between near-perfect (near-optimal in the XOR case) quantum strategies and ap-
proximate representations of the synchronous, BCS, and XOR games algebras. We show
that near-perfect (near-optimal) quantum strategies correspond to near-representations
acting on finite-dimensional Hilbert space H with respect to the little Frobenius norm
|- 1|;. We will formally define a projective quantum strategy and the little Frobenius norm
in Chapter 2.

Theorem 1.3.

(1) If S is an e-perfect strategy for a synchronous nonlocal game Ggyep, then Bob’s
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measurement operators are an O(el/ 8)-representation of the synchronous algebra
o/ (Ggyne) o0 a non-zero subspace of Hp.

(2) If S is an e-perfect strategy for a BCS nonlocal game G, then Bob’s measurement
operators are an O(e'/4)-representation of the BCS algebra %(Gyes) on a non-zero
subspace of Hp.

(3) If S is an e-optimal strategy for a XOR nonlocal game G, then Bob’s measurement
operators are an O(e!/®)-representation of the XOR solution algebra € (G,r) on a
non-zero subspace of Hp.

Importantly, the estimates are independent of the dimension of the supporting Hilbert
space Hp.

An independent but similar result to part (1) of Theorem 1.3 was recently established in
[ | for approximate synchronous correlations. An advantage of the result in | ] is
that it applies more generally to correlations and applies to synchronous games as a special
case. Both results are based on ideas from | |, but we emphasize that this work takes a
more algebraic perspective and additionally covers the XOR games case, which is far from
the case of synchronous correlations. Additonally, in | ] it was shown that near-optimal
strategies for XOR-games do correspond to approximate representations of XOR algebras.
However, the estimate of the approximate representation was dependent of the dimension
of the underlying Hilbert space. For a subclass of XOR games, a dimension independent
bound for approximate representations from e-perfect strategies can be deduced from a
result of Ostrev and Vidick | |, who used an indirect approach employing mathematical
ideas from the theory of robust self-testing. Our new results employs a novel averaging
procedure which allows our conclusion to be independent of the Hilbert space dimension
for all XOR games.

Although there is no dependence on the Hilbert space dimension, the estimates do
depend on the parameters of the game such as the size of the question and answer sets.
This means that care is required when applying these results to situations where question
and answer sets are an essential parameter. Our second main result is complementary to our
first theorem: near-representations are close to near-optimal strategies with a maximally-
entangled state.

Theorem 1.4.

(1) If ¢ is an e-representation of the synchronous algebra o7 (Ggypcr) on a Hilbert space H
with respect to ||| 7, then ¢ is close to an O(€?)-perfect strategy S for the synchronous
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nonlocal game Gypnen, in which the players employ a maximally entangled state on
H®H.

If ¢ is an e-representation of the BCS algebra %(Gy.s) on a Hilbert space H with
respect to || - ||, then ¢ is close to an O(€?)-perfect strategy S for the BCS nonlocal
game Gy, in which they employ a maximally entangled state on H ® H.

If ¢ is an e-representation of the XOR solution algebra €' (G,,) on a Hilbert space
H with respect to || - ||, then ¢ is close to an O(e)-optimal strategy S for the XOR
nonlocal game Gy,., in which the players employ a maximally entangled state on
H®H.

Here close means that each measurement operator in S is O(e)-away from the cor-
responding element of a representation ¢ : &/ (G) — My(C) with respect to the little
Frobenius norm || - ||f. Theorem 1.4 is a consequence of an important concept in approx-
imate representation theory called stability, which roughly is the property that there is
a genuine representation whenever there is an e-representation with e sufficiently small.
Many of algebraic relations required for quantum measurement are stable. We will discuss
stability more in Chapter 2. As a corollary to the proofs of Theorems 1.3 and 1.4 we show
that each near-optimal quantum strategy is close to a near-optimal quantum strategy using
a maximally entangled state.

Corollary 1.5. Near-optimal quantum strategies with arbitrary states are close to those
with maximally entangled states:

(1)

For any e-optimal synchronous quantum strategy S for a synchronous nonlocal game,
there is an O(e'/*)-optimal quantum strategy S using a maximally entangled state
1), such that each measurement operator in S is at most O(e'/®)-away from the
measurement operator in S with respect to || - ||; on the support of |1)).

For any e-perfect quantum strategy S for a BCS nonlocal game there is an O(e'/?)-
optimal quantum strategy S using a maximally entangled state |@E>, such that each
measurement operator in S is at most O(el/ 4)-away from the measurement operator
in S with respect to || - ||; on the support of [¢)).

For any e-optimal quantum strategy S for an XOR nonlocal game, there is an O(e'/®)-
optimal quantum strategy S using a maximally entangled state |@Z~)>, such that each
measurement operator in S is at most O(el/ 8)-away from the measurement operator
in S with respect to || - ||; on the support of [¢)).



1.6 BCS algebras and generalized satisfiability

So far we have focussed on the case where a quantum strategy consists of measurement
operators and a vector state on a tensor-product of finite-dimensional Hilbert spaces. How-
ever, this is not the only mathematical framework for “quantum correlations”. Alterna-
tively, we could consider strategies to be collections of measurement operators and vector
states on a potentially infinite-dimensional Hilbert space H, where Alice and Bob mea-
surement operators both act on this space H, but need to commute, rather than act only
on the different tensor factors. This gives the class of commuting-operator strategies, and
quantum-commuting correlations. Furthermore, just as quantum strategies allowed us to
find perfect strategies, where there were no perfect classical ones, there are nonlocal games
with perfect commuting operator strategies, but no perfect (finite-dimensional) quantum
strategies | ]. Hence, the quantum-commuting correlation set is strictly larger than
the set of quantum correlations.

Recall that for an LCS nonlocal game, a perfect classical strategy was equivalent to a
solution to the Zs-linear system Ax = b, and a perfect quantum strategy was equivalent
to a matriz solution to the linear system, that is, a matrix representation of the solution
group I'(A,b). The existence of a perfect commuting operator strategy for an LCS game
can also be expressed in terms of a property of the solution group [ , ]. To be
exact, the existence of a perfect commuting operator strategy comes down to whether there
is a nontrivial central element of order 2, commonly denoted as the J element in I'(A, b).
In particular, an LCS nonlocal game G,.s has a perfect commuting operator strategy if and
only if there is a *-homomorphism from the x-algebra CI'(A, b)/({J = —1)) to a C*-algebra
with a tracial state?. One could say that rather than Az = b having a solution, or matrix
solution, it has a tracial solution. Because there is a trace on every finite-dimensional
matrix algebra, this notion of a tracial solution for Az = b does indeed generalize the
notion of a matrix solution.

Linear constraint systems are an important family of boolean constraint satisfaction
problems. One interesting aspect is that the complexity of deciding whether there is a
satisfying assignment, i.e. a solution to the linear system, is polynomial in the size of the
linear system. Similarly, one might wonder about the complexity of deciding whether there
is a quantum solution, whether a matrix or a tracial solution to Ax = b. However, using
the group theoretic connection, Slofstra showed that this problem is undecidable | ].
Specifically, deciding if J is trivial in T'(A, b) is equivalent to the word problem for arbitrary

2A tracial state on a x-algebra A is a positive, normalized, linear functional f : A — C with the
property that f(ab) = f(ba) for all a,b € A.
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finitely-presented groups. For some sub-classes of LCS nonlocal games, such as incidence
games, the complexity of deciding whether there is a tracial solution is not only decidable
but decidable in polynomial time | ].

Every Zs-linear constraint system Ax = b is a boolean constraint system B, where all
the constraints are linear (or affine), and the BCS algebra &7 (B) of an LCS is *-isomorphic
to the quotient of the solution group algebra CI'(A,b)/({J = —1)) by the ideal generated
by J = —1] , , |. Every BCS with only linear constraints belongs to
the boolean constraint language LIN. For a BCS over LIN, that is a BCS where all the
constraints are linear, a satisfying assignment for the BCS is equivalent to a solution to
the associated linear system of equations.

With this in mind, we say that a BCS has a satisfying matrix assignment if there is
a set of commuting +1-observables which satisfy the constraint polynomials of the BCS,
since any constraint is equivalent to a real multilinear polynomial | ]. By definition
of the BCS algebra, a matrix satisfying assignment for B is equivalent to the BCS algebra
having a matrix representation. We can also ask whether a BCS is tracially satisfiable,
that is, has a #-representation to a tracial C*-algebra. Other notions of satisfiability are
related to subtle algebraic properties of the BCS algebra. For instance, we say that a BCS
is RY-satisfiable if the BCS algebra has a s-homomorphism to the ultrapower RY of the
type II;-factor R. In fact, by the results of | |, this type of satisfiability for a BCS
is related to whether there is a perfect strategy for the associated game using the closure
Cya of the set of quantum correlations Cy, since C, is not closed | ]. However, we
do not restrict ourselves to types of satisfiability that necessarily correspond to strategies
for nonlocal games. For instance, given a BCS B, we could ask whether the BCS algebra
is nontrivial. This notion of algebraic-satisfiable does not have a meaning in terms of
correlations, but it is still an interesting property, particularly for those more interested in
notions like contextuality and less about correlations, for instance see | ].

Unlike a BCS over LIN, it is NP-hard to determine whether a BCS B has a satisfy-
ing assignment. Although we know that the problem of whether a given BCS is tracially
satisfiability is undecidable. One may wonder about the complexity of finding an approx-
imation to the optimal tracial satisfying assignment to a BCS. However, by the results of
[ ], we know this problem is complete for RE. In establishing this result the au-
thors provided a BCS that is tracially-satisfiable but not RY-satisfiable, which settled the
Connes Embedding Problem from | ].

For all the types of satisfiability we have mentioned so far, there is a BCS B which
illustrates that each type of satisfiability is distinct. Not every %-algebra is nontrivial as a
C*-algebra. In | |, it was shown that there is a nontrivial synchronous x-algebra
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that is trivial as a C*-algebra. By the construction of Gel’fand-Naimark-Segal (GNS),
this can happen if a nontrivial *-algebra has no states®. Additionally, not every state is a
tracial state. In | ], Sam Harris asked whether there is a synchronous algebra that is
non-trivial as a C*-algebra but has no tracial state? We provide an explicit construction
of a BCS-algebra with a representation on B(H) and no tracial states. We prove that BCS
algebras and synchronous algebras are isomorphic as *-algebras, and therefore our example
answers the question in the affirmative.

One of the motivations to study BCS algebras is based on the work | . Al
though they do not work at the level of BCS algebras, the authors were interested in which
types of boolean constraint systems exhibited separations between conventional satisfiabil-
ity, matrix satisfiability, and C*-satisfiability (which they call operator-satisfiability). In
particular, the authors were interested whether there were other boolean constraint lan-
guages like LIN, where there were separations. All of the current examples at the time
came from BCS over LIN. One of their starting points was Schaefer’s dichotomy theorem
[ |, which characterized the boolean constraint languages which, like LIN, have poly-
nomial time algorithms for deciding classical satisfiability. In addition to LIN, they consist
of the classes 2SAT, HORN, DUAL-HORN, 0-VALID, and 1-VALID. For convenience, let
K be the collection of these languages. Given a BCS over any other boolean constraint
language (i.e. one not in K) the decidability problem is NP-hard. However, it was shown
in [Jil3, | that each class in K (except for LIN) is algebraically-satisfiable if and
only if they are satisfiable, so no separations exist over these languages. Despite this, using
boolean constraint languages to classify BCS-algebras into families is appealing. In partic-
ular, one could be optimistic that it could help understand the BCS systems that arise in
[ ] and probabilistically checkable proofs (PCPs). One of the main tools for char-
acterizing BCS systems from boolean constraint languages is the notion of definability*.
We show that definability is natural in the language of BCS algebras:

Lemma 1.7. If B is definable from a boolean constraint language £ then there is a
BCS B’ over L, a natural inclusion of %-algebras ¢ : &/ (B) — «/(B’), and a surjection
7.9 (B') — &/ (B), such that 1 = 7o ..

This lemma provides simple algebraic proofs for many of the results in | | and
suggests that using the structure of boolean constraint languages coming from Post’s lattice
could be a way to classify BCS-algebras. Using this classification could lead to a systematic
understanding of how different constraint languages lead to specific algebraic properties of

3The GNS correspondence is a bijection between states on *-algebras and cyclic representations on a
Hilbert space H.
4This is often called definability by positive primitives or pp-definability in some literature
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BCS algebras. For example, if £ is not contained in any of the classes from K\LIN, then
LIN is definable from L | ].

Lastly, it is very interesting that LIN provides such an ample class of separations, but
the others in I do not. Moreover, there is still much we could learn by studying this boolean
constraint language in this algebraic framework. For instance, there is an algebraically
satisfiable but not RY-satisfiable BCS B over LIN if and only if there is a non-hyperlinear
group. The existence of a non-hyperlinear group is a significant open problem in group
theory. Every sofic group is hyperlinear, hence the existence of a non-hyperlinear group
would imply the existence of a non-sofic group.
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Chapter 2

Background and preliminaries

In this chapter, we review some mathematical preliminaries and definitions. Although we
cannot fully cover all the required background, we will attempt to cover the core concepts
and material necessary for the following chapters. We have split this chapter into three
sections. In Section 2.1, we cover Hilbert spaces and semi-pre-C*-algebras. In Section 2.8,
we cover quantum states, measurements, and correlations. We recommend the texts | ,

] for more background. Section 2.19 is devoted to the background of approximate
representation theory. As the concepts and results related to approximate representation
theory are likely new to many readers, we cover them in greater detail.

2.1 Hilbert spaces and semi-pre-*-algebras

2.1.1 Hilbert spaces

Let C be the field of complex numbers. Given a set X the free (complex) vector space
over X is denoted CX, where the elements {|x)}.cx are a basis for CX. Elements of CX
are finite linear combinations of the elements in X, that is every element |v) € CX can
be expressed as |v) = ) ¢ c.|z), with coefficients ¢, € C, and S € X. The /;-norm of
lv) € CX is the sum of the absolute value of the coefficients, || |v) [|o, = >, cqlca|- If X
is finite, then CX = C¥, and {(z|},cx is a basis for the dual space of linear functionals
CX — C. This convention is known as bra-ket notation and is commonly used in quantum
physics.

An inner-product space is a vector space V with a sesquilinear form (- | -) :
V x V — C such that for all |u),|v),|w) € V and a,b € C the following hold:
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(1) (u|v) = (u|v) (conjugate symmetric),
(2) (u,av + bw) = a(u,v) + b{u, w) (linear in the second argument),

(3) if v # 0 then (v|v) > 0 (positive definite).

Every inner-product space is a normed vector space with norm |||v)||* = (v|v) for all
|v) € V. In addition to being a normed space, in an inner-product space we have the
Cauchy-Schwarz inequality,

[ {ulv) I* < (ulu) (v]v)

for all |u),|v) € V. Where in the case of equality, it must hold that |u) = AJv) for
some scalar A € C. Additionally, in an inner-product space we have the Parallelogram
identity. That is, for every |u),|v) € V it holds that

e + ) I1* + ) = )2 = 20l |[* + [[[o)]]*:

In fact, a normed vector space is an inner-product space if and only if the parallelogram
identity holds.

A sequence |v1), |vg),... in a normed vector space is said to be Cauchy, if for every
positive real number r > 0, there exists an n € N such that for all m,n € N with m,n > N,
such that

l[on) = fvm) || < 7.

An inner-product space V is complete if every Cauchy sequence in V' converges to an
element in V. A Hilbert space H is a complete inner-product space.

Example 2.2. The canonical example of a Hilbert space is the space £2(N), whose elements
are square summable sequences. That is z = 21, 29,... € (2(N), if Y 22, [2|* < co. If
w,z € (*(N) the inner-product is defined by (w|z) = >"7°, w;z;.

Every Hilbert space has an orthonormal basis. A Hilbert H space is separable if it
contains a countable dense subset. A Hilbert space is finite-dimensional if there is a
finite basis. If the basis for a Hilbert space H has cardinality d, then H is isomorphic
to the complex Euclidean space C?, where d is the dimension of H, i.e. the cardinality
of the basis, otherwise, H is said to be infinite dimensional. Every separable infinite-
dimensional Hilbert space is isomorphic to ?(N). If H and K are Hilbert spaces with
|h1) ,|he) € H and |ky1), |k2) € K, we define the inner product on the vector space H ® K
by

(h1 ® k1lha @ ka) = (ha|h2) (k1|k2).
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Taking the completion of H ® K with respect to this inner product defines the tensor
product of Hilbert spaces.

If H and K are Hilbert spaces, a linear operator is a map 7' : H — K such alv;) +
blve) € H then T'(alvi) 4 blvy)) = aT|vi) + bT|vy) € K. We let Lin(H, K) denote the
set of linear operators from H to K. If H is a Hilbert space then we denote the set of
linear operators H — H by Lin(H). When H = C? is finite-dimensional we note that
Lin(H) = Lin(C%) = M,(C) where My(C) is the set of d x d complex matrices. We write
1 to denote the identity operator in Lin(H, K).

When H is finite-dimensional, a trace is a linear functional Tr : Lin(H) — C; A —
Tr(A) for A € Lin(H), with the cyclic property Tr(AB) = Tr(BA) for A, B € Lin(H).
This defines a trace uniquely up to scalar multiplication. If {|u;)}ie; is an orthonormal
basis for H, then we can define a trace on Lin(H) via tr(A) = > ., (u;| Alu;). Since

tr(1) = dim(H), it is also common to take the normalized trace which is defined by
tr(A) = tr(A)/dim(H), for all A € Lin(H).

2.2.1 Bounded operators on Hilbert space

The bounded linear operators from a Hilbert H to a Hilbert space K are the operators
B(H,K)={T:H — K | 3C >0such that | T|h) |k < C|||h) ||z, for all |h) € H}

For convenience, we write B(H) := B(H, H). The operators in B(H) inherit their norm
structure from the underlying Hilbert space. That is for T € Lin(H), we define the
operator norm of T" by

| T|lop := sup{||T"|R) || : |h) & unit vector in H}.

The algebra B(H) is equipped with an antilinear involution * : B(H) — B(H) sending
A A* with the property that that (A*)* = A, (AB)* = B*A*, and (A\A)* = AA* for all
A€ C, and all A, B € B(H). This *-operation defines the adjoint map. If T' € B(H, K),
then T* : K — H is the adjoint map, and satisfies the property (k|Th)x = (T*k|h)g for
all k € K, h € H. The adjoint gives a convenient way to classify many types of operators
on Hilbert space, for example:

o 1€ B(H) such that T* =T (self-adjoint operators),

e N € B(H) such that N*N = NN* (normal operators),
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P € B(H) such that P = P? = P* (orthogonal projections),

V € B(H) such that V*V = 1 (isometries),

e W € B(H) such that WIW* = 1 (co-isometries), and

U € B(H) such that UU* = U*U = 1, (unitaries).

An operator A € B(H) is positive, written A > 0, if A = B*B for some B € B(H),
or equivalently, if (h|A|h) > 0 for all |h) € H. The subset of positive elements define a

translationally invariant partial order on the self-adjoint elements of B(H). For A, B €
B(H) with A* = A and B* = B, we have A < B if and only if B — A > 0.

2.2.2 Useful decompositions for operators on Hilbert spaces

The spectrum of bounded operator T € B(H) is the set
o(T) ={X € C: T — Al does not have a bounded inverse}.

Any operator A € B(H) has a polar decomposition A := U|A|, where U is a partial
isometry and |A| = VA*A > 0. In the case that H is finite dimensional, we can take U
to be unitary. For any compact self-adjoint operator T' € B(H) there is an orthonormal
family of orthogonal projections { P, };c; with P, : H — H, for all ¢ € I, such that

T=> AP, (2.1)

el

where \; is an eigenvalue of 7" and P; is the (spectral) projection onto the corresponding
eigenspace for each i € I. The decomposition in Equation (2.1) is called the spectral
decomposition. Moreover, if f : R — R is a continuous function and X : C* — C? is
a self-adjoint operator with spectral decomposition X = S>%  \; [¢;) (¢4], then f(X) =
S f(N) |6:) (¢4]. This defines the functional calculus of continuous functions for self-
adjoint operators on finite-dimensional Hilbert spaces.

2.2.3 Positive cones and semi-pre-C*-algebras

An algebra A is a vector space equipped with a multiplication operation A x A — A
sending (a,b) +— a - b, for all a,b € A. In this work, all of our algebras are unital
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(i.e. contain a multiplicative unit) and are vector spaces over the field of complex numbers.
A x-algebra is an algebra A equipped with an antilinear involution * : A — A; a — a*.
That satisfies the properties (axy + 82)* = ay*z* + f2*, where 2,7,z € A and o, 3 € C.
A x-subalgebra S C A is a vector subspace of A that is closed under multiplication and
the s-operation. A linear map ¢ : A — B is a *-homomorphism if ¢(ab) = p(a)p(b), for all
a,b e A, and ¢(a*) = p(a)*, for all a € A. A two-sided #-ideal is a *-subalgebra Z C A
such that «Z C Z and Zb C Z, for all a,b € A, and a*Z C Z, whenever aZ C Z. Given
a finite collection of elements R C A, the ideal generated by R, denoted ((R)), is the
smallest two-sided ideal containing R. Elements b € A contained in the ideal generated
by R can be expressed as b = ZJEJ a;rib;, for all a;,b; € A, r; € R. If R is an ideal,
then (RU R*) is a #-ideal in A. If Z C A is a two-sided ideal in an algebra A, then the
quotient algebra A/7 is the algebra with multiplication (¢ +Z)- (b+Z) = ab+Z, where
a+7Z, b+ T are (cosets) elements of A/Z.

The following is based on the exposition of semi-pre-C*-algebras found in | .
Given a x-algebra A, we can identify the set of hermitian (i.e. self-adjoint) elements
Ay :={a € A:a=a"}. We then say that a € A is positive, written a > 0, if it is a sum

of hermitian squares (SOS), that is a = )., b;b;, with b; € A for all i € I. Like in the

case of B(H), this notion of positivity induces a translationally invariant partial order on
the self-adjoint elements A. We write a > b if a — b is positive (i.e. a sum of hermitian

squares). We denote the set of positive elements in A by
A ={ae A:a>0}.

More generally, the positive elements of a x-algebra defined as sums of squares are an
example of a x-positive cone. That is, the following holds for elements of A, :

(i) A-1€ A, for all A € Rag,
(ii) Ma+10b) € Ay for all a,b € A} and A € R>g, and

(iii) z*ax € A, whenever x € A and a € A, .

The reason for defining a *-positive cone on A is to define an abstract notion of bounded
elements in A. To do this, we let

Apaa = {a € A: IR > 0 such that a*a < R1},

denote the set of bounded elements in A. Not that Ap., is a x-subalgebra of A. Hence, if
A is generated as a x-algebra by S, then § C Apqq implies that A = Apqq. If a x-algebra
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has a positive cone such that A = Ay then A is said to be archimedean'® | ].
A x-algebra with a *-positive cone satisfying the archimedean condition is called a semi-
pre-C*-algebra. Note that ||a|| = inf{R > 0: a*a — R?1 < 0} is a semi-norm on .A. The
elements for which |la]| = 0 form the ideal of infinitesimal elements

Z(A) ={a e A:a"a <€l for all € > 0}.
The archimedean closure of A, are the hermitian elements
arch(Ay) ={a € A, :a+ el € A, for all e > 0}

A C*-algebra A is a norm closed #-subalgebra of B(H), and every C*-algebra A is a
semi-pre-C*-algebra with infinitesimal ideal Z(.A) = 0, and an archimedean closed cone

arch(Ay) ={a € Ay, : (hla|lh) > 0 for all |h) € H}.

This is quite different than the typical definition of a C*-algebra as a Banach x-algebra A
with a C*-norm. That is, a Banach x-algebra with a submultiplicative norm that satisfies
the C*-identity ||a*al| = ||a||?, for alla € A | .

2.2.4 States and x-representations

A state on a semi-pre-C*-algebra A is a linear functional f : A — C, such that

(1) f(a) > 0 for all positive elements a € A,
(2) (1) =1L

A state f: A — C is tracial if f(ab) = f(ba) for all a,b € A. Another important concept
in the theory of operator algebras is the commutant. The commutant of S C A is

S ={be A:ba=abforall a €S}

A representation of a semi-pre-C*-algebra is a *-homomorphism 7 : A — B(H), for some
Hilbert space H. By Schur’s lemma, a representation is irreducible if the commutant of
the image contains only scalars, that is m(A)" = {A-1 : A € C}. A vector state [¢))
is a unit vector in H. Given a representation 7 : A — B(H) and a vector state |¢), we
obtain a concrete state on the image 7(.A) via a — (¢|7(a)|y)), since 7 preserves positivity

IThis is sometimes also called the Combes aziom.
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and () = 1. A vector state [¢)) € H, is a cyclic vector for 7 : A — B(H) if n(A) [¢)
is dense (topologically) in H. That is 7(A)[)) = H, where the closure is taken with
respect to the norm topology on H. A vector state [¢)) € H, is a separating vector for
m: A — B(H), if n(a) ) = 0 implies m(a) = 0, for all a € A. It is well known that if
m: A — B(H) is a representation, then a state vector |¢) is cyclic for m(.A) if and only if

it is separating for w(A)" | ].

A tuple consisting of a Hilbert space H, a representation 7 : A — B(H), and a cyclic
vector [¢)) € H, is called a cyclic or (GNS) representation of A. It’s clear that every
cyclic representation gives rise to a state on A via f(a) = (¢|r(a)[y), for all a € A. On the
other hand, the fundamental GINS construction of Gel’fand, Naimark, and Segal shows
that every state f : A — C, gives rise to a cyclic representation (m, H, [¢)) of A. We will
not prove this fundamental correspondence as it can be found in many standard texts, for
example | : -

The importance of defining a positive (sum of squares) cone on abstract x-algebras can
now be made apparent.

Proposition 2.3. If A is a semi-pre-C*-algebra, then each a € A is bounded in every
representation.

Proof. Consider the norm

lla|| = sup{||7(a)||op : *-homomorphism 7 : A — Lin(H)},
for all @ € A. Let m be a representation, and suppose |v) € H is the unit vector such
that ||7(a)||2, = (v|m(a*a)|v). Let ¢ : A — C be the state a — (v|m(a)|v). Now, by the
archimedean property there exists R > 0 such that a*a < R1. However, this implies that

¢(a*a) < R, hence a is bounded in any representation. O

Lemma 2.4. If 7 : A — C is tracial state with GNS construction (H, 7, |v)), then |v) € H
is separating for 7(A).

Proof. Suppose 7(a)|v) = 0. Then for any b € A, we have 7(b)7(a)|v) = 0, which implies
that



where 7(b)*|v) = |w). Since b € A was arbitrary and 7(A)|v) = H this implies that
|m(a*)]| = ||7(a)]| = 0, and it follows that 7(a) = 0, as desired. O

In this work, we say that a state f : A — C is finite-dimensional if the Hilbert space
in the GNS representation of f is finite-dimensional. Whenever we have a representation
m: A — B(H) on a finite-dimensional Hilbert space H, we have the following structure
theorem for H and the representation .

Theorem 2.5 (Double commutant decomposition). If A is a C*-algebraand 7 : A — B(H)
is a x-representation with H finite-dimensional, then there is an isometric isomorphism

k
H=~CoCm, (2.2)
i=1
for positive integers n;, m; for i € {1,...,k}, and the decompositions
k k
m(A) = P M,,(C) @ L, and 7(A) = P 1L, ® M, (C). (2.3)

i=1 1=1
In particular 7(.A) and 7(A)" are direct sums of matrix algebras M, (C) and M,,,(C), each

with multiplicities m; and n; respectively.

We omit the proof. The statement can be found in classic text such as | |. The
following lemma is an easy consequence of this structure theorem:

Lemma 2.6. If f is a tracial state on A =2 @, M, (C) then f(-) = 32 | Atrn,(-), where
try, is the normalized trace on M,,(C), and 3% \; = 1.

We leave the proof to the reader. Note that if A = @F M, (C), then the trace is not
faithful whenever there is a A\; = 0 for some 1 < ¢ < k.

Lemma 2.7. If e and f are projections in a C*-algebra A and 7 is a faithful tracial state
with s(ef) =0, then ef = 0.

Proof. Use the tracial condition and self-adjointness of e to write 0 = 7(ef) = 7(e?f) =
T(e*fe) = 7((f/%e)*(f1/%e)) = 0, then f/2e = 0, implies ef = 0. O
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2.8 Quantum states, measurements, and correlations

The following is a brief review of quantum probability.

2.8.1 Quantum states and the Schmidt decomposition

A quantum state (or state vector) is a unit vector [¢) in a (complex) Hilbert space H.
A bipartite quantum state is a unit vector [¢)) € Hy ® Hp. A bipartite state is called a
product state (or product vector) if |¢) = |¢) ® |£), for some |¢) € Ha and |£) € Hp. If
a state is not a product state, then it is said to be entangled (or an entangled quantum
state).

A density operator is a positive (semidefinite) operator p € Lin(H), with the addi-
tional property that tr(p) = 1. Each quantum state |¢)) gives rise to density operators p
via the outer product |¢)) — [¢)(¢)| := p. The unit norm condition on [¢)) ensures that
any density operator p has tr(p) = 1. A density operator p € Lin(H) is said to be a pure
state, if p = [¢) (], for some state vector [¢p) € H (i.e. p has rank 1). Density operators
are convenient for representing probabilistic combinations (i.e. statistical mixtures) of pure
states.

If H4 and Hp are Hilbert spaces and [1)) € Ha ® Hp then |¢) has a Schmidt decom-

position
) = Zai|uz’> ® |vi),
iel

where the (positive) coefficients, o; > 0, for all ¢ € I, are called the Schmidt coefficients,
and the collections {|u;)}ier and {|v;) }ies are orthonormal subsets of H4 and Hp respec-
tively. The Schmidt rank of [¢) is the cardinality of /. The support of |¢) is the image
of the projector Y . ; |u;)(u;| ® |vi)(vi| € Lin(H4 ® Hp). Often we restrict to the image
of the local projections Y. |u;)(u;| € Lin(Ha) or D, |vi)(vi| € Lin(Hpg) to the tensor
factors H4 and Hp, which we refer to as the local support projections.

Given an operator X = X, ® Xp acting on a bipartite Hilbert space Hy ® Hp the
partial trace is the unique linear operator try : Lin(Hq ® Hg) — Lin(Hpg) for which
tra(X) = tr(Xa)Xp, where tr is the standard trace on Lin(Hg). The partial trace is ofen
employed to “trace out” the one of the bipartite systems, resulting in the local operator on
one of the system. A quantum state ) € Hq ® Hp is said to be maximally entangled
if its reduced density matrix try,(p) = pp on Hp (or pa = try,(p) on Hya) is 1/ dim(Hp)
(or 1/dim(Hpg)). The denstity matrix 1/dim(H) is called maximally mixed.
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2.8.2 Measurements and quantum probability

In the following, let X,Y, A, and B, be finite sets. A positive operator-valued measure
(or POVM) over a set of outcomes A, is a collection of positive operators { M, },ca acting
on a Hilbert space H such that ) M, = 1y. A projective (operator) valued measure
(or PVM) over a set of outcomes A, is a POVM { P, },c 4, with the additional property that
each P, is an orthogonal projection, for each a € A. If the state of a quantum mechanical
system is in the state 1)) € H, then the probability p(a), of obtaining outcome a € A, is
given by
pla) = (WIM,[1).

A (bipartite) correlation is a function p : Ax BxXxY — Rygsuch that >, , p(a,blz,y) =

1, for all (z,y) € X x Y. Thus, a correlation can be thought of as an element inside the

real quadrant RZY*Ax5,

Definition 2.9. A POVM quantum model for a bipartite correlation p is a pair of
finite dimensional Hilbert spaces H4 and Hpg, collections of POVMs {{MZ},cq : x € X}
and {{N/}rep 1 y € Y}, and a state vector |¢p) € Hy ® Hp such that

pla,blz,y) = (Y[ Mg © Nib),

for all (a,b,z,y) € Ax Bx X xY.

If p has a quantum model M, with H4 and Hpg finite-dimensional, then p is said to be
a quantum correlation.

Definition 2.10. A PVM quantum model for a bipartite correlation is a POVM model
with the additional constraint that each measurement operator is a projection.

The following results show that every quantum correlation has a projective quantum
model.

Theorem 2.11 (Naimark dilation theorem). Let {M,},ca be a POVM on a (complex)
Hilbert space H and |¢)) € H, then there is a Hilbert space K, an isometry V : H — K,
and a projective valued measure (PVM) {P,}.c4 acting on K, such that M, = V*P,V.

Proof. Let K = H® C*, and define V : H — H @ C* via |h) — Y, Ma*|h) @ |a),
for |h € H, where {|a)}qca is the standard orthonormal basis for C*. Now, define P, :=
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1 ®|a)(a|. Clearly, > ,c4 Po =1y ® Ica = 1 and P? = P, = P;. Lastly we observe,
(h[V* PV [h) = (V™ (T @ |a)(al) V]h)
= (AL M ) (la)a (ale)c
b,ceA
= (h|M,|h),

for all |h) € H, and hence M, = V*P,V as desired. O

Corollary 2.12. If {M,}sca @ POVM on H and |v) is a state on H such that p(a) =
(v|M,|v), then there is a Hilbert space K, a vector |u) € K, and projective (PVM) mea-
surement {P,},c4 on K, such that p(a) = (u|P,|u). Moreover, if H is finite-dimensional,
then we can pick K to be finite-dimensional.

Proposition 2.13 (Simultaneous Naimark dilation). Let {{MZ*},c4 : € X} be a collec-
tion of POVMs on H, there is an Hilbert space K, an isometry V : H — K (independent

of x € X), and a collection of projective measurements {{Pr},ca : * € X}, such that
VMV =P forallae A,z € X.

The idea in Proposition 2.13 is to iteratively construct Naimark dilations. We refer the
reader to the proof in | : ].

Corollary 2.14. If {M,}.ca is a POVM on Hyu, and |v) is a state on Hy ® Hpg, such
that p(a) = (v|M, ® Npy|v), then there is a Hilbert space K, a vector |u) € Kx ® Kp,
and projective (PVM) measurement {P,},ca on K4 and {@Qp}rep such that p(a,b) =
(u| P, @ Qplu) for all (a,b) € A x B. Moreover, if Hy ® Hp is finite-dimensional, then so
is KA & KB.

Proof. Suppose M is a model achieving (or realizing) p, then there are Hilbert spaces
H,y and Hg, POVMs {M7?}.ca acting on Hyu, {N/}1ep acting on Hp, and a vector state
| € Hy ® Hp, such that

pla,blz,y) = (Y|Mg @ N|),
orall z,y,a,b € X XY x Ax B. For each x € X and y € Y, consider the corresponding
projections { Py }aca and {Qg}beg actingon Hy = Hy ® C* and Hg = Hp ® CP and state
|) = Va® Vp|Y) € Hy ® Hp obtained via Naimark dilation (Theorem 2.11), then
(WPF @ NY|§) = (](Va ® V) Py @ Q) (Va @ Vi) )

— (GIVEPEVA ® VEQUVE)I)

= (Y| Mg ® NJ|p)

= p(a, b|l’, y)
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It follows that H 4 and H p are finite-dimensional only if H4 and Hpg are finite-dimensional
respectively. O]

2.14.1 State induced matrix semi-norms

By a matrix algebra, we mean the x-algebra M;(C) of complex d x d matrices equipped
with an antilinear involution. For A € My(C) this antilinear involution, mapping A — A*,

is the conjugate transpose A* := ZT, where the transpose T is taken with respect to a
basis for C%. For A € My(C), a matrix semi-norm || - ||ar,c) : Ma(C) — R, satisfies

(1) [[cAll = |¢|||A]| for all ¢ € C, A € My(C),
(2) [|[A+ B|| < ||A|| + || B]| for all A, B '€ My(C),
(3) ||A|| >0, for all A € My(C).

If in addition, ||A|| = 0 if and only if A =0 (the definiteness property), then || - ||, is a
matrix norm. Two common matrix norms are the operator norm || A||,, and the Frobenius
(or Hilbert Schmidt) norm ||A||p. For a finite-dimensional Hilbert space H, the set of
linear operators Lin(H) is equipped with the Frobenius (Hilbert-Schmidt) inner-product

(A,B)p :==tr(A*B), forall A,B € Lin(H).
We also often use the little Frobenius (or normalized Hilbert-Schmidt) norm, denoted by
1AI[} = tr(A*A) /d = || All7/d,

for all A € My(C). The normalization in the little Frobenius norm ensures that ||1||; = 1,
in contrast to ||1||z = V/d.

Lemma 2.15. For A, B in My(C) we recall the following standard results:
L || Allop < |AllF < Vd||Alop (matrix 2-norm inequality).
2. |AB||r < [|AllopllBllr < |AllF||B|lF (submultiplicativity of the F-norm).
3. 1|A]l; < |Allop < V|| Ally. (normalized 2-norm inequality)

4. [UAV ||y = ||AV ||y = ||A|ls for all unitaries U,V (unitary invariance).
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5. JABC|s < || AllopllBll£]IClop (bimodule property of f-norm).
6. ||A*[|f = ||Allf (*-norm identity).
7. If 0 < A < B, then ||A|; < ||B||s (respects positive order).

8. If AA* <1 (or A*A < 1), then ||AB||r < ||B||r (similarly ||BA|r < ||B||r) for any
B e My(C).

These well known results about || - ||op, || - ||F, and || - || can be deduced from facts in
the wonderful book | ]

Remark 2.16. Unlike its unnormalized counterpart || - ||, the little Frobenius norm || - ||
is not submultiplicative.

Definition 2.17. For a density operators p € Lin(H) the state induced semi-norm (or
p-norm) is given by
TN, 2= 170"l

for all T € Lin(H). The non positive-definiteness of the p-norm is the result of any

degeneracies (0-eigenspaces) in p.

Remark 2.18. In the case where p = 1/d is the maximally mixed state, the p-norm
| - ||, coincides with the little Frobenius norm || - ||f = || - ||1/a- Therefore, starting from a
maximally entangled state the induced p-norm on Hp (or H,) is the little Frobenius norm

-1l

2.19 Approximate representation theory for x-algebras

Much of this section is based on the lectures from William Slofstra’s graduate course
on Approximate Representation Theory | |. Many statements in this section are
generalizations of results] | generalized from the group case.

2.19.1 Finitely-presented *x-algebras

Let X be a finite set of variables and define the set X* = {2* : x € X}. We let C*(X)
denote the free x-algebra generated by X. The free x-algebra C*(X) has the following
universal property. For any x-algebra .%, suppose f : X U X* — Z is a function, and
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t: X UX* < C*(X) is the natural inclusion, then there is a unique homomorphism
@ : C(X) = #, such that ¢|xux~) = f, that is, the restriction of ¢ to X UX* is f. This
universal property is summarized by the following commutative diagram:

C*(X)

e

XUuX~®

L

F

(2.4)

)

The elements of C*(X) are finite linear combinations of monomials (i.e *-polynomials) in
the variables x € X U X*, with complex coefficients. Let multi(X U X*) be the ordered
multisets of X U X*  then every p € C*(X) can be expressed as a non-commutative

polynomial
p= Z Ca H xz,

aCmulti(XUX*) TEQ

with ¢, € C, for all @« C multi(X U X*). The convection is that the empty product gives
the unit, that is we write [[, = 1.

If R a finite collection of non-commutative *-polynomials in the variables X U X*. The
finitely presented *-algebra C*(X : R) is the quotient of C*(X) by the smallest x-ideal
containing R, also known as ((R)) (the *-ideal generated by R). Since X and R are finite,
we call

C{X : R) :=C(X)/{(R)).

a finitely-presented *-algebra. If &7 = C*(X : R), then we call the choice of generators
and relations (X, R) a presentation of </. It can be shown that every x-algebra has
a presentation, however, we are not guaranteed that the existing X and R are finite in
this presentation. To motivate our definition of approximate representation we note the
following fact.

Proposition 2.20. Let .% be an arbitrary x-algebra. *-homomorphisms ¢ : C*(X : R) —
Z are in bijection with functions f : X U X* — % such that f(r) =0, for all r € R.
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Proof. Given a x-homomorphism ¢ : C*(X : R) — .%, we have the following diagram:

g
E

)
/

Y

Q
=
E

(2.5)

g ¢

where ¢ : C*(X) — C*(X : R) is the quotient map induced by the ideal ((R)). By the
universal property, the homomorphism ¢ factors as ¢oq, and is 0 on the kernel of q. Hence,
©|xux+(r) = 0 implies that f(r) =0, for all relations r € R. O

Definition 2.21. Let & := C*(X : R) and # = C*(X’ : R') be finitely presented x*-
algebras. A homomorphism ¢ : &/ — % of presented algebras is a pair (¢, ¢), such

that (Z : C*(X) — C*(X’). The terminology is motivated by the following commutative
diagram:

where ¢ and ¢’ are the canonical projections induced by the quotient of the x-ideals ((R))
and ((R')) respectively. With this is mind we refer to ¢ as the lift of ¢ (or equivalently
that ¢ descends) to ¢.

By Proposition 2.20 *-homomorphisms of finitely presented *-algebras ¢ : & — % are
in bijection with lifts ¢ : C*(X) — C*(X’) such that ¢(r) = 0, for all € R.

Remark 2.22. Assume X is finite, a relation r is non-commutative #-polynomial (z1, ..., x,) —

r(xy,...,x,), that is
r= annx

rEQ

where « is a subset of the multiset of X U X *. Functions f: X U X~ 7 can be viewed
as elements y € FX"*". The evaluation map eval, : C*(X) — .Z is the homomorphlsm
taking polynomials p — p(y). Hence, we can iden%ify Hom(C*(X : R),.#) with the set
{y € FX%" :r(y) =0, Vr € R}. In particular, such *-homomorphisms send

p(X UX¥) anHpr (X UX") anHf

reQ reEQ
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2.22.1 Approximate representations of finitely presented x-algebras
and stability in matrix algebras

The final remark in the previous subsection suggests a notion of approximate represen-
tation. Suppose that </ is a finitely presented #-algebra o = C*(X : R). Letting
# = My(C) with a matrix norm (or seminorm) || - ||az,(c), We can identify the space
Hom(</, M4(C)) with matrix representations Rep(<7, My(C)). Let € > 0, we denote the
space of approximate representations by

Approx(A, My(C), €) = {m € Ma(C)*™*" + r(m) | agyc) < €, V7 € R}

With that in mind, consider the following definition:

Definition 2.23. Let &/ = C*(X : R) be a finitely presented x-algebra and let || - || be
a semi-norm on M;(C). An e-representation of &/ is a *-homomorphism ¢ : C*(X) —
My(C) such that

[o(r)]l <,
for all r € R.

Remark 2.24. Whenever || - || is a norm, a O-representation corresponds to a genuine
homomorphism C*(X : R) — My(C) by Proposition 2.20. In this work, will primarily
focus on the case where the matrix norm || - || is a state induced semi-norm || - ||,. That
being said, the study of e-representations is certainly not limited to this particular family of
matrix norms, nor even matrix algebras. In fact, it is extremely interesting to contemplate
a general theory of the subject.

Sometimes we may abuse notation and write ¢ : &7 — My(C) for an e-representation,
or say that ¢ is an e-representation of o7, with the understanding that the e-representation
refers to the s-homomorphism ¢ : C* (X) = My(C), the lift of ¢. Although one can study
approximate representation theory with respect to any family of normed algebras. Because
our focus here is on proving results concerning quantum strategies and nonlocal games,
we will be restricting ourselves to the family of matrix algebras with the little Frobenius
norm || - ||;. This norm has a natural motivation in the sense that if ¢ : A — My(C) and

|y = \/La Zle i) @ |i) € C?® C? then the state f(a) = (¥|a ® 1|¢)) has the property that

fla*a) = (Y|¢(aa) ® 1|v) = [|¢(a) @ LY)|I* = tr(a*a) = [[¢(a) 3.

We will also be interested in proving results for other state induced semi-norms. In partic-
ular, in the context of nonlocal games, we will obtain a norm that may not be induced by a
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tracial state but will have a certain approximate tracial property. The following technical
definitions will come in handy when working with approximate representations:

Definition 2.25. An e-representation ¢ of a finitely presented algebra C*(X : R) is a
mixed approximate representation if for a nonempty subset 7" C R of the relations we
have that ¢(r’) = 0 for all v’ € T. We call the subset of relations in 7" the exact relations

of ¢.

Definition 2.26. A finite-dimensional unitary e-representation of C*(X : R) is a map
¢ : C*(X) — U(C?) such that in addition to ||¢(r)|| < ¢, for all r € R, we have ¢(z)¢(z)* =
o(z)*p(x) =1 for all z € X.

Here, we mention an elementary lemmas about approximate representation that may
be of interest to the reader regarding tensor products and direct sums of approximate
representations.

Lemma 2.27. Suppose ¢ : C(X) — My(C) and ¢ : C(X) — My (C) are e and €-
representations of &/ = C*(X : R) respectively with ¢,¢ < 1. Then ¢ @ ¢ is a max(e, €)-
representation, and ¢ ® 1 is an (e + €')-representation, with respect to || - || s.

Proof. For the first claim, we consider

2

oo wmlz=| (% .0 f

i (0 ) (0 )

1 . )
T (@) o) + tr(w(r) Y (r))

lo(r)IIF N [ (r)I7
(1+d/d)  (1+d/d)

Without loss of generality, suppose ||¢(r)||; > [|#(r)]| 7, then

I(¢ &) ()7 < l6(r)II} ((11162//3;11: j,//;))

= llo(r)} < €.

It follows that ¢ @ 1 is a max(e, € )-representation of A.
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For the second claim, we have

I(¢® ) ()} = d d, [(¢(r) @ ¢(r))(o(r) @ o(r))"]
((7“) ¢(r)) tr(¥(r)*(r))

d/
= [lo(r )||f||¢( )7
Hence ||¢ ® ¥(r)||; < €+ € provided both €, € < 1. O

The assumptions that ¢ < 1 may seem strong, but for the most part we are interested
in the case when ¢ — 0. When doing asymptotic analysis it is often convenient to ignore or
hide constants, focussing on the functional dependence or relationship in terms of €. This
is done using the notion of big-O notation. For strictly positive functions f, g : R>g — R,
we write f(xz) = O(g(z)) as  — 0, to mean that there exists a § > 0 and an N > 0, such
that f(z) < N - g(x), for all x < 4.

2.27.1 Finitely-presented /;-bounded *-algebras

A fundamental issue when doing approximate representation theory that we must address
is that the free algebra is not bounded. That is, there are *-representations of a finitely
presented x-algebra .7 where the elements have unbounded norm. There are a few ways
to deal with this issue. Here we recall that, if p € C*(X : R), then we recall that the
¢1-norm of p is ||plle, =D, |cal- Now, we will equip C*(X : R) with the *-positive cone of
hermitian squares. Recall that an element a € o/ is SOS (or a sum of hermitian squares)
if a =7, bib;, with b; € A for all i € I. That is @/, = {p € & : pis a SOS}, and & is a

semi-pre-C*-algebra. With a notion of positivity we can now make the following definition.
Definition 2.28. A finitely-presented *-algebra &/ = C*(X : R) is an /;-bounded x*-
algebraif 0 < z*z <1, forallz € X

By including this relation we are effectively restricting ourselves to the representations
of C*(X) where the image of each generator = has operator norm at most one. The above
definition is motivated by the following observation:

Lemma 2.29. If &/ is an ¢;-bounded *-algebra and ¢ : C*(X) — Lin(H) is a representa-
tion, then for every p € C*(X) we see that

[6(P)llop < [[Plley-
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Proof. By the GNS construction ||7(x)||? = (v|7(xz*z)|v) for some v € H, corresponds to
a state ¢(x*x). But note by the ¢;-bound property we see that x*x < 1, which implies
¢(z*r) < 1, hence x is bounded in representations. The result follows by noting that p is
a linear combination of monomials in the elements of X, hence

lomllop < D leal [TI6GNop <D leal = [Pl

aCmulti(X) JjEx o

as desired. ]

We mention some examples of finitely presented ¢;-bounded x-algebras.

Example 2.30. That is the semi-pre-C*-algebra generated by C*(X') with relations z* = x
and 0 < z*x < 1, for all z € X. This gives rise to the universal C*-algebra of contractions.

Example 2.31. The semi-pre-C*-algebra generated by C*(X) with relations zz* = z*x =
1, for all x € X. This gives rise to the universal C*-algebra generated by a unitary .

Example 2.32. The complete orthogonal projection algebra
PVM(m)=C" <{p1, D} =P =P oo =0for k#j,) pj= 1> :
j=1
Example 2.33. The (unitary) group algebra of Z§,

CzZk = C'{z1,..., 2} i 2f = 2,22 = 1, z;z; = zjz;, for i # j).
2.33.1 e-representations of /1-bounded x-algebras under different
presentations

Lemma 2.34. Let & = C*(X : R) and & = C*(X': R') be finitely presented *-algebras
generated by contractions and suppose that ¢ : & — % is a homomorphism. If v :
C*(X) — C*(X') is a lift of 1, then there exists a constant C' > 0, such that if ¢ is an

e-representation of #, then ¢ o) is a Ce-representation of o/ with respect to || - ||f.

Proof. Consider the lifts of & and £ as in Definition 2.21 with quotient maps ¢ : C*(X) —
o and ¢ : C*(X') — AB. Let r € R, since ¥ o q(x) = ¢ op(x) for all x € X, we see
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that ¢’ o ¢(r) = 0. It follows that 1(r) € (R') for all r € R, and ¢(r) = Y icr Tiriy; for
pi, st € C(X"), ri € R for all i € I. Hence, we see that

lo o w(r)lly =11 pirisily

icl
<D @ lapl oDl slle(s:)llop
el
< [ f(max{[lo (@) lop: 1o () lop}) e
< [f(max{[|pille,, 15l }) %,
and the result follows by setting C' = |I|(max;{||p}|le,, I|5}]le, })?- O

Of particular interest is when ./ and 4 are *-isomorphic as finitely presented x-algebras
(i.e. they are different presentations for the same *-algebra).

Corollary 2.35. Suppose &/ = C*(X : R) and # = C*(X' : R') are {;-bounded *-
algebras and there is an x-isomorphism ¢ : & — ZA. If ¢ : C(X) — My(C) is an
e-representation with respect to || - ||, then there exists a constant C' > 0 for which ¢ o @Z
is an Ce-representation of % with respect to || - ||, where ¥ is descends to 1.

It follows that e-representations of finitely presented x-algebras with different presenta-
tions are O(e)-equivalent, where the constant depends on the presentation of the algebra.

2.35.1 Stable relations and replacement

For some relations an approximate representation has a nearby exact representation. In-
formally, relations for which this holds are called stable relations. The stability of relations
with respect to matrices and a norm || - || is a property of finitely presented x-algebras that
we now describe formally:

Definition 2.36. Let g : R>yg — R>¢ be a function. A finitely presented complex *-
algebra C*(X : R) is (g,C)-stable with respect to matrices and | - ||, if for every
e-representation ¢ : C*(X) — My(C), with ¢ < C, there is a *-representation ¢ : C*(X :
R) — My(C) such that

[p(z) — ()] < g(e),
for all z € X U X*. We say that C*(X : R) is matrix stable with respect to | - ||, if

for every e-representation with e < C, there exists a constant C > 0 such that C*(X : R)
is (Ce, C)-stable (i.e. whenever g(¢) is O(e)).
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The definition above is not the only definition of stability found in the literature. This
definition of stability is sensitive to the choice of matrix norm. In the following results,
we restrict to the little Frobenius norm, as it’s the most useful for our applications. The
following “replacement” lemma is a key tool in approximate representation theory and
stable relations.

Lemma 2.37 (Replacement). Let &/ = C*(X : R), R C R, such that C*(X : R) is an
¢1-bounded x-algebra. There exists a constant C' > 0, such that if ¢ : C*(X) — M,(C) is
an e-representation and ¢ : C*(X : R) — M,(C) is a representation with

le(z) = ()l <0,
for all z € X U X*, then ¢ is a (Cd + €)-representation of &7 with respect to || - || .
Proof. Since each relation r € R is a polynomial in X UX*, there is a finite set of monomials

Wo = [[,cq @, for a € A, such that r = > _, caw,, with ¢, € C for all o € A. First we
observe that on the level of monomials

a€cA

lp(wa) = Y(wa)lly = llp(@r .. an) = dlar---a)lly

k
< Z le(zi) = (@)l T le@)llop

J#i
k
<3 lple) — bl
=1

since ||¢(z)|lop < 1, for all z € X U X*. So
lp(w) — d(w)lly < k9,

for monomials of length k. Now,
le(r)lly <lle(r) = )lls + 110l
<[le(r) —o(r)lls +e€
< lealllp(wa) = dlwa)lly + €.

acA

If I, denotes the length of the monomial w,, then we see that
lp(r) = o(r)ll; < [Almax{lea| - la}d + e,

and the result follows by setting C' = |A| max,{|ca| - la}- O
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In particular, Lemma 2.37 shows that if we have an e-representation of <7, and &
has a subset of matrix stable relations, then we can replace the e-representation by one
satisfying the stable relations, and the resulting “stabilized” representation will remain an
O(e)-representation with respect to the remaining relations R \ R.

2.38 Some stability results for matrices and || - ||;

We now state some elementary stability results that hold in the case of the || - || f-norm.
These results will be used in later Chapters. Many of these results hold for other choices
of matrix norm but we leave the specifics to the interest of the reader.

Proposition 2.39. For any matrix X, there is a self-adjoint matrix Y with
1 ‘
IX =Yy < 5l1X = X7

Proof. Let Y := 4 (X* + X), then Y* = 3 (X + X*) =Y and

X =Y, =

20X — X*— X| 1 .
2= =5y
f

]

Proposition 2.40. For any matrix X with || X||,, < 1, there is a unitary W such that
X =Wy < [[ XX = 1.

Proof. Take the singular value decomposition X = UXV so that ¥ is a diagonal matrix
with non-negative singular values s; € [0, 1], for all 1 < j < d. Define the unitary W := UV
and observe that

X = UV =UE =DV = 1= -1l
<[I(Z=DE+Dllly = I5* = 1l = [V EUUE =DV
=[|[(V*Z*UNUEV = V*V|; = [| XX — 1|y,
since 1 — 55 = (1 —s;)(1 +5;) > 1 — s, for all 5; € [0,1]. O
Remark 2.41. If X is self-adjoint, then in Proposition 2.40 it suffices to pick the unitary

W = U from the polar decomposition X = U|X| of X, where | X| := v X*X is a positive-
semidefinite matrix.
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Proposition 2.42. For any diagonal matrix X, there is another diagonal matrix Y, with
Y2 =1 and

1
X-Y|[p<|(1+—=)IX*=1];.
Ix =¥l < (14— 1 - 1l

We refer the reader to the proof of this proposition from | ].

Lemma 2.43. Let X be a matrix with || X|l,, < C. If [X — X*||; < eand [[X? 1| <,
then there exists a constant C' > 0, and a unitary Z such that Z? = 1, and

12— x|y < Ce.
Proof. Let Y = (X* + X)/2 so that Y is self-adjoint and by Proposition 2.39 || X —Y||; <

€/2. Since Y is self-adjoint there is a unitary U that diagonalizes Y. By Proposition 2.42
there is diagonal matrix W with W?2 = 1 and

\W —-UYU*||; =||UWU =Y
1
<|(14+—F% ) |UY?U" -1
< (1+55)1 I
1
=14+ —=)[|IY2-1|.
(1+5) 1w~y

Y2 =Ty < YV* = X2y + 1 X* = 1
<NY? = XY + | XY = X +e
= [[(Y¥ = X)Y Iy + [ X(Y = X)[l; +e
<Y |lope/2 + Ce/2 + €
< (C+1)e
hence, letting Z = U*WU we see that Z? = U*WUU*WU = 1 and Z* = (U*WU)* =
UW*U = Z, since W* = W. Putting it all together, we see that

12 =Xy <lZ =Y, + 1Y = XI;

Moreover,

1
<+ Y =1y +e2

V2
1
<1+ E)(C’—i— Le+e€/2
< C’e,
as desired. ]
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Corollary 2.44. The x-algebra generated by {zi,...,z,} with relations x; = z} and
x7 =1, for all 1 < i < n, is matrix stable with respect to | - ||1.

Proof. This follows directly from Lemma 2.43 and the observation that any diagonal matrix

W is self-adjoint, hence Z* = U*W*U = U*WU = Z, as desired. O

Proposition 2.45. Let P € Lin(H). If there exists a constants 0 < Cp, and 0 < € < 1
such that || Pllo, < Co, |P — P*||y < ¢, and ||P? — P||; < ¢, then there is a constant C' > 0
and an orthogonal projection P such that

|P — P|; < C.

Proof. Let X = 1 — 2P so that | X|,, < 2C;+1 = C. Since P = (1 — X)/2, we see
that || X? — 1|l < 4e and || X — X*||; < 4e. Hence by Lemma 2.43 there exists a self-
adjoint unitary Z such that Z2 = 1 and | X — Z||; < C4e.Now let P = (1 — Z)/2 so that
P2 = P = P*. Lastly, we see that

. 1 .
P~ Pl =517 - XIl; < O,
and letting C" = 2C' completes the proof. m

The proposition above demonstrates that if we have a matrix that is almost an orthog-
onal projection in the little Frobenius norm, then there is always an orthogonal projection
nearby.

Definition 2.46. Let

APVMZC’*<ea,aEA,:ea:eZ:eZ‘v’aeA,Zea:]l>

a€A

denote the PVM algebra. That is the universal C*-algebra generated by orthogonal pro-
jections with the completeness property.

Lemma 2.47. Given an € > 0, and a collection of positive contractions A, ..., A,, acting
on a finite dimensional Hilbert space H such that ||A? — A;|l; < €, ||A;A4;]l; < € and
1>, Ai—1||; <€ forall 1 <i# j<m. There exists a constant N > 0 and a collection of
mutually orthogonal projections P, ..., P, such that |P, — A;||; < Ne, for all 1 <i < m.
In addition, we can pick the projections so that > . P, = 1.

The proof is based on a result in | ] which relies on the following observation.
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Lemma 2.48. Let C be a positive contraction in My(C). If ||C? — C|; < ¢, then there is
an orthogonal projection I such that ||[IT — C||; < 2v/2e.

Proof. Let Ilc = xp1/21)(C). We claim that ||llc — C||; < 2v/2¢. Let Q = (1 — II¢)C and
P = TcC so that C = P + Q. We begin by noting that ||Q — Q*||; < ||C' — C?||; and
| P — P?||; < ||C — C?||;. Since 0 < Q < %, we see that

Q-@=01-Q)> 30

from which we conclude that [|Q[/; < 2||Q — Q?||;. Similarly, from the fact that $1Ic <
P <1, we see that

1 1
P—P*=P(1-P)>Tle(l-P) = S(llc - P),

hence ||IIc— P||; < 2||P—P?||. Since @ and IIo(1— P) are orthogonal, by the pythagorean
identity, we see that

IC —Tlc||7 = (P4 Q) —c||7 = |P —Tell7 + [|QIF < 8|C — C?|IF,
and the result follows. O

Proof of Lemma 2.47. We proceed by induction on m € N. The m = 1 case is mostly
covered by Lemma 2.48. It only remains to see that the projection ||II; —1||; < e. However,
since we have ||C; — 1||; < e and ||TI; — Cy]|; < 2v/2¢, the result follows. Now, by the
induction hypothesis suppose it holds for all 1 < k£ < m. Let C,,,; = C and define the
projection R =1 — 3" TI,. Define IT = xp1/21)(RCR), so that our objective is to bound
the quantity ||II —C|; in terms of €. Let N,,, > 0 be the constant obtained in the inductive
step. First, we note that

ITLC|[; < CiCl ¢ + [T = Cil| [ Cllop < (N + 1)e, (2.6)
that for all 1 <7 < m. Now, observe that

|RCR —Cl[y < |[RCR— RC||y + [|[RC = C||¢
<NRlpl|CR = Cllf + |IRC = Cy
< RO = ||y + [|RC = Cl¢
< 2[[RC —Cly,
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using self-adjointness of the norm, as well as of C' and R. Hence,
IRCR = Clly < 2|RC = Clly <2) ILCls < 2(Np + e (2.7)
i=1
using equation (2.6). Since RC'R commutes with C, we see that

I(RCR)* = C?||y = [(RCR+ C)(RCR — C)||y < 2||RCR - C||;. (2.8)
It follows that

I(RCR)* = RCR|; < (RCR)* = C*||; + [|C* = Cl; + |C = RCR|;
<3[[RCR—C|[y +[[RCR - C|y
<6(Np +1)e+e
< 6(Ny, + 2)€
Putting it all together, we deduce that

ITT = Clly < 2V2||(ROR)* = RCR|; + | RCR ~ C|;
< 12V2(N,, + 2)e + 2(N,, + 1)e
< [(12\/5 +2)N,, + (24V2 + 2)] c.
IT is clearly an orthogonal projection, and since R is orthogonal to each Il;, it follows that
ITI; = 0 for all 1 <@ < m. Lastly, define M =10 +1 -7 L =1 — 7 so that

I, + ZmH I, = 1. Then I, ... , 41 is a family of complete mutually orthogonal
projections and we see that

I =l < =S Gl + 130 =3 i = 2
=1 =2

m+1

Se+ Z |Cs — T

=2
<e+ (m—1)Nye
= [(m — 1)N,, + 1]e,

and the result follows. O

Corollary 2.49. The PVM algebra is stable with respect to matrices and || - ||;.

39



Chapter 3

Perfect strategies for nonlocal games
and game algebras

In this chapter, we formalize the theory of nonlocal games and nonlocal game algebras
for synchronous, boolean constraint systems (BCS), and XOR nonlocal games. We begin
in Section 3.1, with a review of the theory of quantum correlations from Bell scenarios
and show that the value of a nonlocal game is a positive linear functional on the space
of correlations. In Section 3.2, we define perfect and optimal finite-dimensional quantum
strategies. In Sections 3.7 and 3.13, we show that in the case of projective quantum
strategies, perfect quantum strategies for synchronous and BCS nonlocal games correspond
to representations of the synchronous and BCS-algebras with maximally entangled states.
In Section 3.24, we show that BCS and synchronous algebras are isomorphic as *-algebras.
We end the chapter with Section 3.27, where we elaborate on the correspondence between
optimal strategies for XOR games and tracial states on the XOR-algebra.

3.1 Quantum correlations from Bell scenarios

In a Bell scenario, two spatially separated parties, Alice and Bob, are given inputs x and
y from finite sets X and Y. Upon receiving their inputs, the parties, which are not allowed
to communicate with each other, reply with outputs a and b from finite sets A and B. The
probability of observing outcomes a,b € A x B given inputs x,y € X X Y is denoted by the
expression p(a, b|z,y). The collection of probabilities

p= {p(a, b’% y}a,b,x,yEAxBxXxY
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is called a correlation or behaviour. Indeed, if each party selects their outcomes from
probability distributions p, : A — R for each z € Xand ¢, : B = R, for each y € Y, then
their behaviour p(a, b|z, y) = p,(a)q,(b), for all a, b, x,y € AxBxX XY, is entirely classical.
However, this expression does capture all the possible classical behaviours. To obtain all
classical correlations, one must allow for some shared randomness between the parties.
More formally, we say that a correlation p is a classical correlations, or an element of the
set C.(X,Y, A, B), if there are distributions Y (a) and g (b) and probabilities 0 < \; <1
for 1 <i <k, such that

p(a,blz,y) kax (b) (3.1)

forall a,b,z,y € AXxBxXxY. Given a class1cal correlation p, the collection of probabilities
{Ai : 1 < i <k} and the distributions {pg)(a) 1 <i <k}, {q?(f)(b) :1 < i <k}, for all
x,y € X x Y, are a classical model for p. Hence, a correlation is classical if and only if
it has a classical model. The set of classical correlations C.(X,Y,A,B) is a closed convex
subset of RXXY*AXB,

Quantum mechanics provides a more general way to describe the probabilities of a Bell
scenario. If Hy and Hp are finite-dimensional Hilbert spaces, and {{M,}.en : © € X},
{{Nb}res : y € Y} are collections of measurement operators (POVMs) acting on H4 and
Hpg, and p is the density matrix describing the state of the joint system H4 ® Hp, then the
probability of observing outcome a,b on inputs x,y is given by the quantum expectation
value

pla,blz,y) = tr((Mg @ Ny)p), (3.2)

forall a,b,z,y € AxBxXxY. We call the pair of Hilbert spaces, collection of measurement
operators, and density matrix, a quantum model for p. Note that if the density matrix
p has a separable decomposition, then Equation (3.2) is of the same form as Equation
(3.1), with the local distributions given by the inner-product of the separable eigenstates
with the POVMs. Therefore, the quantum mechanical description fully captures the set of
classical correlations. The natural question is what happens if the state is entangled, that
is, when p is not separable?

Before we discuss whether the set of correlations captured by a quantum model is larger
than the set of classical correlations, we note that a simple purification argument shows
that any correlation obtained with a mixed state p can be obtained from a pure state |¢) in
a larger (but still finite-dimensional) bipartite Hilbert space. Since the local measurement
operators do not act on this auxiliary space, we restrict ourselves to considering quantum
models with pure states, and therefore correlations of the form

pla,blz,y) = (Y[ Mg © Ny|4), (3-3)
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for all a,b,z,y € Ax Bx X xY. A correlation p that has a realization as in Equation (3.3)
is called a quantum correlation. The set of quantum correlations is denoted C,(X,Y, A, B),
or just C,. Hence a correlations is a quantum correlation if and only if it has a quantum
model, and from the above we note that C, C C,.

However, the notion of “quantum model” above is not the only way to characterize
“quantum correlations”. There is no a priori reason from we need to assume the Hilbert
spaces Hp and Hpg are finite-dimensional. Removing this assumption gives us a potentially
larger set of tensor-product (or spatial) quantum models, and a correlation belongs to this
set of correlations Cy, if it has a tensor-product model. Furthermore, rather than a tensor-
product of Hilbert spaces, why not consider a single (potentially infinite-dimensional)
Hilbert space where the compatibility of the measurement operators is enforced by the
restriction that each N} commutes each MZ. This framework is called the commuting
operator framework, and a correlation p is in the set of commuting operator correlations
Cye if there is a commuting operator model for p. In the tensor-product (resp. commuting
operator) model, the quantum states can be any unit vector in Hy ® Hg (resp. H). All
of these frameworks, although each one more general than the other, are consistent when
restricted to the set of classical correlations.

We also mention that the sets C, and C,. are closed, however, it was shown by Slofstra
[ ] that neither C, nor Cy, are closed. Therefore, we consider their closure Cy, (some-
times called the quantum approximable correlations). This gives us a chain inclusions:

C.CCyCCys CCyy CCe . (3.4)

Bell’s celebrated result | ] is the separation of C, and C, by demonstrating that
there are quantum correlations that do not have a classical model. Although not obvious
at all, we now know that all the inclusions in Equation (3.4) are strict, meaning there
are correlations in each set, not contained in the latter. The separation between C, and
Cys was given by Coladangelo and Stark | |, between Cys and Cy, via the non-closure
result of Slofstra | | (several other proofs now exist, for instance [ , ,

|), and finally the separation of C,, and C,. by the celebrated construction in the
[ ], which also resolved the Conne’s Embedding Problem via the equivalence shown

in | , , .

Each of these sets is a convex subset of R**Y*AXB_In this language, a Bell inequality is a
separating hyperplane on the set of quantum correlations, and a violation of the inequality
is achieved by correlations that have a quantum but no classical model. A refinement
of Bell’s inequality, known as the CHSH inequality given by | ], provides a more
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concrete notion of this separation in terms of a concrete scenario Bell scenario and values
of the corresponding classical and quantum correlations.

Inspired by the similarity of a Bell scenarios and multiprover interactive proof systems, a
concept from complexity theory. Cleve, Hoyer, Toner, and Watrous introduced the notion
of a two-player nonlocal game, a framework which unified several pre-existing examples
and families of Bell-like inequalities | ]. A two-player nonlocal game G is a Bell
scenario with another party called the referee (or verifier). The role of the referee is to
distribute inputs to the players from the predetermined distribution g : XxY — R and to
verify the outputs. This verification is specified by a predicate V : X x Y x Ax B — {0, 1},
where a 0 is a loss, and 1 is a win. The aim of the players is to devise a strategy S that
achieves the highest probability of winning. Given a strategy S, the probability of winning
the game G under S is called the “value” of the game under S. The value of the game is
expressed by the quantity

W(@8) = Y oley) S Viay,abplada,y).

T, YyeX XY a,be AXb

Note that a strategy S realizes the correlations p(a, b|z, y), for all a,b,z,y € X xY x Ax B,
and so often we talk about correlations and strategies interchangeably.

Just as we associated a class of models with a set of correlations, there is an analogous
class of strategies for that set of correlations. Given a class of strategies %, we can view the
object of the game as finding a strategy S € € that wins with probability supg.,{w(G; S)}.
This optimal probability is called the € -value of the game and is denoted by we(G). For
example is % is the class of classical strategies, then the classical or c-value of G is expressed
as

w.(G) = max x, V(z,y,a,b)p(a,blr, )
@) pGCC(X,Y,A,B){xyGZXXYQ( y)abeZAXb (z,y )p(a, bl y)}

The reason we no longer need a supremum is because the set C. is a closed convex set,
and computing the c-value of the game is the maximization of a positive linear functional
over a convex set, and therefore the optimal value is achieved at an extreme point of
C.(X,Y,A,B). However, finding the optimal c-value is in general NP-hard | .

Analogously, the quantum or ¢-value of G is expressed by

we(G) = sup { Z o(z,y) Z V(x,y,a,b)p(a,b[:c,y)}.

pECa(XYAB) (4 yexxy a,beAxb

Here, we cannot replace the supremum with a maximum because the set of quantum
correlations C, is not closed | |. In the case of computing the g-value, it is known
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that for any 0 < e < 1, it is undecidable (in the promise case) to determine whether
we(G) = 1 or wy(G) < 1 — ¢, that is, it is equivalent to the halting problem | ].
Although this implies that computing w,(G) is in general infeasible, there are in fact
concrete methods to finding optimal strategies through the semi-definite programming
hierarchy of | , |, or by optimizing iteratively in each local dimension d =
1,2,... and so on, though these approaches require extensive computational resources.

3.2 Perfect quantum strategies and tracial states

As mentioned in Chapter 1, a two-player nonlocal game G = (X, Y, A, B, ¢) is a Bell scenario
with finite sets of questions (or inputs) X,Y and answers (or outputs) A, B, a distribution
on the questions, and a winning predicate V. The referee gives each player is given an input
x € Xand y € Y, according to the distribution g(z,y). Unable to communicate the players’
return outputs a and b to the referee, who determines whether they win by evaluating the
predicate V' (z,y,a,b) € {0,1}. The winning probability of the game is related to the ability
of the players to generate the correlations {p(a,b|z,y)}(apzy) that achieve the games ¢-
value, by employing a particular quantum strategy or model for correlations p € C,. Since
any quantum correlation can be achieved by projective measurement (through Naimark
dilation), we restrict ourselves to these strategies.

Definition 3.3. A projective quantum strategy S for a nonlocal game G is a tuple

S = (HA7HB, {{Pf}aeA 1T e X}> {{Qg}beB NS Y}7 |¢>)7

where H, and Hp are finite-dimensional Hilbert spaces, {{P*}.ca : © € X} are PVMs in
Lin(Hya), {{Q}}tes : y € Y} are PVMs in Lin(Hpg), and |¢)) a quantum state (unit vector)
in HA X HB-

The probability of winning the game with a quantum strategy S is given by

w(GS8) = oz, y) Y V(x,y,a,b) (| Pf @ Qfly)

T,y a,b

Definition 3.4. A quantum strategy S is perfect if w(G;S) = 1.

For perfect strategies we observe that if p,, = Za,b:V(a,b|z,y):1p(a’7 blx,y) denotes the
probability of winning on input (z,y), then a quantum strategy S is perfect if and only if
it generates the quantum correlation {p(a, b|z,y)} for which p,, =1, for all z,y € X x Y.
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This rest of this chapter will focus on some known results regarding the representations
of game algebras and their connection to perfect or optimal strategies for nonlocal games.
With the exception of Proposition 3.26, many of the results in this section are not new,
and are likely known to most experts. That being said, it is illustrative to see how the
techniques in the exact case work in comparison the approximate case, which will be our
focus in Chapter 4. We also note that all of the finitely-presented “nonlocal game” x-
algebras are examples of ¢;-bounded algebras, under the standard positive sum of square
cone from the preliminaries.

Before we begin we present some key lemmas:

Lemma 3.5. If X € Lin(C?%) and |) is a vector state in C? ® C¢, then there is a linear
operator Y € Lin(C%) such that

X 1Y) =1 Y|W).

Moreover if X = X* then X commutes with the support of p (the reduced density matrix
of 1)) in the first tensor factor C%.

Proof. Let >°7_ Ailu;) ® |v;) be the Schmidt decomposition of [¢). Let A : C¢ — C? be
the map sending |u;) — A;|v;), with kernel span{|u;) : d > j > i}, so that we can write
1) = S0 us) @ Awy). Letting [n) = 320, [w;) @ |uy), we see that

X®lp) =11 X"|n),

where the transpose is taken with respect to the basis {|u;)}¢_, for C¢. Then |¢)) = 1®A\|n),
and if A™ is the pseudo-inverse of A\, we see that

X@L)=X@An) =1 AX"|n) =10 XX A" |¢). (3.5)

Hence, letting Y := AX " A~ establishes the claim. Note that if [¢) is maximally entangled,

then \ = \/ig]l and we see that Y = X T.

For the second part, let IT = Y7 |u;) (u;| € Lin(C?%) be the support of p (or of |¢))
on the first tensor factor. It follows from the first part that

MX®1[) =Y [P =18Y ) =X @1 [).
However, 0 = (IIX—-X)®1L |¢) = > 7, N(IIX—X) |u;)®|v;) implies that (IIX —X) |u;) =

0
for all 1 < <r, and it follows that IIXII = XTI. Now if X = X*, then [I1X = (XII)* =
(ILXTII)* = IIXII = XTII as desired. O
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Lemma 3.6. If X and Y are self-adjoint operators on Hilbert spaces H, and Hpg respec-
tively with p = A*\ the reduced density matrix of |¢)) on Hp, then

(X @1 -1eY))=IAX —YA|p, (3.6)

where X is the entry-wise conjugate taken with respect to the basis of A\ € Lin(Hp).

Proof. Let [1) =3, [t) @ At), where ¢ indexes an orthonormal basis for H, (the Schmidt
basis for ), then we have (X ® 1)) = >, [t) @ AX|[t) and (1 @Y)|¢) =D, [t) @ Y AJE).
Now,

2

[(X®1-1xY)[W)|*= ® (AX =Y ))|t)

_<Z]t MX =Y N[> )@ )\X—Y/\)|t/>>

t/

Z t) (AX — Y A)[t), AX = Y )[E))
Z HOX = YA OX = YA)|t)
—tr( AX —YA)*(AX —Y)))

=[IAX = Y AlI%,
as desired. ]

3.7 Synchronous algebras and perfect strategies

A synchronous nonlocal game Gy, is a nonlocal game where the questions and answers
sets are the same for each player (i.e. A = B and X = Y). Additionally, the winning
predicate must satisfy the following synchronous property:

1 ifa=0b
V(z,z,a,b) = {O ?fa 4 b’ for all z € X.
if a # b,

This condition ensures that if the players are given the same question, then they lose
whenever they give different answers. To every synchronous nonlocal game Gy there is
an associated synchronous algebra.
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Definition 3.8. The synchronous algebra o7 (Gyy,.) is the x-algebra generated by ele-
ments {{e*}.ea : © € X} subject to the relations:

3) Do eact =1, for all x € X,

a€A “a

Yy
€

= 0, whenever V(z,y,a,b) = 0.

There is a correspondence between perfect quantum strategies for synchronous games
and x-representations of the synchronous algebra which is made precise by the following
theorem.

Theorem 3.9. Let G, be a synchronous nonlocal games with associated synchronous
algebra o7 (Gsync).

i) Every perfect quantum strate or Ggyne 18 a representation o sune) With a
i) Every perfect tum strategy for Gyyne i tation of o7 (G, ith
finite-dimensional tracial state.

(ii) Every finite-dimensional tracial state f : 7 (Gsyn.) = C for which

> flerel) =0,

a,beAXA
V(z,y,a,b)=0
for all z,y € X x X, gives a weighted direct sum of perfect quantum strategies for
G syne With maximally entangled states.

This result is actually a consequence of a more general theorem in | |[Theorem
5.5] establishing a correspondence between arbitrary tracial states (i.e. not just finite di-
mensional ones) and commuting operator strategies for synchronous nonlocal games, as
commuting operator strategies generalize quantum strategies.

Before we give the proof of Theorem 3.9, we establish some elementary results.

Proposition 3.10 (] ]). If S is a perfect strategy for a synchronous nonlocal game,
then the state defined by f(e?) = (¢|P¥ @ 1|¢) for all a € A, x € X, is a tracial state on
o (Ggync) by extending linearly and multiplicatively to polynomials in the generators.
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The proof of this is well-known but we include it here for completeness.

Proof. Let S be a perfect projective quantum strategy for the synchronous game Gy
Then we must have that

1= ZP(G, b|ZL',:L‘) = Zp(a,a|x,x) = Z<¢|Pf ® Qi|¢>
a,b a a

< P 1)L ® Q)|
i 1/2 1/2
< (Z 1P ® 1|¢>||2) (Z [t ®@z|w>||2)
1/2 1/2
(ZMPJ ® mw) (Zwm ®Qzlw>)

a a

1.

It follows from the Cauchy-Schwarz inequality that

P @ 1lY) =1 Q) (3.7)

forallae A, z € X.

Next we show that f(e?) = (¢|P? @ 1|¢) is a tracial state. Suppose wy = e, - - - €;, and
wy = ej, - - - €, are monomials in generator, hence

f(wowl) = <¢|‘P'51F)Zk ‘le"'sz®ﬂ|¢>
= (Y|P, R ®Qj1z"'Qj1‘w>
= <w|(]l ® Qj1 T Qje)*(Pil U Plk ® ]1)|¢>
= <¢|(sz Py ® 1)*(Fy - P, ® l)|¢>
= <wlpjlpje By B ® 1)[4)
= f(wlw0)7
this extends to all of & (Gsyy.) by linearity. O
The following propositions can also be deduced from the work of | | but we

include if for completeness.
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Proposition 3.11. If S is a perfect strategy for a synchronous nonlocal game Gjy.,
then the measurement operators {P?},ca (resp. {Q%}aea), for all z € X, restricted to
the support of the reduced density matrices p4 (resp. pp) of |¢), are a representation of

S (Gyne)-
Proof. Since § is perfect, we have that

0= (Y|P © Qyld) = (WIPYF © 11y), (3-8)

for all a,b, z,y such that V(a,blz,y) = 0. Let II be the support projection of p4, and
define Pr = TIP?IIL. Tt follows that ()| P*PY @ 1]¢)) = 0, implies that P*P/ = 0 whenever
V(a,b,r,y) = 0, as desired. However, by the second part of Lemma 3.5 the projection II
commutes with each P* and therefore we have that P2 = (P2)* = (P2)?, and 3, P* = 1
for all z € X, where 1 is the identity on the support of p4. Hence, we see that {{P"},en :
x € X} is a representation of @7 (Ggyn.) on the support of [¢). A similar argument works
for Bob’s measurement operators. O

Proposition 3.12. Let &7 (Ggynen) be the synchronous algebra. If f: o7 (Ggypen) — Cis a
finite-dimensional tracial state on the such that

> fler-el) =

a,beAXA
V(z7y7a7b):0

for all z,y € X x X, then there are is an isometric isomorphism and local change of basis
for the GNS representation such that

€a Z |>‘ | ¢z|ﬂ-z 7T-z(eb) ® ILd W}z)

where each i+ A (Gsynen) — My, (C) is an irreducible representation of &7 (Ggynen) and
|¢i) = \F Zj 17 @ 7) for all 1 < i < k. Moreover,

S Wilme)mied) ® La iy = > (Wilmiled) @ mile])|vn) =0,

a,beAXA a,beAXA
V(z,y,a,b)=0 V(z,y,a,b)=0

for all 1 < i < k. Hence, for each for 1 <i <k, ({{mi(el)}oen : v € X}, {{mi(e}) }ven 1 y €
X}, 1) € C% @ C%) is a perfect quantum strategy for Gy
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We do not give a proof of Proposition 3.12 as it can be found several places in the

literature. In the context of synchronous games, the result can be found in | |, where
the idea is often attributed to | ]. A more detailed description of the decomposition
can also be found in | |[Corollary 2.10].

Proof of Theorem 3.9. Part (i) follows from Proposition 3.10 and part (ii) follows from
Proposition 3.12. ]

3.13 BCS games and perfect strategies

We now give a quick overview of boolean constraint system (BCS) nonlocal games and
BCS algebras. In several previous works, these have been referred to as binary constraint
system games or algebras | : : : ]. We believe that the term “binary”
could be misleading, in the sense that a binary constraint could refer to a 2-ary constraint
(i.e. constraints containing two variables), rather than that the domain of the variables is
Zo. Since constraints over the Z, domain are more aptly known as boolean constraints,
we suggest calling these boolean constraint systems moving forward, and will do so in this
work.

We now give some basic definitions before presenting boolean constraint systems. We
will take a much closer look at boolean constraint systems and boolean constraint systems
algebras in Chapter 5. In this work, we represent Zy in multiplicative form. That is, rather
than {0, 1}, we will used {+1, —1}. This means that over the boolean domain, we associate
—1 with TRUE and 1 with FALSE. A k-ary boolean relation R is a subset of {+1}*, for
k > 0. Given a set of variables X = {z;,...,2,}, a constraint C is a pair (S, R), where
the scope S = (s1,...,s,) is a sequence with each s; € X U{%} and R is a k-ary boolean
relation. We let K = X NS denote the subset of variables that appear in the constraint
C. A (perfect) satisfying assignment to a constraint C, is a function ¢ : X — {£1}
such that ¢(S) € R, where ¢(s;) = s; whenever s; € {£1} and ¢(s;) = ¢(z;) for all 5; € X
for1 <i¢<k.

A boolean constraint system B is a pair (X, {C;},), where X is a set of variables
and {C;} is a collection of constraints. A satisfying assignment to a BCS B is a function
¢ : X — {£1} such that ¢(S;) € R;, for all 1 < < m. A BCS is satisfiable if it has
a satisfying assignment. If ¢ : X — {£1} is a satisfying assignment to Cj, let sat(C;) =
{a=(a1,...,a0) : ¢(S;) € R; and ¢(S;)|x = a} be the set of satisfying assignments for C;.

Given a BCS B we can define a BCS nonlocal game Gy.,. In the game Alice receives a
constraint C; for some 1 < i < m, and must reply with a satisfying assignment ¢(X) to C;.
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Meanwhile, Bob receives a single variable z; for 1 < j < n, and replies with an assignment
o(z;) € {£1}. They lose the game if z; € X N S; and ¢(x;) # ¢(x;), otherwise they
win. The probability distribution on the inputs for the game determines the probability
of Alice obtaining the ith constraint, and Bob obtaining the jth variable. It is not hard to
see that if B has a perfect satisfying assignment ¢(X), then the players can always win by
employing the strategy where they both employ ¢(X). To each k-ary relation R, we can
associate the indicator function fr : {£1}* — {£1} that is —1, whenever z € R, and 1
otherwise. Given an indicator function fg, for a k-ary relation R and a set of variables X,
we can define the indicator polynomial

PaE) = 3 falw) T 01

ve{£1}k i=1 2

for K = {x1,...,2;}. The indicator polynomial for a constraint C' is a real multilinear
polynomial. Unlike general polynomials, the monomials of a multilinear polynomial in
k variables are indexed by subsets of [k]. That is every real multilinear polynomial in
commuting variables can be written in the form

P(zy,...,x,) = Z raij,

aCln] Jj€a

where r, € R for all a.

For a constraint C, the indicator polynomial Pr(K') equals —1 whenever the variables
K = X NS are evaluated at a satisfying assignment for C'. It is well known that every
propositional formula over the {0, 1}-domain has a corresponding polynomial representa-
tion, and the same is true over the +1-domain. We give a few simple examples:

Example 3.14. For a € {0,1}, the formula NOT(a) = 1 — a goes to the £1-valued poly-
nomial N/(\){I'(:U) = —x. Similarly for a;,as € {0,1}, the XOR polynomial XOR(ay,as) =
a1 P ao is given by ﬁ(xl,xg) = z129, the AND(ay,as) = ajas becomes the +1 val-
ues polynomial ,&N[/)(xl, To) = %(1 + 1 + s — x172), and the OR(ay,as) is given by the

polynomial (/)T?(xl, To) = %(mlxg +x1+ 29— 1).

Let us remind ourselves how we take polynomials of matrices. In the case that we have
a polynomial in commuting self-adjoint elements, we can simply take the polynomial of
the joint spectral eigenvalues. We call a matrix X € My(C) a £1-valued observable
if X* = X and X2 = 1. We note that this condition implies that X is unitary with
+1-eigenvalues.

ol



Lemma 3.15. If P : {+1}} — {£1} is a real multilinear polynomial in k-variables
{z1,..., 2}, where each z; € {£1} written P(z1,...,2,) and X = {X;,..., X, } is a
collection of commuting +1-valued observables in My(C), then

P(Xl,...,Xk) = ZP<)\1177)\%>’¢Z><¢1‘7

where each \;; € {£1} is the ith eigenvalue of the matrix X;. In particular, this shows
that ||P(X)| = 1.

Proof. Since, X, ..., X} are commuting self-adjoint operators, they are jointly diagonal-
izable in the basis {|¢;)}¢,. By the functional calculus, the real multilinear polynomial P
acts on each of the d-eigenspaces, hence

P(Xy,... . X0) =Y e[ X

aCln] jEa

anH(Zw o)

aCln] JEa i=1

—Z > N, | 16l

= aCln] JE€«
d

=3 PO A6 (@4l
=1

as desired. This also shows that PX;,...,X,) is self-adjoint, since all the X;’s pairwise
commute and are self-adjoint, and each ¢, is real. O

With this in mind we have the following definition:

Definition 3.16. A quantum satisfying assignment to a BCS B is a collection of
+1-valued observables {X1,..., X, } such that:

(i) Xy X; = X,; X, whenever z;, x5 € K;, for all 1 <1i <m, and

(11) PRi(Xgl,...,ng) = —]l, for all 1 <i<m.
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In | , ], the authors showed that the existence of a quantum satisfying as-
signment is equivalent to the existence of a perfect quantum strategy for the BCS nonlocal
game Gyes. We define the following finitely presented x-algebra based on this correspon-
dence.

Definition 3.17. The BCS algebra #(B) of a boolean constraint system B is generated
by C*({x1,...,z,}) subject to the following algebraic relations:

(1) 25 =zj and 25 =1 for all 1 < j < n,
(2) P,=—1forall 1 <i<m,and

(3) xjx; = xjxy whenever x;, x5 € K;, for all 1 <i <m.

Where each P, = Pg,(K;) = Pg, (x4, .., %) is the multilinear indicator polynomial for
the constraint C;.

In subsequent arguments we may abuse notation and write Pg(xy,...,x,), even when
we know that P; may actually only be a polynomial on a subset of the variables.

Theorem 3.18. Let Gyes :== G(B) be the BCS nonlocal game of a BCS B. The following
are equivalent:

(1) S is a perfect strategy for BCS nonlocal Gy.s game,

(2) there is a representation of Z(Ghes) on a finite-dimensional Hilbert space with a
tracial state.

The proof of Theorem 3.18 will follow from the following lemmas.

Lemma 3.19. S is a perfect quantum strategy for a BCS nonlocal game G(B) if and only
if there are collections of +1-valued observables {Yj;}i jeim)xn) in Lin(H4) and {X;}7_, in
Lin(Hg) such that [Y;;, Yix] = 0 for all 7, &, and (¢|Y;; ® X;|¢) =1 for all 4,5 € [m] x [n],
where [¢) € Lin(H4) ® Lin(Hpg) is the state from the perfect strategy S.

Proof. For a BCS nonlocal game we have X = [m|, B = [n], and A = {a € sat(C;), for each 1 <i < m},

B = {£1}. Hence, a projective quantum strategy consists of PVMs {{P;}acsat(c;) 1 1 <
i <m} and {{Q}}rez, : 1 < j < n}. From now on, we will use i and j as inputs for Alice
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and Bob. We can define the +1-valued observables from a projective strategy S for a BCS
nonlocal game G(B) via

Y;

ij = Z CLngi, and Xj = Z sz

a€sat(C;) bEZo

Since {Pi}QESat(Ci) is a PVM for each 1 < ¢ < m. it is not hard to see that and each

Yy = Y and Yg = 1, as well as the commutation relation [Y;;, Y] = 0, for all j, k,
and 1 <4 < m. Similarly, by construction we have that X; = X7 and X ]2 = 1, for all
1 < j < n. Recall that p;; = Zaybtv(&b'i’j):lp(a, bli, 7) denotes the probability of winning

on input (4, 7). For a BCS game this can be expressed as
Dij = Z p<a7 b|l7])
a€esat(C;),bELa:a;=b
Let B;; = (¥]Y;; ® X;|v), and observe that
WYy @ Xilw) = (] Y aPi@ ) Qi)

a€sat(C;) beZso

= 5 4 bYIP e Q)

a€sat(C;)

= Z Q; b(@D‘Pé@ Qz‘w>

a€sat(C;)

a€sat(C;),bELa:a;=b

= 2pi,j — 1.

Hence 3;; = 1 if and only if p; ; = 1. It also follows that —1 < 3;; < 1. Now, the result
follows as f3; ; = 1, for all (4, j) € [m] x [n]. Otherwise, we see that if 3; ; < 1 for some input
pair (4, j), then p,, = (Bi; +1)/2 < 1 and w(Gpes; S) = 3, ; 0(i, j)pi; < 1, contradicting
the fact that S is perfect for Gys. O

For BCS games the value of the game is equivalent to:
1 . 1
W(G(B):S) =5 D pli:)Bij + 5 (3.9)
2%
which is why [5(i, j) is called the bias of the strategy S.
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Lemma 3.20. If X and Y are d-dimensional self-adjoint matrices with —1 < XY < 1,
and [t)) is a unit vector in C¢ ® C? such that (¢|Y ® X|¢) = 1, then

Y@ 1Y) =1 X|Y). (3.10)
Proof. Since Y ® 1 is self-adjoint we have, by Cauchy-Schwarz, that

I=@IYeol)(Ie X))y <Yely|lte X[l <1,

since both X ® 1 and Y ® 1 have norm at most 1. Again by Cauchy-Schwarz, we have
that there is a constant z € C such that

Y @) =1 X[¢)

Taking the norm of both sides, we get that z = ¢% for some 6 € [0, 27), since |z| = 1. It
follows by the conjugate symmetry of the inner product and self-adjointness of X ® Y that

¢ = WX ©Y)|Y) = (X © Y)'|¢) = WX @ V)[g) = ™,

thus # = 0, and the result follows. O

Definition 3.21. If S is a projective strategy for a BCS game G(B), then let the corre-
sponding operators {Yj;}i jeimix[n) and {X;}7_;, with [Vi;, Y] = 0 for all j &k, 1 <@ <m
be a strategy presented as +1-valued observables S with the state ).

Note that by Lemma 3.19, a strategy of 1-valued observables is perfect if (¢]Y;; ®
Xy =1 for all 4,5 € [m] x [n].

Proposition 3.22. Suppose Sisa perfect strategy presented in terms of +1-valued observ-
ables and let pp be the reduced density matrix of [¢)) on Hp. Then the operators {X;}7_,
are a representation of the BCS algebra #(B) on the support of pg, and [ : Z(B) — C
with f(z;) = (¢¥|1 ® X;[¢) is a tracial state on B(B).

Proof. By Lemma 3.20, in every perfect strategy we have that

Y@ lly) =10 X;[¥),

forall 1 < j < nand1l < i < m. Additionally, since the strategy is perfect, Alice’s
observables must satisfy the following equation
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for each 1 < i < m, where P; is the indicator polynomial for the constraint C;. However,
by expanding P; and employing Lemma 3.20, this implies that

Let P(X) = Pi(Xi,...,X,) and recall that by Lemma 3.5 that P;(X) + 1 commutes
with the support projection II or pp on Hp. Now, letting X; = IIX;II, the operators
{X 17—y satisfy X ;= X ; and X ? =1 on IIHp. Additionally, the commutation relations
[)Zj,)?k] = 0 whenever j, k € K;, for all 1 < ¢ < m, still hold on IIHp. Lastly, on IIHp
we have that Pi()?l, . ,)?n) = —1 for all 1 < i < m, the details of the last claim are
very similar to the proof of Lemma 3.5. Hence, {)? ;}j=1 gives a representation of the BCS
algebra on [1Hp.

We now proceed with the proof the of tracial property for the state. We will argue that
the tracial property holds on pairs of generators and then extends to the whole algebra.

The proof is very similar to the case for synchronous algebras. Let x;, z; be generators of
A (B), then

f(xjay) =

|1 @ X; X))
(1 ® X;)(1 @ X))
PI(1® X;)(Yae ® 1))
IYie @ X i)
IV, @ 1)(1 ® X;)|v)
PI(1 ® Xi) (1 ® X))
= (|(1 ® Xy X;|v)
= f(zpx;).
This extends to monomials in the generator and then to linear combinations by the linearity
of the inner-product. O

o~ o~ o~ o~~~

Proposition 3.23. If there is a finite-dimensional tracial state on the BCS algebra f :
AB(B) — C with the property that f(z;z;) = 8;; = 1, for all i,j € [m] x [n], then the
GNS of f is a weighted direct sum of perfect strategies for G(B) presented in terms of
+1-valued observables with maximally entangled states.

The proof of Proposition 3.23 is essentially the same as the proof of the synchronous.

Proof of Theorem 3.18. By Lemma 3.19 every perfect strategy gives rise to a strategy pre-
sented in terms of +1-variables. By Proposition 3.22 these operators give a representation
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of the corresponding BCS-algebra on the Hilbert space supported by pp, moreover, the
state defined by the vector state in the strategy is a tracial state. On the other hand,
Proposition 3.23 shows that any finite tracial state gives a weighted direct sum of a perfect
strategies presented in terms of +1-observables with maximally entangled states. Any such
collection can be turned back into a projective strategy by Lemma 3.19. O]

3.24 The SynchBCS algebra of a synchronous nonlo-
cal game

For BCS and synchronous nonlocal games there were a lot of similarities between the
mathematical techniques used to show that perfect strategies correspond to representations
of the BCS and synchronous algebras. This turns out to be no coincidence, and these games
are not as unrelated as they may appear.

It is not hard to see that there is a synchronous version of any BCS game by considering
the game where Alice and Bob each receive a constraint C; and C; and must reply with
satisfying assignments to each of the variables in those constraints. In this game they
win, if their assignment to all non-zero variables x;, contained in the intersection of both
constraints, agree. Any perfect strategy will correspond to representation of the BCS-
algebra. However, the game must have a corresponding synchronous algebra since it is
synchronous. In fact, one can show these algebras are isomorphic, although we do not
establish this result here, it is analogous to the LCS case in | ) ].

On the other hand, given a synchronous nonlocal game Ggy,., we consider the BCS
game where each input x € X and output a € A has an associated {£1}-valued variable zZ.

Whenever V (a, b|z,y) = 0 in the synchronous game, we add the constraint A/NT)(zg, z) =1
to the BCS, and to ensure that each z¥ comes from a single measurement (i.e. for any a
the set of z¥’s are jointly measurable and that exactly one of them outputs a —1). To do

this, we add the constraint )ZE)T%@E 4(2%) =1, for each « € X. This constraint prevents two
different 1’s from each question while ensuring at least one —1 output is given for each
input x € X. In this new BCS game, the players can receive any one of these constraints
and they must reply with a satisfying assignment to the variables. Note that we have not
dealt with the probability distribution here, and so this transformation is only on the level
of relations and perfect strategies (if they exist for Gyye). We call the BCS version of the
synchronous nonlocal game the SynchBCS game Gypen(B).

Definition 3.25. The SynchBCS algebra #(Gy.x) of a synchronous nonlocal game is
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the finitely presentedsx-algebra
C*(z7, for each pair (a,z) € A x X),

with relations:

(r.1) 25 = (z)",
(r2) (5)* =1,

(r.3) AND(z2, z)) = 1 whenever V(z,y,a,b) = 0,
(r.4) ], cazt=—1, for all z € X, and

a€A ~a

(r.5) z%zf = z7z* whenever a,b € A, for all z € X.

By construction, finite-dimensional representations of the SynchBCS algebras give a
quantum satisfying assignment to a SychBCS nonlocal game. Hence, by the correspondence
with quantum satisfying assignments and perfect strategies to BCS games, there is a BCS
nonlocal game for each synchronous nonlocal game. In | |, the authors showed that
the binary synchronous LCS game algebra, which is a central quotient of a group algebra, is
isomorphic to the synchronous algebra. Here we demonstrate that there is an isomorphism
in the more general BCS case. A similar result for LCS games was given in | , ].

Proposition 3.26. The synchronous game algebra o7 (Gycp,) is *-isomorphic to the Synch-
BCS algebra Z(Gsync)-

Proof. We begin by describing the *-homomorphism ¢ : &/ (Ggyen) — B(Gsync). Define the
map on the generators e? — (1 — 27)/2, which extends to a x-homomorphism on the free
algebra. We now check that it descends to a homomorphism from o7, to HBeyn.. First
note that ¢(e?) is an an orthogonal projection, since z%* = 2%, 2%? = 1, and 2%2¥ = 2¥22

for all a,b € A. Moreover, the AND relation implies that 1 — 27 — 2/ 4+ 2z = 0 whenever
V(a,b|z,y) = 0, and thus

s(epyolep) = LA

is satisfied whenever V' (a,b|x,y) = 0.
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For each x € X with |Y;| = n, observe that the unit 1 can be expanded as the sum of
indicator polynomials in the variables 2z, giving us

(1 4+ v,27)
1= . —al .
> 1— (3.11)
(v1,...,on)E{£1}" a€Y;

However, upon enforcing (r.3), we notice that the product

(14+va2])
[[=== =0

acy;

whenever there is a pair a,b € A; with v, = v, = —1. Thus, there are only two cases we
need to consider. Firstly, when v, = 1, for all @ € Y;. In this case, we have the term

H(ll— ST (3.12)

a€Y; SC [n aGS

where |Y;| = n. Now, recall that (r.4) ensures that []
has the following consequence,

wcA Za = —1, and observe that this

[Iz+ I ==o (3.13)

acs a€ln]\S

for any S C [n], by recalling that each (2%)? = 1 by (r.2). It follows that equation (3.12) is 0,
because each subset S C [n] is in bijection with its complementary subset S¢ = [n]\ S, and
so by equation (3.13) each term with an S product cancels out with the term for S¢ product.
In the other case, the remaining terms are those with is exactly one a € A with v, = —1.
In this case, let IIZ = (1 —27)/2 and II¥ = (1 — z¥)/2, and observe that [I7 and II} are self-
adjoint orthogonal projections with II?II7 = 0, therefore IIZ(1 — IIf) = IIZ — [I711¥ = II%.
Now, noting 1 — II¥ = (1 + z¥)/2, it follows that IIZ [Hbia(l — Hf)] = IIZ. With these

being the only remaining terms in (3.11) we see that

1— 27 1 ZZC 1_25 x
122( za)H(z >:Z( : ):Z¢(pa>7

acY; b#a a€Y; acY;

for all x € X, as desired. This shows that indeed ¢ a *-homomorphism.
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On the other hand consider the map ¢ : HBgyne — Psynen, defined by sending the
generators z2 — (1 — 2¢?). Recalling that efef = 0, for all a # b, hence

[T e =110 -2

aEYi aEYi

= > (2]

SCYi (ZGS

:1—|—(—2)Ze§

a€Y;
=1+(-2)-1
=1,

by recalling relation (r.2) in @yn.. Now if V(a,b|z,y) = 0, then we have eZej = 0, and
hence

AND(p(=5), ¢(2F)) = %(1 + (14 2€2) + (La + 2¢})

— (14 2¢])(142¢}))

1
=3 (214 265 + 2¢} — 2et — 2e] — 4elel)
=1.

Lastly since V' (a, b|x, x) = 0, we have that ¢(2%)p(2f) = (14+2e)(1+2e}) = 142¢e% +2ef =
o(zF)p(22) for all a # b, as desired.

It remains to show that ¢ and ¢ are mutual inverses. Observe,

oo —¢ (157
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Similarly,

O (=) = 914 — 2€3)
= (1) — 26(c3)

thus gOOgb: ﬂ_;y

sync

and ¢ o = l g, .., completing the proof. [

Since the algebras are isomorphic, we know that matrix representations of the Synch-
BCS algebra correspond to perfect quantum strategies for the corresponding synchronous
nonlocal game and vice versa.

3.27 XOR games and solution algebras

Unlike the characterizations for BCS and synchronous games, XOR nonlocal games do not
admit perfect quantum strategies. One can show that if they did, they would also admit
a perfect classical strategy, a fact known in | |. However, in some cases XOR
games have finite-dimensional quantum strategies that significantly outperform the best
classical strategies | |. Like BCS and synchronous game, each XOR game G, has
an affiliated solution algebra € (G.,.), where the optimal strategies to G, correspond to
representations of € (G ).

3.27.1 Tsirelson’s XOR correlations

In | , ] Tsirelson contributed extensively to the theory of XOR games through
the lens of representation theory much before the idea of an XOR games was even around.
Specifically, Tsirelson was interested in Bell scenarios with input sets [m] and [n], and
binary outputs from each party. These scenarios produce the set of binary quantum cor-
relations p € Cy([m], [n],{0,1},{0,1}). Tsirelson related these binary correlations to what
are called XOR correlations.

Definition 3.28. A matrix ¢ in an XOR correlation matrix if there is a Euclidean space
E, and collections of vectors {|u;)}i2y, {|v;)}j=; € E of norm at most 1, such that ¢ has
entries ¢;; = (u;|v;) for all 4,5 € [m] x [n].
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To each binary correlation p, Tsirelson associated an XOR correlation matrix c¢. We
denote the set of all XOR correlation matrices by Cor(m,n) C R™*". Note that if p €
Cy([m],[n],{0,1},{0,1}) with a POVM quantum model {{M}qcq013 : 1 < ¢ < m} and
{{N{}seqo1y : 1 < j < n}, and astate |1)) € Hy ® Hp, then there is a corresponding XOR
correlation matrix ¢ with entries

Cij = Z <_1)a+bp(a’7b|i7j)a

a,be{0,1}

since {(M§ — M} @ 1)|1)) }oex and {(N§ — NY @ 1)|¢) } ey are vectors of norm at most 1
in a space E.. We note that the dimension of the real vector space FE can be bounded by a
constant times m and n (we refer the reader to | : : | for the details). The
mapping from the set of binary correlations to the correlations Cor(m,n) is surjective, but
not injective. That being said, the map C,({0,1},{0,1},m,n) — Cor(m,n) restricts to
an isomorphism on the subset of unbiased correlations C’q“”bmsed, which are the binary
correlations that satisfy

p(1,1]i,5) = p(0,0[¢, j) and p(1, 04, 7) = p(0, 1|4, 7), for all 4,5 € [m] x [n].

As we will see, every optimal set of quantum correlations for an XOR nonlocal games
can be achieved with unbiased correlations. Additionally, unlike the set of all quantum
correlations Cy, the set of XOR correlations are a closed convex set (due to the isomorphism
described above). This means that computing the g-value for an XOR game is more
tractable than in the case of general games. In fact, there are even polynomial time
optimization techniques for finding the optimal g-value for XOR games | , ,

], despite the optimization over classical strategies being NP-hard.

3.28.1 XOR games and the XOR algebra

In a two-player XOR nonlocal game G,,,, the players Alice and Bob are given questions i
and j from sets [m] = X and [n] =Y according to a distribution ¢ : X X Y — Rs(. They
respond to the referee with outputs a € {0,1} = A and b € {0,1} = B. The predicate
V :{0,1} x {0,1} x [m] x [n] — {0,1} is determined by the XOR (a @ b) of their output
bits. An XOR game predicate can be concisely described by an m x n, {0, 1}-matrix, T,
with entries (7'); ; = t;;. Where the predicate is

17 1fa@b:t2],

0, otherwise

V(i,j,a,b) = {
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The cost matrix W for an XOR game is then defined as the m x n matrix with entries
w;; = (—1)" (4, 7). With the cost matrix for the game, we can conveniently express the
bias of an XOR game G,,,.. Given a quantum strategy S for an XOR game, consisting
of +1-valued observables {Y7,...,Y,,} and {X1,..., X}, and a vector state [¢), the bias
with respect to § is

B(GroriS) = D wii(¥]Y; @ X;|).

i=1,j=1

The supremum over all quantum strategies S gives the optimal bias, denoted by 5,(G.or),
for the XOR game G, .

To recover a PVM strategy from one presented in terms of +1-valued observables, we
note that each +1-observable is the difference of the 2-outcome projections. That is, in an
XOR game, if Alice has a PVM strategy {{P!}scqo1} : 1 <@ < m}, we define Y; = P} — P}
for all 1 < i < m, and if Bob has PVMs {{Q }scqo1} : 1 < j < n}, welet X; = Q) — @}
for 1 < j < n. Note that for binary outcome measurements, since Pg + P} = 1 for
all 1 < ¢ < m, the projections are uniquely determined by the observables {Y;}™, and

{Xj}jzm)
Like in the case of BCS games, the bias of an XOR game is related to the value by
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observing that

B(Gaor; S) = Y wi(0]Y; @ Xj[0)

i=1,j=1

= > p(L, ) (=D (W)Y ® X;]¢)
i=1,j=1

= > pli5) Y (=1)*®up(a,bli, 5)
i=1,j=1 a,be{0,1}

= > plid) | D plablig) = Y pla,bli,g)
i=1,j=1 a@b_tij a®b#t;

= > p(g) |2 ) plablig) —1
i=1,7=1 L a®b=t;;

=2 > p(i,§) Y _V(i.j,a,b)p(a,bli, j) — 1
i=1,j=1 ab

= 2w(Ggor;S) — 1

This calculation also shows that the optimal bias for an XOR game can be expressed as
an optimization over Tsirelson’s set of XOR correlations, that is

/Bq(Ga:or) = Cecr%lf%ﬁ’n)i Z WijCij- (314)
Note that rather than a supremum, we have a maximum in Equation (3.15). This is
because, unlike the set of quantum correlations, the set Cor(m,n) is closed. Optimization
problems of the form Equation (3.15) are amenable to semidefinite programming (SDPs)
techniques. With this in mind, we will use the following result from | | without proof:

Lemma 3.29. For every m x n XOR game G, and 1 < ¢ < m there is a constant
r; € R, called the ith marginal row bias, such that if ({Y;};2,, { X}, [¥)) is an optimal
+1-valued observable strategy, we have that

S w1 ® X)) = (Y ® DY), (3.15)

j=1

64



foralll1 <i¢<m.

This observation motivates the definition of the XOR-algebra®, which we now define.

Definition 3.30. Let G, be an XOR game with an m X n cost matrix W and marginal
row biases {ry,r2,...,7n}. The XOR algebra ¢(G,,,) is the finitely presented algebra
C*(z1,...,x,) subject to the relations:

(1) z; =25 and 25 =1, for all 1 < j <,

2
(2) (Z?:l wz‘jl’j) =7r2.1,forall 1 <i<m.

Theorem 3.31. Representations of the XOR-algebra €' (G,) correspond optimal strate-
gies for G o

L IUS=({Y:1<i<m},{X,;:1<j<n},|¢) € Hy® Hp) is an optimal quantum
strategy for an XOR game Gy, then {X; : 1 < j < n} is a finite-dimensional

representation of the XOR-algebra € (G..-) on the support of pp, and the state
f:€(Gpor) = C given by f(x;) = (¢|1 @ X;[¢) is tracial.

2. Finite tracial states f : € (Gyor) — C correspond to weighted direct sums of optimal
strategies for G,,, with maximally entangled states.

Proof. Let S = ({Y; : 1 <i < m},{X,; :1<j <n},|) € Hy ® Hp) be an optimal
quantum strategy presented in terms of £1-valued observables for the XOR nonlocal game
Gror- Since, S is optimal, Lemma 3.29 we must have that Equation (3.15) holds for all
1 <7 <m. By Lemma 3.6, this implies that

1 —
— > wy XA =Y,
r; -

J

where ple/Q = )\, forall 1 <7 <m. Since X; commutes with the support of A, by the second

!This was called the solution algebra in [ ], but to avoid confusion with the solution group algebra
of an LCS game, we prefer the term XOR-algebra.
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part of Lemma 3.5, it follows that

]. 1 ’ N\ \*
(E Z ginj)\> (E Z ginjA> = \Y;(\Y))
J J
1 2
<_ Zginj) AN =AY\
T ;
2
1
- Zginj PB = PB-
L

Since X]? = 1, X7 = X7, it follows that on the support IIHp of pp, {Xj}?zl, with
XJ = [IXII for all 1 < j < n is a representation of € (Gy,) on the support of pg.

The proof that this state is tracial is identical to the proof in the BCS case. Along
the same lines, the proof that any tracial state on XOR-algebra gives a weighted direct
sum of optimal strategies is the same as the BCS and synchronous case, using the GNS
of f along with the double commutant decomposition of the Hilbert space from the GNS
representation, so we leave it to the reader. O

Theorem 3.31 is due to Slofstra | |. The correspondence between optimal strategies
to XOR games and the XOR-algebra is complementary to a result established by Tsirelson
for extremal XOR correlations. In particular, Tsirelson showed that every rank r extreme
point in C'or(m,n) has a realization as a rank r Clifford algebra | |. It follows that if
there is a unique optimal strategy for an XOR game, then the XOR-algebra is isomorphic
to a Clifford algebra. Moreover, when the quantum strategy is unique an XOR game
provides an example of a finite-dimensional commuting operator self-test in the language

of | ].
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Chapter 4

Near optimal strategies and
approximate representations

In Chapter 3, we saw that certain optimal quantum strategies for BCS, synchronous, and
XOR games corresponded with representations of the affiliated BCS, synchronous, and
XOR game algebras. In this chapter, we present new results about the robustness of
this correspondence. In particular, we show that near-perfect (resp. optimal) strategies
correspond to approximate representations of the BCS, synchronous (resp. XOR) game
algebras.

The remainder of Chapter 4 is as follows. We begin in Section 4.1, with the definitions
of near-optimal and near-perfect quantum strategies for nonlocal games. In Section 4.3,
we introduce the approzimate tracial property and begin the proof of theorem 1.3 by estab-
lishing that near-perfect strategies, for the family of BCS, synchronous, and XOR games,
give approximate representations, with respect to a matrix semi-norm induced by the state
employed in the quantum strategy. In Section 4.15, we prove Theorem 1.3 by establishing
the crucial “rounding” lemma. Lemma 4.16 shows that for a particular class of finitely pre-
sented x-algebras, certain approximate representation with respect to these state-dependent
semi-norms restrict (or round) to an approximate representation with respect to the lit-
tle Frobenius norm, removing any dependence on the employed state. With Theorem
1.3 established, Section 4.21 illustrates how the approximate representation-theoretic tools
developed in Section 2.22.1 are used to find a near-optimal strategy using a maximally
entangled state. To do this, we give a stability result for the algebra of PVMs based on a
result in [ ]. We conclude the chapter with some remarks regarding Corollary 1.5.
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4.1 Near-optimal strategies for nonlocal games

Our first goal is to show that, given a near-optimal (resp. near-perfect) strategy to an
XOR (resp. BCS) nonlocal game, that the measurement operators in the strategy are an
approximate representation of the affiliated solution (resp. BCS) algebra with respect to
the state-induces semi-norm. To do this, we need a few new definitions. Recall that a
quantum strategy S for a nonlocal game G is optimal if w(G;S) = w*(G) and is perfect if
w(G;S) = 1. With this in mind, we give the following definitions:

Definition 4.2. A quantum strategy S is e-optimal, for € > 0, if w(G;S) > Ww*(G) — e
A quantum strategy S is e-perfect, for € > 0, if w(G;S) > 1 —e.

Recall that a strategy S is perfect if and only if the probability p(a, bz, y) is 0 on every
tuple (z,y,a,b) € V-1({0}). Formally this means, that if p,,(S) denotes the probability
of winning with strategy S on inputs (z,y), then S is perfect if and only if p,,(S) = 1, for
all (x,y) € X x Y. However, in an e-perfect strategy it only holds that p,,(S) > 1 — m,
for all inputs (x,y) € X x Y. This means, that in the case o(x,y) = 1/|X||Y]| is the uniform
probability measure on X X Y our results will depend on the size of X and Y. We will

discuss the consequences of this when they come up in the context of our main results.

4.3 Approximate representations of game algebras from
e-optimal strategies

In this section, we show that near-optimal strategies correspond to near-representations
with respect to the state-induced p-norm. Where p is the reduced density matrix of the
state in the employed quantum strategy. We also establish that each approximate repre-
sentation derived from a near-optimal strategy has a certain approximate tracial property.
This property is a crucial requirement for establishing theorem 1.3 via lemma 4.16. To do
this, we first need an important lemma from | ].

Lemma 4.4 (Proposition 5.4 in | ). Let X and Y be self-adjoint unitary operators
on finite-dimensional Hilbert space H and let |¢)) € H ® H.

(WX @Y[) = 1—=0(e),

if and only if o
YA = AX||p < O(e?).

Moreover, if the above holds we have that:
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L [YA = XY ||r < O('/?),
2. | XA = AX||p < O('/?)

also hold. Here A is the square-root of the reduced density matrix p of the state ) on H.

Proof. Without loss of generality fix an orthonormal basis {[t)}¢7# for H so that [i)) =
t=1
dmH) |1y @ Alt), with p/2 = \. Recalling that (X @1)| Y, [t) @]t) = (10X)| Y2, [t) ©|t).
Observe that o
1 - 0(6) < (01X @ Vi) = tr(XAV),

dim

where X is the complex-conjugate of X in the basis {[t) tzl(H) for H. By the Cauchy-
Schwarz inequality for the Frobenius inner-product tr(A*A) < ||A*||r||A||r, we see that
tr(XAYA) = tr (AZXAY2)(A2YAY2)) < (|22 R AV2Y AV
Again by Cauchy-Schwarz, we observe that
INVEXAV22, — (XXX ) < [ XAX] ||l = A2 = tr(p) = 1.
Hence, if 1 — O(e) < tr(V*AVA), then 1 — ||AY2Y AY2||2, < O(e). Finally, we have that
YA =AY |2 =2 = 2tr(Y*AYN) = 2 (1 — [AY2YAY22) < Ofe),

as desired. Since, YA and AX™ are unit vectors in the Hilbert space of operators with || - ||
means that ||[YA — AX|[|% < O(e) follows from the parralellogram law.

On the other hand one can see that if
YA = AX||% < O(e),
then
YA = AX||%

=tr (\Y — XA)(Y A — AX))
=tr(A\Y2\) — 2tr(A\Y AX) + tr(X A\2X)
=2tr(p) — 2tr(AY AX)
=2(1 - (WX ®@Y|¢y))
=2(1- tr(Y)\Y)\)) < Ofe),

and the result follows. O
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The following concept is key to our main argument:

Definition 4.5. Given a positive semi-definite operator p = A\*\ € Lin(H) and a constant
d > 0, a representation ¢ : C*(S : R) — Lin(H) is (0, A)-tracial if

[6(s)A = A (s)||F < 0,

for all s € S. Moreover, an e-representation ¢ : C*(S : R) — Lin(H) in the p-norm has
the approximate tracial property (or is -ATP) if it is (4, \/p)-tracial.

Remark 4.6. If a representation ¢ : C*(S) — Lin(H) is (0, A)-tracial, then there is a

state [¢) = > .y Alt) ® |t) € H® H, where {t}?iznll(H) indexes an orthonormal basis for H,

such that
(p(s) @ DY) = (1 ® ¢(s))|ep), forall s € S.

Where op here denotes the opposite representation with multiplication (a - b)? = b - a.
Lastly, the representations ¢(s) ® 1 and 1 ® ¢(s)®? commute on the subspace of H ® H
spanned by [¢). A similar property to being 6-ATP arose in the work of | ] while
investigating robust self-testing with finite-dimensional algebras.

4.6.1 Almost perfect strategies give approximate representations

We recall that Lemma 3.6 has an important corollary:
Corollary 4.7. If X and V" are self-adjoint matrices and (X ® 1 —1®Y)|) | m,0m, < €
then || XA — AY||r <e

With this simple observation we have the following:

Proposition 4.8. If {E?}, sexxa and {FF}, sexxa are Alice and Bob PVM’s from an e-
perfect strategy for a synchronous nonlocal game Gsyne with the state |1}, and the uniform
distribution o(z,y) = 1/(|X||Y|), then we have that ||E*A — AEZ|| < O(€'/?) for all x € X,
a € A.

Proof. If § is an e-perfect strategy then for any pair of inputs (x,y), then

Z V(z,y,a,b)p(a,blz,y) > 1 — nme,

a,be AXB

where |X| = n, and |Y|=m. In particular, V(z,y,a,b) = 0 whenever a # b, for all x € X,
y € X. So for § to be e-perfect we must have ), (V|E7 @ Fi’[¢) < nme, for all z € X.
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Hence, we see that
I(B7 @1 1@ F7)[w)|?
=(¢|E7 @ 1|¢) + (|1 ® FF|v) — 2(P|Eg @ FF )
= (WIEI @ Fyl¥) + Y (V|Es @ Fel) — 29| B2 ® FZ|y)

beB a’€A

= (WIEI @ FFY) + Y _(Y|ES ® F2|y)
b#a a’'#a

<2nme

<O(e).

]

Proposition 4.9. Let |[¢)) € H4y ® Hp be a quantum state, and suppose p is the reduced
density matrix of [¢) on Hp. If § = ({Eg}@ajexxar {Fa'}@ajexxa, [¥)) is an e-perfect for
Gyne employing [¢), then {F*}, »exxa is an O(e!/*)-representation of the synchronous
game algebra in Lin(Hg) with respect to the state induced semi-norm || - ||,. Moreover,
the O(e'/*)-representation is O(e'/2, \)-tracial.

Proof. Since S is e-perfect, whenever V(x,y, a,b) = 0 we have
(V| EF @ FY|) = tr(EEAFY\) < nme.
Hence, by proposition 4.8 and Cauchy-Schwarz we have that
IFZE NG = 1 FS FY A %
=tr(\F/FYF/\)
= tr(AFYFS(FYA — AEY)) + tr(AFY FEAEY)
< tr(/\Fny)\Ey) + [|[FZFI M || FYXN — )\Ey||p
= tr(FEAEYAFY) 4 O(€'/?)
(
r(

ENEY(AEY — EVN)) + te(FEAEY A) + O(e?)

tr(F
S (BAFIN) + | EJAFY | FlIAFY — EJA|p + O(€'?)
< nme + O(e'/?)
<

O(e'/?).
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The result follows since each F) is an orthogonal projection and ) . F¥ = 1p,, for
each x € X by definition of being a PVM. The fact that the approximate representation is
O(e'/?, \)-tracial follow from the second part of Proposition 4.4 since Z* = 1 — 2E? and
W7 =1—2F7 for all x € X and a € A are self-adjoint unitaries satisfying

IWIA = AZ,|lr < O(?).
O

Corollary 4.10. If the state [¢)) in the strategy S for the synchronous nonlocal game
G is maximally entangled then we see that {{F®},ean : © € X} generates an O(e'/4)-
representation of the synchronous game algebra on Lin(Hp) with respect to || - || .

We now show that given any e-perfect strategy to the BCS game, Bob’s operators give
an approximate representation in the state-induced norm, by showing that the relations
of the BCS algebra %(G).s) are bounded by O(e/?) in this p-norm. In the remainder of
the section we restrict the operators in each quantum strategy S to the support of the
employed state |¢) to ensure that the p-seminorm is proper norm on Hg (or Hy).

Proposition 4.11. If ({Y; };%2,, {X;}j_,, [¢) € Ha® Hp) is an e-perfect strategy for the

ij=17
BCS game G5, where the state [1)) has reduced density matrix p = A*A on Hp, then the
operators {X;}"_; give an O(e"/?)-approximate representation of the BCS algebra %(Gc;)

with respect to the p-norm. Moreover, the approximate representation is O(el/ 2)-ATP.

Proof. First, it is clear that each X is a self-adjoint unitary, so it only remains to establish
that

(1) |Pi(K;) + 1, < O(e/?), for all 1 <i < m, and

(2) |1 Xk X; — X; Xk, < O(e/?), for all 1 <4 <m, j,k € K;,
where K; is the subset of variables contained in the constraint polynomial for Cj, for
1 <i<m. Let Z;, =Y for all i,j € [m] x [n]. Toward (1), we claim that

||
<D IXA = AZ e,

FooJ=1

[1x2-2]]%,

jeSs JjeSs
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for all 1 <i < m. We proceed by induction, when |S| = 2 we have that

“XQX]_)\ — )\ZiQZiIHF < HXQXl)\ — Xg)\ZilHF + H)(g)\ZZ-1 — N, Z;, HF
<X (Xad = AZ)||F + (XA — AZ3,) Ziy ||
< IXaA = AZ;, || + [ XoA = AZ3, || F,

as desired. Now suppose the result holds for all 1 < k£ < |S| — 1 and observe that

HX/C+1 to X1>\ )‘Zlk+1 e Z’il HF
<[ Xppr - XaA = X1 AZs, - Zgy || e+ | Xna A2y - -+ Zi
<Xg - XA = AZiy - Ziy | p + (| Xpa A — AZ;

- AZik-H o Zil ”F

1

k+1||F

k
<Y XA = AZy |l + [ X d = AZ;

k+1||F7

as desired. Since the strategy is e-perfect, by Lemma 4.4 and the proof of Lemma 3.19, we
see that || X;A — AZ;||r < O(e/?), for all 1 < j < n, and 1 < i < n. Lastly, noting that

P(Z,...,Z;,) = —1, we see that the semi-norm properties of || - ||, suffice to obtain
1K) + Dl < || > FTTXA = A=
SCK;  jes P
< > N Txr -1 2
SCK; jeSs JES F
< 0(61/2)

as desired. To see that (2) holds, observe that
X6 X = X Xillp, < ([ Xe XA = AZ3 Ziy || p + | X5 X6A = AZi Zij || p,

since the Z;,’s all commute for all j,k € K;, and the result follows along the lines of (1).
For the tracial property, we see that if S is e-perfect then || X;A — AX;||% < O(e), for all
1 < j < n, follows directly from the second statement of Lemma 4.4. O

Corollary 4.12. If the state [¢)) in the e-perfect strategy S for a BCS game Gy is
maximally entangled we see that the operators { X;}_, generate an O(e/?)-representation
of B(Ghes) on Lin(Hp) with respect to || - ||f.
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4.12.1 Optimal strategies for XOR games and solution algebras

In | | it was shown that an e-optimal strategy for an XOR game using quantum state
supported on a d-dimensional Hilbert space H gives a O(d?3¢!/®)-representations of the
XOR-algebra for an XOR game. Using the techniques in this paper, we are able to elim-
inate the dependence on the dimension of the supporting Hilbert space. As noted in the
introduction, the removal of the dependence on the dimension was achieved for a certain
family of XOR games in | |, using different techniques.

In the case of XOR games we will use a slightly weaker definition of e-optimal strategies
than in the BCS case. The notion used for XOR strategies comes from the strong duality
statement for the semi-definite program (SDP) achieving the optimal value of an XOR
game | |. The definition we use here is based on | , Theorem 3.1], which
gives a relation between e-optimal strategies and the observables in the employed strategy
for G,,.. Formally, it states that for every XOR game G,,., there exists a collection of
constants 7; > 0 (called the marginal row biases) such that if S = ({Y;}2, {X;}7_, )
is e-optimal strategy of +1-valued observables, with 0 < e < }l(m +n), then

(Z wi;(1® X;) —ri(Y; ® ﬂ)) )

for all 1 < i < m, and the constants hidden in the O(e!/*) depend only on the size of the
input sets m and n. Starting from equation (4.1), Lemma 4.4 shows that

< O(e'), (4.1)

Z J<*)

j=1

< O(e). (4.2)

F

With this fact and Proposition 4.11 we can establish the following:

Proposition 4.13. Let S = ({Yi}iL,,{X;}}_;, [¢) € Ha ® Hp) be an e-optimal strategy
for an XOR game G where |¢)) has reduced density matrix p = A\* € Lin(Hp), then the
operators {X;}"_; generate an O(e!/*)-representation of the solution algebra €'(G,.,) with
respect to || - ||,- Moreover, the O(e'/*)-representation is (O(e/4), \)-tracial.

Proof. If § is an e-optimal strategy for the XOR game G,,. and p = A\*\ is the reduced
density matrix of the state on Hp, then since each X is a self-adjoint unitary, it only

remains to show that )
- (S 2o
j=1

p
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for all 1 < i < m. By invoking Equation (4.2), we see that

n 2
TZQ:I]_ — (Z winj>
7j=1

p

" 2
= 7”1-2)\ — (ZwinJ) A
j=1

F

n n n 2

S T,L2>\ — ZwUX]rl)\?l -+ ZUJUXJT’Z)\?,L — (Z winj> A
J=1 a j=1 j=1 .
S ?”,?)\?Z — Z winjn/\ + Z \ww\ ‘XJ (T’l/\vz - Z U)ZJXJ)\>
§|7”1’ 7”1)\?1 — Z U}inj)\ + Z |w”| 7’2)\?2 — Z winj/\
j=1 F j=1 j=1 F

<O(e),

as desired. To see that this approximate representation is (O(e!/4), \)-tracial we note that
XA =X ||r < O(eY4), for all 1 < j < n, follows from Lemma 4.4 and Equation (4.2). [

Corollary 4.14. If the state [¢)) in the e-optimal strategy S for the XOR nonlocal game
G is maximally entangled, then {X}}7_; is an O(e'/*)-representation of C(G)) on Hp with
respect to || - || .

4.15 Rounding to the little Frobenius norm

In this section, we show that any e-representation in a state-dependent semi-norm arising
from a near-optimal quantum strategy gives rise to an O(e'/?)-representation of the game
algebra in the || - || ;-norm. To do this, we rely on the following “rounding” lemma, which
works for a specific class of finitely presented x-algebras and e-representations where a
suitable approximate tracial condition holds.

Lemma 4.16. Let p = A*\ be a density operator on a finite-dimensional Hilbert space
H and let 4 = C*(X : R) be a finitely presented x-algebra generated by self-adjoint
unitaries. If ¢ : C*(X) — Lin(H) is an e-representation of ¢ with respect to || - ||, that
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is O(e)-tracial, then there is a non-zero projection P € Lin(H), and a finite-dimensional
unitary O(e'/?)-representation ¢’ on Im(P) = H C H with respect to the | - || ;-norm on
H.

Before we give the proof, we require several intermediate results.

Let x; be the indicator function for the real interval I C R. For a compact self-adjoint
operator T', and measurable subset I C R, we let x;(X) be the spectral projection onto
I'No(T), where o(T) is the spectrum of 7. In particular, if 7' is positive semi-definite,
then by the spectral theorem o(7) C [0, +00).

Lemma 4.17. (Connes’s “joint distribution trick” | ]) Let A and X' be positive semi-
definite operators on a finite-dimensional Hilbert space.

+oo
/ IXzva(V) = xovaW)lEda < A= Nl + X]le. (43)
0

We give the proof here for completeness. The argument we present here is found in
[ | for the finite-dimensional case. Readers wishing to see the more general case can
consult the seminal work of Connes* | ]

Proof. Let A\, X be positive semi-definite operators on a finite dimensional Hilbert space
H. Consider the spectral decompositions A = 37, Ai|u;) (u;| and X =3 j1|v;) (u;|. Define
the discrete measure v : R X Rxg — Rxo via v(2,y) = 27, . 6(a, ) (%, 9)[{uslv;)[>. Then,
for any functions f, g : R>o — R we see that

1F(A) = g%
=tr [Zf ) vi) (il = (M) g(pg) (wilvg)|ua) (o] = g(pag) () (ol o) (sl + g(13)?|v5) (s
—Zf )2 = 2 (A)g ()| (il [* + g(p5)?
:Zf uZ|Z|v] (v s —ZZf g (1) (uilv;) |2+Zg (1) vﬂZluz ) uil[v;)
—Zf uzl”] —2Zf 9 (1) (uilv;) |2+Zg (17) <ui|vj>|
= [ gera [ @it [ g

(z,y)

- / (@) — gly)Pdv .
(z,y)
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1,22 > «

0,22 < «

Y

Now, consider non-negative real numbers x <y, and note that x> 5(z) = {

hence we also see that

“+o00
/ Nova(@) — Yaua(y)lda
0 2 y2 +OO

[ o) = xoalda + [ (o) = xemWldat [ oyale) = xovallda

2
2 2

T Yy +oo
:/ |1—1|da—|—/ \O—l]doz—i—/ |0 — 0|da
0 2 y2

2

y
:/ lda

=|z* — |

=|z —yllz +yl.

Putting the above calculations together and using Fubini’s theorem to swap the order of
integration we see that

+o0
| e - e alida

0

_ / Noya(@)? — xoue(y)|dady
(z,y) 4O

[ o= sllo + i
(z,y)

1/2 1/2
< (/ |z — y[Qdy> (/ |z + y\2du>
(z,y) (z,y)

=[A = NlellA+ Xle-

We also require the following simple observation:

Proposition 4.18. Let A be a positive semi-definite operator on a finite-dimensional
Hilbert space. Then

+oo
/ Ysva(A)da = \?
0
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and for any self-adjoint operator T' = T™ we have
+oo
/ tr (T'x>a(N)) da = tr(TA?).
0

Proof. Since every positive operator on a finite dimensional Hilbert space has a spectral
decomposition it suffices to prove the result for A = t|v)(v|, where |v) a unit vector and
t > 0. Since

o) (o] if o <2,

a(A) = 4.4
Xzva(M) {Oif a >t (44)

we see that

+o00 2
/ X ya(A)da = / [v) (v]da = t*|v){v] = N2 (4.5)
0 0

The second part follows from linearity of the trace. O

We are now ready to establish Lemma 4.16.

Proof of lemma 4.16. Let ¢ : C*(X) — Lin(H) sending x; — X, be an O(€)-representation
in the p-norm that is O(e)-tracial, with exact relations X]2 =1 and X7 = X;. We begin
by showing that there is a non-zero orthogonal projection P on H for which

|X,;P — PX,||r < O(e)tr(P)"? for 1 < j < n and (4.6)
lo(r)P||p < O(e)tr(P)Y? for all r € R, (4.7)

where () is the image of the polynomial relations » € R in the approximate representation
. To establish these claims we employ Lemma 4.17. For each 1 < j < n, we have the
representative ¢(x;) = Xj, hence

—+o00
/0 1X e — xoua (VX [2da

+00
- / 1oz ) — Xxs va(N)X; |2 da
<A = XFAX | plIA 4+ XTAX | p
= [| XA = AXG | p[| XA + AX] #
< 2[ XA = AXGlr
< O(e),
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by using the ATP property. The fact that | X;A + AX;||r < 2 follows from the triangle
inequality, since A\*\ is a density operator ||A||p < 1. Likewise by Proposition 4.18; for
each of the relations » € R we have that

/0 ) HSO("”)XZ\/a()\)H%da = ||90(70)Hi < 0(e).

Therefore on average (when summing over all the relations) we observe that

[ (3 ) = XWXl + X lotrhoaWIE ) do

< Ofe) /0 h tr (XZ\/EO‘)) do,

holds for any a > 0. From the definition of x>, /z(A), we observe that each integrand is zero
if o > ||A||2,. Therefore, there exists an ag with 0 < ag < [|A|[2, such that P := x> a5(A)
is a non-zero projection. It follows that

D IXGP = PXGlIE + Y le(r)PlE < O(e)tr(P). (4.8)

j=1 reR

This bounds each summand on the LHS of (4.8) by O(e)tr(P), as all the terms are positive,
establishing the claims in equations (4.6) and (4.7).

We now show that the following holds for each 1 < 7 < n:
(a) The operator )?j := PX;P|PX;P|™" is unitary on Im(P) and
I1X; = X;P|lp < O(/*)tx(P). (4.9)
(b) If Xj, ---Xj,, for 1 <ji,..., 5k <mn,is a word of length k, then
X, -+ X5 P = X, -+ X, ||p < O( )t (P)
where the constant depends only on k € N.
We begin by proving (a). Since (PX;P)* = PX,P, we have that

(PX;P)* — P|lr = [|PX;PX;P — P°|| 5
< | X;PX; = Plr
= [|[PX; — X;P|r
< O(e')tr(P)'/2,
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by recalling that P = P*P < 1 and using the unitary invariance of || - ||[r. Observe that
|PX;Plop < || X;llop < 1, hence by Proposition 2.40 we conclude that || X; — PX;P||z <
O(e/"tr(P), thus )Z'j is a unitary (by noting it’s the unitary part of PX;P). Before
continuing, remark that we can rewrite the above equation to show that

|PX,;P — X,;P|r < O(e/*)tr(P)/2,
Therefore, by the triangle inequality
IX; — X;Pllp < |X; — PX;P|p + |PX;P — X;P|p < O("/")tx(P)"?, (4.10)

so the result follows since (PX,;P)*(PX;P) is almost the identity on Im(P). For (b),
remark that X; = PX; for all 1 < j <n, and therefore

1 X5, - X5 P — X5, - X5, ||
<X, - X P = Xy - X

Jk—1

< H)(jk}j __‘X;k‘LF + H)(j1" - X

Jk—1

JkﬂPXjk - le o 'XijF
P =X X5 e

< O(EMtr(PYYV? 4+ || X, - Xy PXj — Xy Xl

Jk—1

})}(ijF"_% H;Kﬁl" - X;

from which the result follows.

We now conclude the proof by showing that the function ¢ : C*(X) — Lin(Im(P)),
sending z; — )Z'j is an O(e'/*)-representation of the game algebra & on Im(P) C H with
respect to || - ||;. We have already seen that )?j is unitary on I'm(P), so all that remains
to show is that ||)A(/']2 — P||; < O(e*). This follows from the observation that

IX? = (PX,;P)?||r < | X; — PX,P||#||X; + PX,;P|r
< O(eV*)tr(P)Y2,

and that ||[(PX;P)? — P|r < O(e"/*)tr(P)'/? by Equation (4.9). Hence we have that

(i) P(Xy,...,X,) = —P for each 1 <i < m, and

(ii) )?k)?j = )?J)?k for each pair 1 < j <k <nin K, forall 1 <i <m.

For the remaining relations, the result follows from parts (a) and (b), since each polyno-
mial relation » € R is a finite sum of monomials. By the triangle inequality, and recalling
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that | X|; = W“XHF on Im(P), we see that

1

lo(r)lly = WW(T)HF
1
S ISLE (l¢(r) = (r) Pllr + lle(r) Pllr)
S 0(61/4)
completing the proof. O

Recall that in the synchronous game case, starting from an e-perfect strategy with
an arbitrary state, the rounding lemma ensures that there is an e-representation of the
SynchBCS algebra in the || - || f-norm. So to apply our rounding result in the synchronous
algebra case, we need to ensure that under the x-isomorphism in Proposition 3.26, that
an e-representation of the synchronous algebra .7 (Gsy,.) is an O(€)-representation of the
SynchBCS algebra in a p-norm.

Proposition 4.19. Recall the isomorphism ¢ : & (Ggyne) = B(Gsyne) (from Proposition
3.26). If ¢ is an e-representation of &7 (Gyyne) in a p-norm, then ¢ o (p?) is an O(e)-
representation of #(Gyyn.) with respect || - ||,

Proof. We let {F!},ca : 1 <4 < m} be the approximate representation of the synchronous
algebra. It is easy to see that if ||F° —Fi||, < eand ||F" - F!||, < ¢, then | Fi* — 1|, < 4e
and || X" — X!||, < 2e. It remains to show that the remaining synchBCS algebra relations
hold approximately.

If V(a,bli, j) = 0 and || FiFY||, < ¢, we have X® = 1 —2FZ, hence |AND(z¢, 1) — 1|, =

11— 2 — 2 + 222 amd

(1-X2)(1-X))
2 2

1L — X5 = XP + Xo X5l =4

:4||F£Flf||p
<4e.
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Next, we have

HXCH‘E — H(]l—QF;)—l—]l
aGA o aeA P
=D _2F ] Fi+1
aCA acqo P
=Y (2F +21+ Y (-2 ] F
‘Oc|:1 |a‘>1 aco P
<21 = Fifl,+ 3 29 T Fill,
a |a|>1 a€a
et 320 ] 1ElEE,
|| >1 a’ea\{a,a’}
<2c 4 3 2O FLEL,
|| >1
<O(e),

where C' is the constant that bounds the operator norm of each F'. Lastly, we ensure that
the commutation relation holds.

1 XeXe — XoXall, = (L= 2F7) (L = 2F,) — (1 - 2F,)(1 - 2F,)],
< Al FaFull, + 1 Fa Ll )
< 8,

as desired. O

Although the above is for arbitrary e-representations, recall that in our case the ap-
proximate representation of @7 (Ggync) is exact on several of the relations because they are
projective measurements. Moreover, if X! = 1 — 2F! is the 4+-1-valued observable assigned
to the orthogonal projection onto outcome (i,a) then under the isomorphism in Propo-
sition 3.26 the collection of observables {X!}exxa are an O(e/*)-representation the
SynchBCS algebra #(Ggyn.). It is clear that the relations (r.1), (r.2), (r.4), and (r.5) in
Definition 3.25 hold exactly in this approximate representation, since S is a PVM strategy.
Therefore, it only remains to check relation (r.3) in Definition 3.25 holds approximately,
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which we leave to the reader to verify. Lastly, since the projections satisfy the property in
Proposition 4.8 their corresponding observables satisfy the hypothesis of Lemma 4.4 and
we have the following corollary.

Corollary 4.20. If S is an e-perfect strategy to an synchronous nonlocal game game Gy,
then the corresponding O(e'/4)-representation of the SynchBCS algebra is O(e!/2, \)-tracial.

We can now give the proof of Theorem 1.3.

Proof of Theorem 1.3. The proof follows from Propositions 4.9, 4.11 and 4.13 as we can
apply Lemma 4.16 to the approximate representations of the SynchBCS, BCS, and XOR
game algebras which arise from optimal strategies for their respective games. In each of
these cases we showed that the approximate representations are O(e!/7¢)-ATP for suitable
constants 7 that depend on the class of nonlocal game G. In particular, 7q,,.., = 2,
Yy, = 2, and 7q,,. = 4, which results in the O(e'/(?76))-representation for each of the
corresponding classes of game. O]

4.21 Rounding e-representations to near-optimal strate-
gies

In this section, we will show that the relations forcing the representatives of the game
algebra to be quantum measurements are stable. Since BCS and XOR algebras are ¢;-
bounded, we can use Lemma 2.37 to replace an approximate representation with one
satisfying the measurement requirements without significantly altering the quality of the
other relations. After making these corrections to the approximate representation, we
compute the value for the game G using a maximally entangled state. We begin with the
case of e-representations of the synchronous nonlocal game algebra.

Proposition 4.22. Given an e-representation of the synchronous algebra o7 (Gsynch), there
are is an O(€?)-perfect strategy S using a maximally entangled state, and each projective
measurement operators is at most O(e) from ¢(p?) for all @ € A, z € X with respect to

-1l

Proof. By the stability of the PVM algebra in Corollary 2.49, for any e-representation of the
synchronous algebra there is an O(e)-representation where all “approximate projections”
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for inputs x,y € X can be replaced by self-adjoint projections that sum to the identity.
Hence,

1PrQYI s < I1PQ) — PaQilly + |1 P2 QY — Pr@ylls + 1P QL5
< 1Py = PIIAQ op + I P Nop|QF — Q2lls + 1 PE @1 4

<Py =PI+ Q) — Qs +¢
< 3e.

Therefore, H]S_gQi/Hf < O(€) whenever V(z,y,a,b) = 0.

It follows that the strategy with a maximally entangled state S = ({{P"}oen : = €
X {{Q}ves 1 y € Y}, [¢)) is O(€?)-perfect, since the probability of losing on each input is

Yo pladlry)= Y (WP @QY)
a,b:V(z,y,a,b)=0 a,b:V(z,y,a,b)=0

1 — .
= Z Etr( wQy)
a,b:V(z,y,a,b)=0
1 Nk Py S K
=Y (B EQ)
a,b:V(x,y,a,b)=0
= > IRQN;
a,b:V(x,y,a,b)=0
< |A]*9¢2
< O(é).

]

Remark 4.23. If we applied our rounding result to the SynchBCS algebra and we wanted
to correct an approximate representation of the synchronous algebra in the || || ;-norm to a
strategy. We would first need to ensure that the isomorphism described in Proposition 3.26
does not significantly alter the quality of the approximate representation ¢ : Z(Gsynen) —
& (Gsynen)- That is we need to check that any e-representation of the SynchBCS algebra

in the || - || f-norm remains an O(e€)-representation under the isomorphism ¢ : B(Gsynen) —
ng(Gsynch)-

Proposition 4.24. If 1 is a unitary e-representation of Z(Gynen) in the || - || f-norm, then
under the isomorphism ¢ in Proposition 3.26 1 o ¢ is an O(e)-representation of .o (Gsynen)
with respect to || - ||+
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Before we prove Proposition 4.24, we require a few technical results.

Lemma 4.25. Let X;,..., X, € My(C). If | Xi||op < C and || X;X; — X;X;||; < € for all
1 < i < j < n. Then there exists a constant C; > 0 (depending on C') such that the
monomial

I1Xs, - X -

Lo X
forall1<j<k<n

ik”

X, — Xiy o Xy Xy - X, |y < Chre

Proof. We proceed by induction on |k — j|. When X; and X}, only differ by 2 positions in
the monomial let £ = 7 + 2. In this case, we see that

||Xi1 T Xinij+1Xij+2 o 'Xin - Xil o 'Xij+1Xinij+2 o Xlan
SHXH e Xij—l |’0PHXinij+1 - ij+1Xij ||fHXij+2 T XinHOP
<O™ 2.

Now suppose it holds for 1 < j < n and k = j + ¢ — 1 with constant C"~*~! > 0, and
consider

[P REED. RS CHIREED. CHED. ARTED. CHUD. 10, CHUREED. o
<Xy Xy Xy Xiy = Xoy o Xy Xy X lg
AP RIS, 5. I, CHIRTED. CHED. CIREED. CHID. c19. CHUREED. o |
<C" e+ [1X, - X ol X, Xy — Xy X I 11X - X llop
<C" e+ o te.
Letting C; = 2max{C" *~!,C"*} completes the proof. ]

Proposition 4.26. Let Xi,..., X, € My(C) such that || X;||l,, < C, || X2 — 1||; < € for
1 <i<mn,and | X;X; — X;Xi|f <eforall<i<j<n. Then, there exists a C' > 0
such that N
I(X1 - X0)? = 15 < Ce.
Proof. Our proof follows from two claims. The first is that there is a constant Cj such that
I(Xy -+ X0)? = X7 Xl < Coe.

Consider,
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by lemma 4.25 we have

||X1"'XnX1"'Xn_X12"'X2Hf
§HX1“'XnX1“'Xn—Xl"'anXr"beHf
HIXy e X Xy Xy = X7 X0 X o
<Che + C2€||X1 e Xy Xy X — X12 o 'Xr%lef-

[teratively applying Lemma 4.25 establishes the first claim. Secondly, we claim that there
is a constant Cy > 0 such that

IXT - X = 1y < Coe.
This follows by noting that
1T X0 = Ll
<|IXT - Xo = X Xl + XY X = 1y
<|IXT - X0 llopll X5 = g + 1XF - X5y — 1y
<C* Vet || XT - X2 — 1,

and therefore an inductive argument works here also. Combining our two claims we see
that

(X1 Xn)? = Tl S (X Xn)? = XT - Xl + 1 XT - X0 = 1|y < Ce,
as desired. ]

Proposition 4.27. For a set A, let X, be a unitary such that [|X? — 1]|; < ¢, and
||XaXb — XbXa“f < ¢ for all a 7é be A If

HXa+Il

a€A

<,

f
then there exists a constant C' > 0 such that

f
for any S C A.
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Proof. Let S be a subset of A. By the unitary invariance of || - || we see that

2
HXa+ H Xa = HXa H Xa+ H Xa
a€s acA\S f a€esS ac€A\S acA\S ¥
2
=[] Xa+1|| +|[{ J] %] -1
acA f acA\S ¥
< e+ C,

by Proposition 4.26, and the result follows with letting C' = (C" +1).

]

Proof of Proposition 4.24. 1t is straightforward to verify that if i) is an e-representation
of B(Gsync) with respect to || - |7, then the relations in the synchronous game algebra
are bounded by a constant times € in || - ||f under ¢ : B(Gsyne) — &(Gsync) sending
P(2l) = (1 —(2))/2. Tt only remains to ensure that the 3rd (completeness) relation

holds approximately.

Let ¢(2}) = X! so that ¢ o ¢(z}) =

1-> wlv(z)

a€A

f

1111

.....

There are three cases to consider in the sum of the elements v = (vy, ..

(1— Xi)/2, then

11— X))
2
a€A f
Z H (1+UQXZL) —Z(R_X;‘)
2 2

en)E{£1}" a€A acA f

(1+v,X}) (1-X})
Z H 9 N Z 9
vp)E{£1}" a€A acA f

o) € {117

when v is completely trivial, when v has exactly one nontrivial v;, and when there is more

than one nontrivial v;. In the first an

d last case, we will see that these contributions are

bounded by Ce. For the first case, we follow the same approach as in Proposition 3.26,
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expanding and then applying Proposition 4.27 to obtain

1 | 1 | |
o2 1w <5 22 (1=~ 1 =

SCln] a€S ¥ SCln/2] ||a€S a€A\S
2n/2
on
1

IN

Ce

< 2n/206.

We now consider the case where v contains at least one nontrivial v;. Let F! = (1 —

X#)/2 so that Fi =1 — Fi = (1+ X!)/2, and recall that the AND relation implies that
|FLFY|lp < 4e. Since for nearly orthogonal projections we have that ||F(1 — F!)||; =
|FL— FLFL | < ||FH| s + 4e. In any term where there are at least two nontrivial elements
in v, we have a monomial where at least two projections are almost orthogonal. Remarking
that the projections F’ almost commute, the result follows from Lemma 4.25 by noting that
each term is O(e) away from a term in the || - || ;-norm (where the two almost orthogonal
projections are adjacent in the monomial). Then by the bimodule property, we see that
these terms are at most O(e).

For the remaining case, the terms are sufficiently close to those of the form
3 (1-X7) 11 (1+X3)
2 2
acA a'#acA
and therefore we only need to show that

1- X! 14 X, 1-Xi
Z(Q)H(Q)_Z(2>

acA a’'#acA acA

< (e

f

Hence,
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Iy 1+ X0, 1-Xi
Z( 2a) H (+2a)_2( ) )

acA a’#a€A acA

<> IE J[ a-F)-F

acA a'#a€A

< Fi >y J]Fi-F

acA || SCA\{a}d'€S
< > |ET]E
0#SCA\{a} a’'eS f

< Y SRR,
0#SCA\{a}

< Z C|S|7146,

0#£SCA\{a}

and the result follows. O]

Our next case is that e-representations of the BCS algebra in the || - ||f-norm give
near-perfect strategies using the maximally entangled state. For this result we rely on the
stability of the group algebra C[Z4], which was shown in | -

Proposition 4.28. If ¢ is an e-representation of the BCS algebra %(Gy.s) on a finite-
dimensional Hilbert space Hp, then there is a O(€*)-perfect strategy to the BCS game
using a maximally entangled state |¢)) € Hy ® Hp.

Proof. Let ¢ be an e-representation of B(Gy.s). For a fixed 1 < i < m consider the
e-representation restricted to K;. On the subset ¢ is an e-representation of Z§ for some
k = |K;|. Since the group algebra C[ZX] is stable with respect to unitary matrices in the
little Frobenius norm, there is a unitary representation ¢ of Z& such that ||¢(x;)—¢(z;)||; <
O(e) for all 1 < j < k. Therefore by Lemma 2.37, we can replace the K; C S of our
representation ¢ to be exact on all the x; € K;. This new approximate representation 7 is
an CCe + ¢ = (CC + 1)e-representation of Z(Gy.s), where C' depends on k < n.

Now if ¢ is the map sending x; — Y; and n maps z; — Z;; for all K;, then ||Y; —Z;;||; <
O(e) for all z; € K;. If Alice’s strategy consists of these Z;;’s, while Bob employs the
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strategy consisting of the Y}’s, the e-representation z; — Y; can be replaced with a self-
adjoint unitary X; such that | X; — Yj||; < O(e). Hence by Lemma 4.4 the strategy is
O(e?)-perfect, since || X; — Zjjll; < | X; = Yy + 1Y — Zis|ly < 2e. O

Our last objective is to determine the optimality of strategies arising from e-representations
in the || - || f-norm of the XOR algebra.

Proposition 4.29. Let G, be an XOR game. Given a e-representations ¢ : € (Gpor) —
Lin(Hpg) of the XOR algebra €' (Gyor) with respect to || - ||, there is an O(e)-optimal
strategy for the corresponding XOR game using the maximally entangled state on H4&® Hp.

Proof. Let ¢ be an e-represenation of € (Guor). Let {X;}1<j<n be the measurement op-
erators arising from the representatives {¢(z;)}1<j<n € Lin(Hg) in the sense that for
ecach 1 < 7 < n. By Lemma 243 we can find a self-adjoint unitary X, such that

1X5 — o(z))[l; < Ofe).
Define

— 1
Vi=— > wX,
ry = Wig s
J
for each 1 < ¢ < m. Since

2
—2 1
1Y; = 1|y = 72 <Zwin]’> — 71| < O(e),
i i

!

we can again use Lemma 2.43 to find a self-adjoint unitary Z; such that || Z; —Y,||; < O(e).
Then the strategy where Alice employs the operators {Z;}1<i<m € Lin(H,) and Bob
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employs ir<i<n € Lan(Hp) an € Hy ® Hp 1s maximally entangled we have that
ploy {X]} <j< Lin(H ) d |¢) H Hp i imally gled h h
‘5*<Gxor) - 6(87 G:(:or)’ = E r, — E wz]<w‘Zz ® X]‘w>‘
i ij

=12 —mezz-@?i!w‘

(2

< Il - Wit YiZij)

1

< Il [l e1-10Y,Z|¢)]
< Z|Tz‘|
=2 Inl[|Z: = Vil

< O(e),

1-TZ,

as desired. O

Proof of Theorem 1.4. The result is established by combining Propositions 4.22, 4.28, and
4.29. O

4.29.1 Distance between the rounded strategy and the original
strategy

We end with a discussion of Corollary 1.5. In particular we are interested in the following
question. In what sense is the “rounded” strategy with a maximally entangled state close
to the original strategy with an arbitrary quantum state? First, let us write the proof.

Proof of Corollary 1.5. The result follows from the Theorem 1.3, which shows that near-
optimal strategies can be rounded to approximate representation in the little Frobenius
norm. The quality of the resulting near-optimal strategy using the maximally entangled
state then follows from Theorem 1.4. It only remains to show, that under the support of
the employed maximally entangled state ]@, the operators are close in the || - || ;-norm.
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In the proof of Lemma 4.16, we see that on the support of P, each unitary )Z'j is close
to the starting unitary X; (see Equation (4.10)). It follows that the measurement oper-
ators in the “rounded” quantum strategy is O(e'/*) away from the initial measurement
operators with respect to the little Frobenius norm on the subspace H. Since each mea-
surement operator remains close to the operators in the approximate representation, the
result follows. [

A limitation of our technique is that it does not seem to ensure a dimension independent
e-dependence on the distance between the states |¢) and [¢). We conclude with a simple
upper bound on the distance between the states that depends on the dimension.

Proposition 4.30. Let G be a nonlocal game and S an e-optimal strategy employing the
quantum state |¢)) € H® H, and H = C¢ for some d. If S is the resulting O(¢'/7)-optimal
strategy with the maximally entangled state |¢) € H ® H, then

Iy = ) = IA = Plle < \/§<1 _ \/;>

where P = L_ P is the normalized projection onto H.
dim(H)

Proof. Tt is clear that [[[¢)) — [))||> = [|A— P||% as A and P are the reduced density matrices
of [1) and |1)) respectively. The proof proceeds as it would for any rank r spectral projection
of A with tr(\?) = 1. If rank(\) = d and rank(P) = r < d, with r eigenvalues equal to

1/4/r, then

Hence, we see that

1A — P||% =tr(\?) — 2tr(AP) + tr(P?)

—2(1 — tr(\P))

(o)
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Chapter 5

Satisfiability problems and algebras
of binary constraint system games

This Chapter contains results that are based on | ].

5.1 Introduction

In this chapter we revisit boolean constraint systems algebras. Section 5.2 reviews some
algebraic preliminaries, particularly the representation theory of CZ5. In Section we give a
different definition of BCS algebras than the one that appeared in Chapter 3 and show that
these two definitions are equivalent. We also introduce the types of generalized satisfiability
for BCS algebras and review some known examples. In Section we explain definability for
a BCS with contexts and a boolean constraint language. In this section we also prove our
main lemma: that definability induces algebraic transformations between BCS-algebras
from boolean constraint languages. We explain the connection and consequences of this
result in the context of Schaefer’s dichotomy theorem and the class of LIN BCS. Section
5.26 provides an example of BCS that is C*-satisfiable but not tracially satisfiable. The
construction is based on the Mermin-Peres magic square and the idea that in BCS algebras,
it is easy to find relations that enforce specific global algebraic properties on the algebra.
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5.2 Preliminaries and notation

5.2.1 Finitely-presented x-algebras

For a set X, let C*(X) be the free unital complex *-algebra generated by X. If R C C*(X),
let C*(X : R) denote the quotient of C*(X) by the two-sided ideal ((R)) generated by R.
If X and R are finite, then C*(X : R) is said to be a finitely-presented *-algebra.

If W is a complex vector space, then End(W) will denote the space of linear operators
from W to itself. We use 1y for the identity operator on W. A representation of a -
algebra o7 is an algebra homomorphism ¢ : & — End(WW) for some vector space W. A
subrepresentation is a non-zero subspace K C W such that ¢(a)K C K for all a € &7, and
a representation is irreducible if it has no subrepresentations. A *-representation of .&7 is
a *-homomorphism ¢ : &/ — B(H), where H is a Hilbert space, and B is the x-algebra of
bounded operators on H.

If @ = C*(X : R) is a presentation of a x-algebra, and Z is another x-algebra, then
s-homomorphisms &/ — % correspond to *-homomorphisms ¢ : C*(X) — % such that
¢(r) = 0 for all r € R. Hence a *-representation of o7 is an assignment of operators to the
elements of X, such that the operators satisfy the defining *-relations in R, and we often
work with representations in these terms. An element x of a x-algebra algebra &7 is said
to be positive, written z > 0, if x = Zle sis; for some k > 1 and sy,...,s; € /. The
algebra o7 is said to be a semi-pre-C*-algebra if for all x € o, there is a scalar A > 0 such
that x*z < A\ | ]. All the x-algebras we work with will be semi-pre-C*-algebras. A
state on a semi-pre-C*-algebra &7 is a linear functional f : &/ — C such that f(2*) = f(z)
forallz € o7, f(z) > 0forallz >0, and f(1) =1. If ¢ : & — B(H) is a *-representation
of o/, and |v) € H is a unit vector, then = — (v|p(x)|v|v|d(z)|v) is a state. Conversely, if
f is a state then by the GNS representation theorem, there is a x-representation ¢ : &/ —
B(H) and a unit vector |v) € H such that f(x) = (v|¢(z)|v|v|¢(z)|v) for all x € o7. Hence
a semi-pre-C*-algebra o7 has a state if and only if it has a x-representation. A state f on
o/ is tracial if f(ab) = f(ba).

5.2.2 The joint spectrum and representations of CZ}

Consider the finitely presented group

Z’;:<z1,...,zk:zle,lgigk,zizj:zjzi,lSi#j§k>.
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The group algebra CZE is the x-algebra generated by zi,..., 2, with defining relations
from the group presentation of Z5 above, along with the relations 27z; = zzf = 1 for all
1 <i < k. Hence a x-representation of CZ5 is a collection of unitary operators 71, ..., Zy
such that Z? = 1 and Z,;Z; = Z;Z; for all 1 < i,j < k. The irreducible *-representations
A of CZE are one-dimensional, and are determined via the vectors v = (A(z1),...,A(2x)) €
{£1}*. Conversely, for any vector v € {£1} there is a representation \, : Z& — C with
Az;) = v;, so Z& has 2F irreducible representations (up to isomorphism). If v € {£1}*, we
let

k
1
I, = H Tl +vz) = 5 Z Ao(2)T
i=1 z€Zk
be the central projection in CZ5 corresponding to \,. These projections satisfy the iden-
tities IT¥ = II, = II? and dvefenrlly = 1 in CZE. Hence if ¢ : CZ5 — End(W) is
a x-representation, the operators {¢)(Il,)},eqr13x form a complete orthonormal family of
projections. In particular,
W= @ »I,)w
ve{£1}k
as an orthogonal direct sum. If x € CZ4 and w € W, := o (II,)W, then ¥ (z)w = \(x)w.
Hence ¢(z) = @,epeneo(@)ly, for all z € CZ5, so 4 is diagonal with respect to this
subspace decomposition. This leads to the following definition:

Definition 5.3. Let v : CZ5 — End(W) be a *-representation of CZ% on a vector space
W. The joint spectrum of 1 is the set

Ty = {v € {£1}* : ¢(IL,) # 0},

In other words, J,, is the set of vectors v € {£1}" for which the subspace W, is non-zero.

5.3.1 Binary constraint systems

To match with conventions from the previous section, in this paper we represent Zs in
multiplicative form as {£1}, rather than {0,1}. We also use this convention for boolean
truth values, meaning we think of —1 as TRUE and 1 as FALSE. A binary relation of
arity k > 0 is a subset of {#1}*. The indicator function of a relation R C {£1}* is
the function fp: {+1}* — {£1} sending z — —1 if € R, and z + 1 otherwise. Given a
set of variables X = {z1,...,x,}, a constraint C' on X is a pair (S5, R), where the scope
S = (s1,...,5k) is a sequence of length £ > 1 over X U {£1}, and R is a k-ary relation.
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A binary constraint system (BCS) is a pair (X, {C;}",), where X is a finite set of
variables, and {C;}", is a finite set of constraints on X.

For practical reasons, we will often write relations and constraints informally in the
standard short-hand, using V for logical OR and A for logical AND. For instance, x; V
z3 V 23 = TRUE could refer to the relation R = {£1}*\ {(0,0,0)}, or to the constraint
(1,9, 23), R). Also, if S is a scope, we abuse notation slightly and use X NS to refer to
the set of variables listed in S. Note a peculiarity of using multiplicative notation for Z, is
that the XOR z1 @ x5 is written as the product x;x9, so for instance {z1z223 = —1, 2223 =
1, z29 = 1} is actually a linear system, despite initial appearances.

An assignment to a set of variables X is a function ¢ : X — {£1}. If S = (s1,...,sk)
is a sequence over X U {£1}, we set ¢(S) = (¢(s1),...,d(s1)) € {£1}*, where we extend
¢ to {£1} as the identity function. If (X, {(S;, R;)}*,) is a BCS, then an assignment
¢ to X is a satisfying assignment if ¢(S;) € R; for all 1 < i < m, or equivalently if
fr,(¢(S;)) = —1 for all 1 < i < m. An assignment which is not a satisfying assignment
will be called a non-satisfying assignment. A BCS is said to be satisfiable if it has a
satisfying assignment.

A boolean constraint language L is a collection of relations with possibly different
arity’s. We say that a BCS B is a BCS over L if every relation in B belongs to L.
Constraint languages allow us to talk about constraint systems where the relations are of
a certain form.

5.4 Binary constraint system algebras and games

To define boolean constraint system algebras, we first extend the definition of a binary
constraint system slightly:

Definition 5.5. A boolean constraint system (BCS) with contexts is a tuple
(X, {(U;, Vi)},_,), where X is a finite set of variables, and (U;,V;) is a constraint sys-
tem on variables U; C X for all 1 < i < /. The sets U;, 1 < i < { are called the contexts
of the system.

If £ is a constraint language, then a BCS with contexts over L is a BCS with
contexts (X, {(Us, Vi) }i,) in which (U;, V;) is a BCS over £ for all 1 <7 < /.

Intuitively, the idea behind this definition is that variables are grouped into contexts,
and constraints can only be placed on variables in the same context. Given a BCS B =
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(X, V), we can always add contexts to make it into a BCS with contexts. Typically there
is more than one way that this can be done. For instance, we could group all the variables
together into a single context to get (X, {(X,V)}). At the other end of the spectrum, we
add a separate context for each constraint, containing only the variables in that constraint.
In this case, if V = {(S;, B;)}._,, then the BCS with contexts is (X, {(U;, V;)}), where
U; C X is the set of variables appearing in S;, and V; = {(5;, R;)}. We use this option as
the default option when thinking of a BCS as a BCS with contexts.

Definition 5.6. Let B = (X, {U;,V;}*_,) be a BCS with contexts. Let &.,,(B) be the
finitely-presented x-algebra generated by X and subject to the relations

1. 22 =1and 2* = x for all z € X and
2.zy=yxforall z,y € U;; 1 <1 <m.
For 1 <i < ¢ and ¢ an assignment to U;, let Il 4 denote the projection

IT 10+ o))

zeU;
in ,n,(B). The boolean constraint system algebra <7 (B) is the quotient of <7, (B)
by the relations

3. Iy, » = 0 for all 1 < i < ¢ and non-satisfying assignments ¢ for (U;, V;).

The relations (1) imply that o/(B) is a semi-pre-C*-algebra. As mentioned in the
preliminaries, a *-representation of .27,,(B) is an assignment x +— (z) of operators to
every variable z € B, such that ¢(z)* = ¢(x) and ¢(x)? = 1 for all x € X, and ¢ (z)¢(y) =
Y(y)(z) for all z,y € U; and 1 < i < L. If 9 is a x-representation of <7, (B), then for any
1 <1 < {, the operators ¥ (z), x € U; form a *-representation of ZQU The *-subalgebra of
Ao (B) generated by U; is isomorphic to the group algebra of ZY. An assignment ¢ to
U; is equivalent to an irreducible representation of Z2U ‘, and Ily, 4 is the central projection
in (CZQUi corresponding to ¢. Hence a representation v of .27, (B) induces a representation
of &/ (B) if and only if for all 1 <4 </, the joint spectrum Jy,, is contained in the set
of satisfying assignments for (U;, V;). In particular, a one-dimensional -representation of
o/ (B) is the same thing as a satisfying assignment for B.

More generally, if B = (X, (X,V)) is a BCS with exactly one context, then </ (B) is
commutative, and a x-representation of o/ (B) is a direct sum of satisfying assignments
for (X, V). However, with more contexts it’s possible to have *-representations even when
there are no one-dimensional representations. The Mermin-Peres magic square is a famous
example:
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Example 5.7. The Mermin-Peres magic square is the constraint system B over X =

{1,..., 29} with constraints zyzox3 = 1, 22516 = 1, T72379 = 1, T12477 = —1, Tows18 =
—1, and z3z¢r9 = —1. These constraints arise from putting the variables x,...,x9 in a
3 x 3 grid

T | g | T3
Ty | T | Te |
X7 | g | X9

and requiring that the row products are 1 and the column products are —1. If we think
of this BCS as a BCS with contexts in the default way (adding a context for each con-
straint), then ./ (B) does not have a one-dimensional *-representation, but does have a
x-representation in dimension 4.

Note that if we allow arbitrary relations, then it is somewhat redundant to explicitly
specify contexts. Indeed, given a BCS with contexts B = (X, {(U;, V;)}._,), let C; be the
constraint (.S;, R;), where S; is an enumeration of U;, and R; is the set of satisfying assign-
ments to (U;, V;). Consider B = (X,{C;}{_,), an ordinary BCS without contexts. If we
regard B’ as a BCS with contexts in the default way mentioned above then o (B) = <7 (B’),
so we can always assume that the contexts are defined implicitly from the relations. How-
ever, as the following example shows, being able to explicitly specify contexts is convenient
when working over more restrictive constraint languages:

Example 5.8. Let X = {x1,29, 23,24}, and let B be the 3SAT instance (X, V'), where
V = ({x1Vary Va3 =TRUE, 25 V23V 2y = TRUE}). Then z; and x4 do not commute
in o/ (B). If we want them to commute, we can instead use the BCS with contexts B’ =
(X, {(X,V)}). We also have o/ (B') = &7/ (B") where B" = (X, {(x1VaaVas)A(xaVasVay)}
is a BCS without contexts, but B” is not a 3SAT system.

There is an alternative presentation of .7 (B) that is also useful. Recall that if S is the
scope of a constraint over variables X, then X NS refers to the set of variables in X.

Lemma 5.9. Suppose B = (X, {(U;, V;)},_,) is a BCS with contexts. Given a constraint
C=(SR)eV;,1<i</land an assignment ¢ to X NS, let

Moo= [] 3(1+6()),

r€ESNR

Then «/(B) is the quotient of <7,,(B) by the relations Il 4, = 0 for all C' = (S, R) € V;,
1 <i </, and ¢ an assignment to X NS such that ¢(S5) ¢ R.
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Proof. 1f ¢ is a non-satisfying assignment to (U;, V;), then ¢(S) € R for some C' = (S, R) €
Vi, and Ily, 4 is in the ideal generated by Il ¢| -
Conversely, _suppose C = (S,R) € V; and ¢ is an assignment to X N .S such that
o(S) & R. If ¢ is an assignment to U; such that ¢|Xmg — ¢, then ¢ is a non-satisfying
assignment to (U;,V;). Hence
oo = > Mg

Plxns=0
is in the ideal generated by Il 3 for 5 a non-satisfying assigment to (U;, V;). O]
By thinking of the elements of CZ} as polynomials in the variables zy, ..., 2, we can

identify CZ5 with the space of functions {£1}¥ — C. Specifically, if f : {£1}* — Cis a
function, then the corresponding element of CZ~ is

ST

vE{£1}k i=1

When f is the indicator function fr of a relation R C {£1}, we denote this element by
Pr. If C = (S, R) is a constraint over variables X, and S = (sq,..., Sg), the evaluation
Pr(S) of Pg at S is the element of CZ5™® that we get from replacing x; in Pr with s; for
all 1 < ¢ < k. It is not hard to see that

= > Hes— Y Tes,
#(S)¢R #(S)ER

where the sums are over assignments ¢ to X NS, and Il¢ 4 is defined in Lemma 5.9. Since
> ¢ =1, we conclude that 1+ Pr(S) =23, ¢)zr o

Corollary 5.10. Suppose B = (X, {(U;, Vi)}{_,) is a BCS with contexts. Then /(B) is
the quotient of 7, (B) by the relations Pg(S) = —1forall C = (S,R) € V;, 1 <i < /.

Proof. The argument above shows that 14 Pg(.5) is in the ideal generated by the projections
Il 4 with ¢ an assignment to X NS such that ¢(S) € R. Conversely, the projections Il¢ 4,
¢ an assignment to X NS are orthogonal. Hence if ¢(S) ¢ R then Il 4 = %HC@(l + Pr(9))
is in the ideal generated by 1 + Pr(S). The Corollary follows from Lemma 5.9. O

Example 5.11. If R is the AND relation A y = TRUE, then Pg(z1,2) = (1 + 21 +
2o — 2123). If B is the BCS with two variables z1, 2, and the single relation R, then
A (B) =C*(z1,29: 2F = 25,27 = 1,i = 1,2, Pr(z1, 22) = —1).
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Example 5.12. Suppose Az = b is an m X n linear system over Zy, written in additive
notation (a.k.a. the normal way of writing linear systems). This gives a BCS with contexts
(X, {(U, {C:})}imy), where X = {z1,...,x,} is the set of variables, U; = {z; : A;; # 0} is
the set of variables in equation 7, and C; = (S;, R;) is the ith equation of the system, which
written multiplicatively is 2% - - - x4 = (—1)%. Then Pg, (S;) = (—1)b*Hzf ... g4 and

o/ (B) is the finitely-presented *-algebra generated by z1, ..., x, subject to the relations

(a) 22=1and x} = x; for all 1 <i < n,
(b) xjxy = xpx; for all z;,x, € U;, 1 <i < m, and

(¢) ... gAin = (—1)% for all 1 << m.

n

Note that these relations are very close to the relations for a group algebra, and indeed
o/ (B) is the quotient CI'(A,b)/(J = —1), where ['(A,b) is the solution group of Ax = b
[ : J

5.12.1 Contextuality scenarios and nonlocal games

Let B = (X, {(U;, V;)}i_,) be a BCS with contexts, and suppose 1 is a *-representation of
Heon(B) on some Hilbert space H. For any 1 < i < ¢, the operators ¢ (x), x € U; are jointly-
measurable +1-valued observables, with joint outcomes corresponding to assignments ¢ to
X NS. This type of measurement scenario, in which a bunch of observables are grouped
into contexts, where observables in the same context are jointly measurable, observables
from different contexts are not necessarily jointly measurable, and observables can belong

to more than one context, is called a contextuality scenario (see, e.g. [ ]). This
physical interpretation of #-representations of A.,,(B) goes back to the original papers of
Mermin and Peres | : ]. If ¥ is a x-representation of </(B), then the outcome

of measuring the operators ¥ (z), x € U; with respect to any state is always a satisfying
assignment to (U;, V;). If B does not have a satisfying assignment (or in other words, a one-
dimensional *-representation), then the operators ¥ (x),z € X are said to be contextual,
since the behaviour of ¥ (x) seems to depend on what context it is measured in.

Another physical interpretation of x-representations of 7 (B) is provided by the BCS
nonlocal game G(B) associated to B. In this game, two players (commonly called Alice
and Bob) are each given an input 1 < ¢ < ¢, and must respond with a satisfying assignment
¢ for (U;, V;). If Alice and Bob receive inputs i and j respectively, and respond with outputs
¢4 and ¢p, then they win if ¢a|y,~v; = ¢Blv,nv,. If this condition is not satisfied, then
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they lose. The players are cooperating to win, and they know the rules and can decide on
a strategy ahead of time. However, they are not able to communicate once the game is in
progress (so in particular, Alice does not know which context Bob received, and vice-versa).

There are different types of strategies Alice and Bob might use, depending on what
physical resources they have access to. A strategy is classical if Alice and Bob have access
to shared randomness; quantum if Alice and Bob share a finite-dimensional bipartite
entangled quantum state; quantum-approximable if the strategy is a limit of quantum
strategies; and commuting-operator if Alice and Bob share a quantum state in a possibly
infinite-dimensional Hilbert space, and rather than using separate Hilbert spaces to model
the no-communication requirement, Alice’s measurement operators just have to commute
with Bob’s operators. We refer to | ] for more background on quantum strategies.

A perfect strategy for a nonlocal game is a strategy which wins on every pair of inputs.
If B has a satisfying assignment, then G(B) has a classical perfect strategy. Indeed, Alice
and Bob can agree on a satisfying assignment ¢ ahead of time, and respond with ¢|y, on
input 7. It turns out that G(B) has a perfect classical strategy if and only if B has a
satisfying assignment. The following theorem describes the relationship between perfect
strategies for G(B), and x-representations of the BCS algebra <7 (B).

Theorem 5.13 ([ : |). Let B be a BCS with contexts. Then:

(1) G(B) has a perfect classical strategy if and only if there is a x-homomorphism
o/ (B) — C,

(2) G(B) has a perfect quantum strategy if and only if there is a *-homomorphism
o (B) — My(C) for some d > 1,

(3) G(B) has a perfect quantum-approximable strategy if and only if there is a *-
homomorphism & (B) — RY, where RY is an ultrapower of the hyperfinite I
factor R.

(4) G(B) has a perfect commuting-operator strategy if and only if <7 (B) has a tracial
state.

Although BCS algebras hadn’t been invented at that point, parts (1) and (2) of Theorem
5.13 were essentially proved in | : |. Parts (3) and (4) were proved in | ].
We note that the conditions are ordered in decreasing strength. The existence of a *-
homomorphism ¢/ (B) — C implies the existence of a *-homomorphism o/ (B) — M,(C),
which implies the existence of a homomorphism &7 (B) — RY. Finally, if RY has a tracial
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state, there is a *-homomorphism & (B) — RY and &7 (B) has a tracial state (see [ ]
for background on RY).

A BCS with contexts is said to be satisfiable if it has a satisfying assignment. The
interpretations in terms of #-representations of 27(B) in Theorem 5.13 above suggest the
following definition for generalized satisfiability.

Definition 5.14. A BCS with contexts B is:

(i) satisfiable if there is a *-representation <7 (B) — C,

(ii) matrix-satisfiable if there is a x-representation .o/ (B) — My(C) for some d > 1,

)
)
(iii) RY-satisfiable if there is a *-representation &/ (B) — RY,
(iv) tracially-satisfiable if o/ (B) has a tracial state,

)

(v) C*-satisfiable if <7 (B) there is a x-representation < (B) — B(H) for some Hilbert
space H, and

(vi) algebraically-satisfiable if 1 # 0 € &7 (B).

With the above definitions there is a chain of implications from the strongest notion of
satisfiability to the weakest, in the sense that

(i) = (i) = (i) = (vi) = (v) = (vi).

However, it is much less obvious whether there are examples of BCS B which are satis-
fiable in each sense and not satisfiable in the stronger sense. In Definition 5.14 the notions
of satisfiability (i)-(iv) can be thought of operationally within the paradigm of strategies
for nonlocal games and the different various frameworks for correlations. However, we do
not know of any such interpretation for (v) and (vi). That being said, these two notions
do appear to make sense in the more general framework of contextuality.

For each type of satisfiability in Definition 5.14 we can consider the problem ¢t-SAT(B),
for a BCS B. That is the problem of deciding whether B is t-satisfiable. For some results on
the computational complexity of the t--SAT(B) problems we refer the reader to | ].
Here, we focus on the existence of seperating examples for these problems.

Example 5.15 (] , , ]). The Mermin-Peres magic square is an LCS over
7o that is matrix-satisfiable, but not satisfiable.
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Example 5.16 (] ]). There is a LCS over Z, which is RY-satisfiable, but not matrix-
satisfiable. The idea is that there is a solution group I" with J # 1, which is both hyperlinear
and non-residually finite.

Example 5.17 (] ]). There is a BCS algebra which is tracially-satisfiable, but not
RY-satisfiable. In the MIP*=RE work, the authors give a description of a synchronous
nonlocal game with gc-value of 1 but a ga-value < 1.

Example 5.18 (| ]). There is a BCS which is algebraically-satisfiable, but not
C*-satisfiable. The synchronous algebra of 4-colouring K5 is nontrivial, but the algebra
has no abstract states.

5.18.1 Connection with synchronous games

Another very prominent class of nonlocal games are the synchronous nonlocal games G(5).
One reason they are nice mathematically is, like BCS nonlocal games, perfect t-strategies
for synchronous games correspond to certain representations of the finitely-presented -
algebra, called the synchronous algebra 7(5) associated to the synchronous game G(5).

Let O and I be finite sets and A : I? x 0% — {0, 1} be a function with the synchronous
property, that is
1 ifa=0,

Ma,b,x,z) = {0 a2

The synchronous algebra is the *-algebra generated by C(e? : a € O,z € I) subject to the
relations:

forall z € 1.

(i) (e5)* = (e¥)? =€, foralla € O, z €1,

a

(ii) Y ,eacl =1foralzel,
(iii) e*ey =0, whenever A(z,y,a,b) = 0.

Like BCS nonlocal games, synchronous games can encode interesting computational
problems. For instance, an interesting class of synchronous games are the proper k-
colouring games for a graph . The existence of a perfect classical strategy to the k-
colouring game is equivalent to a proper k-colouring of the vertices in G.

It was shown in | ] (see Proposition 3.26) that every synchronous algebra is *-
isomorphic to a BCS algebra for a BCS B,yy,.. Therefore any synchronous algebra in which
any of the separations exist, there is a an example of a BCS-algebra with that separation
and vice versa.
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5.19 Constraint system languages and definability

Definition 5.20. A relation R C {£1}* is definable (or pp-definable) from a binary
constraint language L if there is a BCS B over £ with (potentially additional) variables
{z1,... 2} U{y1,...,ye} such that (ai,...,a;r) € R if and only if there is a satisfying
assignment ¢ for B with ¢(z;) = a;.

We say that a BCS B (resp. BCS with contexts) is definable from L if every relation
in B is definable from L.

Our insight is that this definability is reflected in the algebraic characterization of
BCS-algebras in the following sense:

Lemma 5.21. If a BCS with contexts B is definable from the constraint language £, then
there exists a BCS with contexts B’ over £ and x-homomorphisms

such that 7ot = 1,(p).

Proof. Let B = (X, {U;, Vi}t_,). For each BCS (U, V;), there is a BCS (U;UY;, W;) defined
over £ such that ¢ is a satisfying assignment for (U;, V;) if and only if there is a satisfying
assignment 5 for (U; UY;, W;) with 5|Uz = ¢. Let Y be the disjoint union of sets Y;, and
consider the BCS with contexts B’ = (X UY, {(U; UY;, W;)}{_,). Since U; is contained
inside a context of B’ for all 1 <i < /¢, there is a *-homomorphism 7 : ., (B) — eon(B')
sending x +— x for all x € X. If ¢ is an assignment to U; UY;, then

1+ ¢ 1+ ¢ -
HU«;UYL% - H (%(‘T)J;) H ( - (g(y)y> = L(HU«L@)HYi,ga
zeU; yeyY;

where ¢ = Q~S]Ui, and IL,, 5 := [y, %(1 + gz?(y)y) For every assignment ¢ to U;, we have

Z Iy z=1

olu;=o
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where the sum is over assignments 5 to U; UY; with 55][] = ¢. If ¢ is a non-satisfying
assignment for (U;, V;), then every assignment ¢ to U; UY; with ¢|y, = ¢ is a non-satisfying
assignment to (U; UY;, W;). Therefore

Mye) = Y Wy, 5= Y T, -
blu,=¢ olu,=o

vanishes in o/ (B’) for all non-satisfying assignments ¢ to (U;,V;). We conclude that =
induces a homomorphism ¢ : &/ (B) — 7 (B’) sending x +— x for all z € X.

For the other direction, for each 1 < ¢ < ¢ and assignment ¢ to U;, choose an assignment
he to U; UY;, such that hy|y, = ¢, and if ¢ is satistying for (U;, V;) then h,, is satisfying for
(U; UY;, W;). Define 7 : pon(B') = pon(B) by T(x) = z for all z € X, and

T(y) =D ho(y)y, e
5

ifyeY,1<i</{ Since 7(y)* = 7(y) and 7(y)> = 1 for all y € Y, and 7(2)7(w) =
7(w)m(z) commute for all z,w € U; UY;, the homomorphism 7 is well-defined. For any
a € {£1}, we have that

s(Ltan(y)= Y Iy,

$ihg(y)=a

Suppose 5 is an assignment to U; U'Y;, and let ¢g = ng Then

~ Mg, ¢ =h
W(HUiUYi,qNS) = Il g0 - H Z My | = { o o

0 otherwise -
YEY: \ pihy(y)=0(y)

By construction, if hy is a non-satisfying assignment to (U; U Y;, W;), then ¢ is a non-
satisfying assignment to (U;, V;). Hence if 5 is a non-satisfying assignment to (U; UY;, W;),
then 7(IL;; ;. 5) vanishes in /(B). We conclude that 7 induces a homomorphism 7 :
o/ (B") — o/ (B) with the property that 7ot = 14(p). O

Corollary 5.22. If £ is definable from £’, then any separation of satisfiability that holds
for £ also holds for £'.

Boolean constraints are typically represented by boolean propositional formulae. We re-

view some basic terminology about boolean propositional formulae which will make defining
the relevant boolean constraint languages much easier. A term is just a boolean variable
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or constant. A literal is a term or its negation. A literal is said to be negative if it is the
negation of a term and positive otherwise. A clause is a disjunction (OR) of literals. Any
constraint C' can be expressed as a conjunction (AND) of clauses. This is known as the
conjunctive normal form (CNF) of C'. With these terms in mind, we can describe some
well known boolean constraint languages. The constraint language k-SAT is the set of
relations expressible by CNF-formulae where each clause contains at most k literals.

Schaefer’s dichotomy theorem is a statement about the complexity of boolean satis-
fiability problems under several boolean constraint languages. There are a number of
boolean constraint languages that arise in this classification. We briefly review them here.
A constraint C' is said to be:

(i) Bijunctive if each clause contains at most two literals (also known as 2-SAT). The
language of all bijunctive relations is denoted 2SAT.

(ii) O-valid (resp. 1-valid) if the formula is true on the string consisting of all FALSE
(resp. TRUE) assignments to each variable. The language of all 0-valid (resp. 1-
valid) relations is denoted 0-VALID (resp. 1-VALID).

(iii) Horn (resp. dual-Horn) if each clause contains at most one negative (resp. positive)
literal. The language of all Horn (resp. dual-Horn) relations is denoted HORN (resp.
DUAL-HORN).

(iv) Linear (or affine) if each clause consists only exclusive disjunctions (XORs) of literals.
In this case, the constraint is equivalent to a linear system of equations over Zy. The
language of all linear relations is denoted LIN.

The satisfiability problem SAT(B) for a BCS B is determining if there is a satisfy-
ing assignment to B. The following theorem provides a surprising dichotomy about the
computational complexity for the satisfiability problem for a BCS over the above class of
constraint languages:

Theorem 5.23 (Schaefer’s dichotomy theorem | ]). Let £ be any of the constraint
languages (i)-(iv) fom the above list. If B is a BCS over £ then the problem SAT(B) is in
P, otherwise SAT(B) is NP-complete.

Based on the knowledge that LIN contains examples of BCS’s, like the magic square,
which are matrix-satisfiable but not satisfiable as well as a BCS that is RY-satisfiable but
not matrix-satisfiable | |. A line of enquiry initiated in [Ji13, |, was to under-
stand whether the other boolean constraint languages in Schaefer’s classification provide
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separations between these types of satisfiability. However, it turns out that with the ex-
ception of LIN, all the other constraint languages in Schaefer’s dichotomy theorem have
no separating examples. In [ |, Ji was the first to establish results in this direction by
proving that if B is a BCS over the languages 2SAT, HORN, and DUAL-HORN, then
B is matrix-satisfiable only if B is satisfiable. Later, using different methods the authors
of | | established that if B is a BCS over the languages 0-VALID, 1-VALID, 2SAT,
HORN, DUAL-HORN, then B is C*-satisfiable only if B is satisfiable. Upon inspection,
the arguments in | ] do not appear to rely on any specific properties of the underlying
Hilbert space or C*-algebra and thus extends to abstract BCS x-algebras:

Corollary 5.24. If B is a BCS over the constraint languages 0-VALID, 1-VALID, HORN,
DUAL-HORN;, or 2SAT, then B is algebraically-satisfiable only if B is satisfiable.

The class of BCS with contexts over LIN has been well studied in the setting of Zs-linear
constraint system (Zy-LCS) nonlocal games. An LCS is a BCS described by linear system
of equations of the form Az = b. Moreover, every BCS-algebra over LIN is isomorphic to a
quotient of a group algebra by a central element of order 2. Given an m X n linear system
Az = b over Zs let V; be the set of variables appearing in the ith equation (i.e. arow of A).
The solution group I'(A, b) is the finitely presented group generated by {z1, ..., z, }U{J}
subject to the relations:

1) 3 2=1foralll1<j<nand J?=1,

(1)

(2) [zj,J]=1,foralll1 <j<mn,

(3) [z, zx] = 1 whenever x;, z;, € V;, for some 1 <1i < m.,
(4)

4) Tley, z;=J% for all 1 <i < m,

1

where [z,y] = zyz~'y~! is the group commutator.

Like in the case of BCS nonlocal games, representations of the solution group correspond
to perfect t-strategies. It follows that if B is a BCS over LIN, then the BCS-algebra o7 (B)
is the quotient of the group algebra CI'(A,b) by the ideal ((J = —1)). In | ] it was
shown that any finitely presented group can be embedded into a solution group, which
perhaps explains why LIN gives rise to such a rich family of BCS-algebras.

Since the Mermin Peres magic square example from earlier is an example of a BCS over
LIN, its BCS can be interpreted in as a group algebra. As mentioned previously, there are
separations for tracial-satisfiability and matrix satisfiability with BCS from LIN. Whether
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there are examples of more separations in LIN for other types of satisfiability is a very
interesting problem. That being said, we do not believe that finding such an example is a
straightforward task.

Proposition 5.25. If there exists a BCS B over LIN that is algebraically-satisfiable and
not RY-satisfiable, then there exists a non-hyperlinear group.

Proof. All group algebras modulo central elements have tracial states, thus if B is a BCS
over LIN that is algebraically-satisfiable, then 7 (B) has a tracial state and is therefore
tracially-satisfiable. It is well known that a group is hyperlinear if and only if it has a
*-homomorphism to R¥. Since we assumed B is not R¥-satisfiable, the result follows. [

Note that for a BCS over LIN, the polynomial time algorithm for SAT(B) reduced to
solving the linear system Az = b. However, a result of the second author | | implies
that given a BCS over LIN it is undecidable to determine if B is tracially-satisfiable.
Although it is generally undecidable to determine whether constraint systems in LIN are
quantum satisfiable, it was shown in | , ] that for the subclass of LIN where
the constraints can be represented by the incidence matrix of a graph G. The matrix
SAT problem for these (graph) LCS can be reduced to finding certain graph minors in the
graph G, which by the Roberston-Seymour algorithm is in P. We note that both the magic
square and magic pentagram games belong in this class. It would be interesting to know
whether there are other nice subclasses of LIN where the problem is decidable and there
are separating examples for the different types of satisfiability.

5.26 A BCS that is (*-satisfiable and not tracially-
satisfiable

The only remaining separation remaining in Definition 5.14 is a BCS that is C*-satisfiable
but not tracially-satisfiable. This question was asked (in the case of synchronous algebras)
by Sam Harris in | ]. We now construct explicit BCS which is C*-satisfiable but not
tracial-satisfiable. It follows that we have a strict chain of implications

(i) #= (ii) # (iii) #= (Vi) £ (v) # (vi).

Before we proceed, we remind the reader of some basic algebraic properties of the
BCS-algebra for the magic square:
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Lemma 5.27. Let .# be the BCS algebra associated to the constraints described by the
Mermin-Peres magic square (as in Example 5.7).

(a) In any C*-satisfying assignment the operators corresponding to pairs of variables
x1, x5 and xo, x4 both anticommute. Moreover, the assignments to x; and x5 each
commute with the operators assigned to x5 and x4,

(b) For any pair of anticommuting order 2 unitaries A, B acting on a Hilbert space H
there is a C*-satisfying assignment to the Mermin-Peres magic square on H @ C?
with ¢(x1) = AR 1, ¢(z5) = BR 1, ¢(r2) =1 ® A, and ¢(z4) = 1 ® B.

We now proceed with the example.
Example 5.28. Consider the finitely presented x-algebra:
2 = C*<X17 X27 Zl7 Z27 VV? T>7

where each generator is self-adjoint Z7 = Z;, X = X;, W* = W, T* = T and has order
2 (le. Z} = X} =W?=T?=1fori=1,2). Let Z be the *ideal generated by the
following relations:

Lastly, let =2 /%.

Proposition 5.29. We make three claims about #:

(i) £ has no trace,
(ii) there is a *-representation # — B(H), and

(iii) there is a BCS B for which & — &/ (B) and any *-representation of % extends to a
s-representation of <7 (B).
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Proof. Toward (i), suppose that a tracial state 7 : & — C exists. Now, consider the
relations (1)-(3). Since each Z; anticommutes with an X; for ¢ = 1,2, one can show that

7(Z1) = 17(Z3) = 7(Z1Z5) = 0.

So now, upon enforcing relation (4) we see that 7(W) = 1/2, since 7(1) = 1. However by
enforcing relation (5) we see that

(W) =7(WT?) = 7(TWT) = 7(—-WT?) = —7(W),

and so 7(W) = 0, a contradiction and we conclude no tracial states exists.

For point (ii), consider the 2 x 2 Pauli matrices

01 1 0
()62
and let ¢ : 2~ — M,(C) be the function sending:

X1 = X ®1ce,
Xor— le2 ® X,
Z1— Z ® 12,
Zo = 12 ® Z.

Hence, 1 extends to a map on A where X, Xs, 71,75 and W (by relation (4)) are
self-adjoint unitaries acting on C* and relations (1)-(4) are satisfied. For 1 to be a x-
homomorphism, all that remains is to find an order 2 unitary representative for 1" acting
on C* which anticommutes with ¢(W). This is not possible, since in any finite-dimensional
representation tr(-) is a trace on My(C). In particular tr(¢)(W)) # 0, so if there was such
a ¢(T), then

tr(p(W)) = tr ((T)"PW)P(T)) = tr (=p(T) Y (T)p (W) = —te(y (W),
giving a contradiction.

With that in mind we consider the map ¢ : Z — B(C* ® (*(N)); z — ¢ (2) ® Ly for
all x € {Xy, Xy, Z1, Z5} with the same 1) as above. Consider the image Z; and Z, under
¢. Now, by enforcing relation (4), we obtain a description of ¢(W). In particular, up to a

change of basis we see that
ﬂgQ(N)@3 0 )
W) = .
80( ) < 0 _]lf2(N)
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Now let Ty be the vector space isomorphism Tp : (*(N) — ¢*(N)®3 with adjoint T :
2(N)®3 — (*(N) and consider the assignment

T (TOO TO°> = (7).

Observe that ¢(7T) is a self-adjoint unitary with the property that

0o T 1y 3 0 0 1T
o(T)p(W)p(T) = <To* 00) ( K ((I)\D69 —]142(1\1)) (Ték OO>

_ <—T0152(N)T5 0 )
0 TO* ﬂgQ(N)@3To
o (—1]_[2(1\])@3 0 >
O HZZ(N)
= —p(W).

We conclude that relations (4) and (5) hold under the map ¢. We conclude that the map
Y(x) = P(x) ® Legy is a *-homomorphism, hence relations (1)-(3), that held under ¢
on C* @ (*(N) still hold under ¢. Hence, ¢ = 1) ® L) is a *-representation of Z on
B(C* ® ¢*(N)) and 2 has no tracial states.

For part (iii), we argue that there is BCS nonlocal game B where (i) and (ii) hold for
o/ (B) . For this we rely on the fact that we can uniquely enforce the desired relations in
% between pairs of variables using a magic squares. Consider the BCS nonlocal games
with constraints described by the magic square with variables Z;, X;, and Y; for 1 = 1,2,3
with the +1-row constraints and —1-column constraints

X1 |2 | Y
Xy | 2> | Yo
X3 | Z3 | Y3

call this BCS By. Now, we “add” another disjoint magic square to By introducing additional
variables T;, W; and L; for ¢ = 1,2, 3, while keeping the same row and column constraints
in the second square

Ty | Wy | Ly
Ty | Wa | Ly
T3 | W5 | Ly
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Call the resulting BCS B;. Now letting T'=T; and W = W, by Lemma 5.27 part (a) we
see that relations (1)-(3) hold in 27 (B). Note that relation (4) is equivalent to Wy being
the AND of Z; and Z,, hence it’s a valid BCS constraint and can be added to the BCS B;
resulting in a new BCS B. Moreover, Z; and Z, already commute so the addition of this
constraint doesn’t add any more algebraic relations. Now, the argument in parts (i) and
(ii) will hold for any representation of 7 (B), in particular by Lemma 5.27 part (b) the
representation ¢ in part (ii) extends to a C*-satisfying assignment for B, and the result
follows. O

Corollary 5.30. There is a BCS B with the following equivalent properties:

1. B is C*-satisfiable but not tracially-satisfiable,

2. there is a BCS nonlocal game G(B) with no perfect ge-strategy, but <7 (B) has a
x-representation,

3. &/ (B) has a state but does not have any tracial states.

The idea of using muliple magic squares to force interesting algebraic relations is not a
new idea, see for instance | -
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Appendix A

Other works by the author

In addition to the work included in this thesis, I also spent substantial time during my
Ph.D. collaborating on the following research projects:

Graph minors and linear system nonlocal games: Based on the work of Alex
Arkhipov | ], Vincent Russo, Turner Silverthorne, William Slofstra, and myself stud-
ied a subclass of linear system nonlocal games where the linear system are the incidence
system of 2-coloured connected graphs. We showed that unlike for general linear system
nonlocal games, the problem of deciding if there is a perfect quantum strategy for these
games can be done in polynomial time, with respect to the size of the graph.

o | Paddock, Connor, Vincent Russo, Turner Silverthorne, and William Slofs-
tra. “Arkhipov’s theorem, graph minors, and linear system nonlocal games.” arXiv
preprint arXiv:2205.04645 (2022) (to appear in Algebraic Combinatorics).

Self-testing and operator algebras: With William Slofstra, Yuming Zhao, and
Yangchen Zhou, we presented an alternative definition for the concept of a self-test that is
operator algebraic in nature. We showed that for the class of finite-dimensional quantum
correlations our definition is equivalent to the original definition of self-testing with respect
to local dilations of Meyers and Yao | ].

o ] Paddock, Connor, William Slofstra, Yuming Zhao, and Yangchen Zhou.
“An operator-algebraic formulation of self-testing.” arXiv preprint arXiv:2301.11291
(2023) (submitted to Annales Henri Poincaré).
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