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Abstract

The result MIP* = RE shows that the problem of approximating the quantum value of a
nonlocal game is undecidable. This thesis studies how this undecidability may be distilled
to well-structured classes of nonlocal games, specifically those coming from constraint
satisfaction problems (CSPs). A CSP is a decision problem where one must decide if a given
set of constraints may be simultaneously satisfied; presenting it as a nonlocal game gives rise
to an entangled CSP where the possible solutions are generalised to operator assignments.
Many computational problems may be presented as CSPs, such as graph colouring. This
work studies the various families of entangled CSP that arise due to the noncommutativity of
quantum mechanics — notably non-oracular CSPs, where the players only receive variables
as questions, and oracular CSPs, where the players also receive constraints.

We study how reductions between CSPs may be made quantum-sound. First, we develop
the theory of commutativity gadgets, which allow any classical constraint expressible by the
CSP to be expressed in the entangled setting. This allows for classical reductions between
CSPs to lift to gap-preserving reductions between entangled CSPs. We fully characterise
the existence of commutativity gadgets by means of entangled polymorphisms of the CSP,
a type of quantum symmetry, and use this show to equivalences and separations between
commutativity gadgets in different models. Second, we extend the most powerful classical
reduction between CSPs, based on minion homomorphisms of the polymorphism spaces, to
the setting of gapped entangled CSPs. We apply both techniques to show that entangled
graph k-colouring is undecidable for all £ > 3.

Famously, XOR games, which correspond to the CSP of boolean linear equations with
two variables per equation, have a classical value which is NP-hard to approximate but a
quantum value that can be approximated in polynomial time. We define the tilted XOR
games, which correspond to the boolean linear CSP with one or two variables per equation.
Though these are qualitatively close to XOR games, we show that their quantum value is
undecidable to approximate, by quantising the classical reduction from linear system games
to XOR games. This gives the first example of binary nonlocal games, where both players
answer a single bit, whose quantum value is undecidable to approximate.

Finally, we study approximation algorithms for entangled CSPs. We develop an algorithm
to approximate the quantum value of Max-k-Cut, the optimisation analogue of graph k-
colouring. For £ = 3 and k = 4, we find approximation ratios that are strictly better
than for classical colouring, despite the problems being significantly harder. Our algorithm
consists of a relaxation to a semidefinite program, followed by a randomised rounding using
a Haar-random unitary. To analyse the algorithm, we make use of ideas from free probability
to simplify the behaviour of the rounding in the limit of large dimension.
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Chapter 1

Introduction

Quantum mechanics has given rise to a variety of perplexing implications that have forced
the reconsideration of many preconceived notions about the nature of the universe. One
of these is entanglement, which is a form of correlation stronger than anything possible
classically. A pair of particles may become maximally entangled, which implies that the
result of a measurement of one particle fully prescribes the resulting state of the other,
irrespective of the observable measured. When this property was first noticed by Einstein,
Podolsky, and Rosen [(1], it was expected to be a flaw in the theory of quantum mechanics,
as entangled states violate locality. That is, measuring one system can instantaneously
change the state of a distant other system, seemingly transmitting information faster than
the speed of light. This would violate a key principle of relativity. They anticipated that
there could be a theory underlying quantum mechanics where there are hidden variables,
which remain local and could be used to recover locality.

To test the veracity of this idea, one needs a framework to compare correlations due
to local hidden variables to those predicted by entangled quantum systems. The work of
Bell [16] defined the first such framework, which has become known as a Bell inequality.
This is a classically-defined scenario where one asks a correlation to satisfy certain constraints,
with respect to which any classical correlation coming from a local hidden variable theory
fares strictly worse than a correlation allowed by quantum mechanics. By violating a Bell
inequality, one can disprove all local hidden variable theories at once. This was achieved for
the first time experimentally by Aspect, Dalibard, and Roger [11], cementing entanglement
as a tangible aspect of the universe.

Where does this leave locality? The standard Copenhagen interpretation of quantum
mechanics sees the universe as inherently nonlocal, but still posits that information cannot



travel faster than the speed of light. This squares with the Einstein-Podolsky-Rosen paradox
because measurements in quantum mechanics are also probabilistic: until an observer
learns the measurement result of the first particle — which is constrained to travel at or
below the speed of light — they see the state of the second particle as a random mixture of all
possible resulting states, containing no information about the result of the first measurement.
This implies that quantum correlations are non-signalling in the sense that the probability
of a measurement result on the second system, conditioned on the observables measured on
the two systems, is independent of the observable used to measure the first system. This
suggests a simple resolution to the question of entanglement — perhaps all non-signalling
correlations may be attained by quantum mechanics? As always, nature proves much more
subtle and beautiful. The set of quantum correlations lies somewhere between the sets of
classical and non-signalling correlations, but equals neither of them.

To quantify these ideas, we turn to nonlocal games, which provide a distillation of
the properties evinced by Bell inequalities. In a nonlocal game, a referee interacts with two
players (i.e. observers) Alice and Bob, who may share a correlation but do not communicate.
The referee samples a pair of questions x and y from a predefined probability distribution,
and sends them to Alice and Bob, respectively. Then, the players use their correlation to
come up with answers a and b locally. Then, they each send their answer to the referee,
who decides if the players win, by means of a predefined rule predicate depending on the
questions and answers. The value of the correlation is the expected winning probability;
and we may compare the classical, quantum, and non-signalling values, which correspond
to the suprema of the values over the corresponding sets of correlations.

The prototypical example of a nonlocal game is the CHSH game, first studied by
Clauser, Horne, Shimony, and Holt [39]. In the CHSH game, the questions are single bits
0 or 1, sampled uniformly at random; the answers are also bits; and the players win if
the answers satisfy a + b = xy modulo 2. This nonlocal game witnesses the separation
between quantum correlations and both classical and non-signalling correlations in the
following way. The classical value is equal to %, but there is a quantum correlation with value
cosQ(%) ~ 0.85. Further, this correlation actually attains the quantum value, by Tsirelson’s
bound [114]. However, there is a non-signalling correlation, called the Popescu-Rohrlich
box, that attains value 1 [103].

As seen in the above example, the quantum value of a nonlocal game can say a lot about
the nature of quantum correlations. With this motivation, one may ask how hard it is to
compute the value of a nonlocal game or, similarly, how much information may be gleaned
by determining the value of a nonlocal game. From the perspective of computer science,
this falls within the purview of complexity theory, which aims to capture how hard it is to
solve a given computational problem. Specifically, a nonlocal game can be seen as a form of



multiprover interactive proof system. In a multiprover interactive proof (MIP) system,
a verifier interacts with untrusted provers, who have unbounded computational power but
do not communicate, to attempt to decide a problem. Under classical strategies, the lack
of communication between the provers allows the verifier to interrogate them separately
and corroborate their answers, allowing the verifier to decide much harder problems than
they could alone, or even with a single prover. Using an MIP, a polynomial-time verifier
can decide NEXP, the nondeterministic exponential-time problems [11]. By shrinking the
question and answer lengths to logarithmic in the instance size, MIPs also capture the
nondeterministic polynomial-time problems NP [, 7, 56].

Nonlocal games with quantum strategies correspond to entangled multiprover interactive
proof (MIP*) systems. At first, it was highly unclear whether this strengthened the class, by
allowing the verifier to demand more, or weakened the class, by allowing the provers to cheat
better. It was finally shown that the complexity of entangled MIP is significantly higher
than the non-entangled version. The breakthrough result of [76] shows that a polynomial-
time verifier can use an MIP* to decide RE, which is a complexity class containing even
undecidable computational problems. Specifically, RE are those problems which are at
most as hard as the halting problem, which is the problem of deciding if a computer
program will halt and produce and output, given its source code. The halting problem is
impossible to decide using a computer [115, 82]. This incredibly hard complexity is attained
in the worst case for general nonlocal games: is it possible restrict the problem to a smaller
well-structured class of nonlocal games while preserving the hardness?

A well-structured class of decision problems whose complexity is fully understood are the
constraint satisfaction problems (CSPs). An instance of a CSP consists of a collection
of variables and associated constraints over a domain; it is an accepting instance of the
decision problem if there is a map from the variables to the domain that satisfies all of the
constraints. This captures a variety of relevant computational problems, such as satisfiability
of boolean formulae or graph colouring. CSP complexity satisfies a dichotomy theorem,
which had long been conjectured and proved only recently, stating that any CSP is either
solvable in polynomial-time or NP-complete [32, 122]. This dichotomy relies heavily on the
symmetry of the CSP: there is a precise sense in which the CSPs with more symmetry are
easier than those with less. Also, CSPs embed naturally into MIPs, by having the verifier
ask constraints and variables to the provers.

In this thesis, we study the quantum values of nonlocal games coming from CSPs, which
we call entangled CSPs, in order to achieve a more fine-grained understanding of where
the hard MIP* instances occur. We consider the problem from two directions. When and
how do classical reductions between CSPs lift to reductions between the corresponding
entangled CSPs? Is it possible to approximate the quantum value of an entangled CSP?



1.1 Summary of Results

We show a variety of reductions between entangled CSPs, coming from commutativity
gadgets and polymorphism minion homomorphisms. We use these reductions to demonstrate
hardness of the entangled versions of a variety of CSPs, notably graph colouring. Via different
techniques, we also show hardness of nonlocal games where each player outputs a single bit.
Finally, we develop an approximation algorithm for entangled CSPs, which we apply to
graph colouring, among other problems. This section summarises these results, roughly in
the order they are presented in the thesis.

1.1.1 Entangled constraint satisfaction problems

There are a few equivalent presentations of constraint satisfaction problems; we make use of
the presentation via relational structures in this work. A relational structure consists of
a set called the domain, and a collection of labelled relations of potentially different arities.
A homomorphism of relational structures is a map between the domains that preserves each
of the relations — note for a homomorphism between relational structures to make sense,
the labels of the relations need to be the same for the two structures, which we assure by
fixing a set of labels called the relational signature. In this setting, the CSP parametrised by
a relational structure A is the problem of deciding whether there exists a homomorphism
from a given relational structure X to A. X is an accepting instance (yes instance) if there
is a homomorphism X — A and a rejecting instance (no instance) if not. Here, a constraint
corresponds to a single element of a relation of X. We can also define a gapped CSP
as the promise problem where we guarantee that the fraction of constraints that may be
simultaneously satisfied in a rejecting instance is upper-bounded.

An important class of CSPs arises from graphs. A graph gives rise to a relational structure
with a single binary relation; and a homomorphism of graphs as relational structures is
simply a graph homomorphism. Graph n-colouring is the graph homomorphism problem to
the complete graph K,,. Many other important decision problems may be phrased as CSPs,
such as 3SAT and satisfiability of linear relations.

There a variety of ways to present an instance of a CSP as a nonlocal game. These reduce
to two relevant cases: a nonlocal game where the players are asked to satisfy variables, or a
nonlocal game where the players are asked to satisfy whole constraints. The second case is
called the oracular framework and, in contrast, the first case is called the non-oracular
framework. In either of the two cases, the winning condition is that the answered assignments
to the variables must satisfy the associated constraints, and be consistent between the



players. With respect to classical strategies, there is no significant difference between the
frameworks — the existence of a perfect strategy in either framework corresponds exactly
to the existence of a relational structure homomorphism. However, if we consider quantum
strategies, the two frameworks diverge, requiring us to consider them separately. This is
because, in the oracular framework, variables that belong to the same relation must be
measured together on the same system, inducing additional commutation relations between
their observables.

Considering the framework as well as the class of strategies — quantum, quantum
approximate, or commuting operator — gives rise to a variety of different entangled CSPs
for each relational structure. We show first that there exists a relational structure for which
both the quantum and quantum approximate gapped entangled CSPs are RE-complete and
the commuting-operator gapped entangled CSP is coRE-complete, in both the oracular and
non-oracular frameworks. This problem forms the basis of all the hardness results based
on reductions between CSPs. Next, we study the algebraic structure of perfect strategies
for entangled CSPs. Notably, we can see perfect strategies for CSP nonlocal games as a
quantum generalisation of homomorphisms between the relational structures. Finally, we
show that near-perfect strategies for CSP nonlocal games imply near-perfect strategies with
respect to a tracial (7.e. maximally entangled) state, so we may reduce to the case of tracial
strategies, for entangled CSPs with perfect completeness.

1.1.2 Existence of commutativity gadgets

Commutativity gadgets provide a way of lifting classical reductions between CSPs to
quantum-sound reductions between their entangled analogues. A commutativity gadget for
a relational structure A is an instance G of the CSP of A along with a pair of variables
from G (called distinguished variables), such that for any pair of elements of A, there exists
a quantum homomorphism from G to A where the distinguished variables are sent to those
elements; and for every quantum homomorphism from G to A, the observables associated
to the distinguished variables commute. That is, a commutativity gadget provides a way to
restrict a pair of variables to be commuting while imposing no further restrictions.

A reduction between CSPs is local in the sense that the reduction proceeds by replacing
every constraint of the original instance with a conjunction of constraints. Therefore, a
classical reduction can be lifted to a reduction of entangled CSPs by placing a commutativity
gadget between all the pairs of variables in the new instance that come from the same
constraint of the original instance. This forces all of the local assignments to satisfy the
classical constraint, guaranteeing soundness of the reduction. As such, if a CSP is NP-
complete and admits a commutativity gadget, the associated (gapped) quantum entangled
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CSP must be RE-complete; and the associated commuting operator entangled CSP must
be coRE-complete.

The idea of a commutativity gadget was introduced by Ji, who found commutativity
gadgets for 3-colouring and 1-in-3-SAT [75]. [19] shows that all NP-complete boolean CSPs
admit a commutativity gadget: in fact, every non-TVF CSP (where there is a relation that
does not constrain a pair of variables at all) admits a commutativity gadget consisting of a
single relation in the oracular framework, and boolean TVF CSPs admit commutativity
gadgets in both the oracular and non-oracular models. [38] shows that the odd cycles and
the Siggers digraph (a directed graph on 3 vertices) admit commutativity gadgets. In this
work, we show that all the complete graphs on n > 3 vertices admit commutativity gadgets
generalising the construction of [75], in the oracular framework.

On the other hand, there are strong constraints on which CSPs admit commutativity
gadgets. We show that non-classical quantum symmetries of the relational structure
preclude the existence of any commutativity gadget. This connects reductions between
entangled CSPs to the theory of quantum groups (in the sense of Woronowicz [121]). An
illustrative example is the case of four-colouring, where these are the symmetries of the
graph Kj. Classically, the symmetries of K, are the permutations of the vertices, as for
K3. Beyond this, it is known that K has a non-classical quantum endomorphism [119]; in
contrast, every quantum endomorphism of K3 is classical. As noted above, however, this
no-go result only applies in the non-oracular framework — every complete graph admits
a commutativity gadget in the oracular framework. Using this noncommutative quantum
homomorphism, we can show that K, does not admit a commutativity gadget.

Theorem 1.1.1. K, does not admit a (non-oracular) commutativity gadget.

In the proof, for clarity, we write quantum homomorphisms as collections of PVMs,
whereas later in the work we present them as representations of a homomorphism algebra —
these two presentations are wholly equivalent.

Proof. Suppose on the contrary that K, admits a commutativity gadget G with distin-
guished variables x,y € GG. First, since there exists a non-classical quantum homomorphism
{§ }apek, : Ky — Ky, there exist a1, b1, as, by € Ky such that Iy and II}? do not commute.
Next, the relations on the gadget cannot constrain the values x and y may be assigned to,
so there must exist a quantum homomorphism {P?},cq ek, : G — Ky such that P? =,
and PY = 0,,4,. Consider the composition of P with II, which is the quantum homomorphism
G — K, defined as
MoP):— Y ol

beKy



This is in fact a well-defined quantum homomorphism. Furthermore, we find that

[MoP)y =Y Pell) =1x,
beKy

MoP) = > Pl =12,
beKy

meaning that (ITo P)j and (I o P)j, do not commute. Therefore, there exists a quantum
four-colouring of G that does not constrain the projectors for x and y to be commuting. So
G cannot be a commutativity gadget for Kj. [ |

What does this say about the hardness of quantum four-colouring? We know that unlike
for classical three-colouring, we cannot use the classical reductions to directly rewrite the
constraints of any CSP in terms of it. However, this does not preclude the possibility that
entangled four-colouring is undecidable. Nevertheless, since the classical reduction does not
quantise, we would need a natively quantum reduction to achieve this.

We also use the no-go theorem to find an example of a relational structure that does
not admit a commutativity gadget in either the oracular or non-oracular frameworks. This
is the diamond graph D, which is the complete graph K4 with one edge removed. To prove
this result, we extend a result of Schmidt [106], which constructs quantum automorphisms
of graphs from disjoint classical automorphisms, to work in the setting of (non-invertible)
endomorphisms.

Structure H Oracular ‘ Non-oracular
Non-TVF ar(R) ?

TVF Boolean 16 16

Siggers digraph || 19683 19683

K, 2n X

Cons1 (2n + 1)@HD* | (2 4 1)@ntD)?
Diamond graph || X X

Table 1.1: Sizes of commutativity gadgets for the relational structures where they are known
to exist, in terms of the number of variables. The question mark indicates a case where it is
unknown whether a commutativity gadget exists or not, and the X mark indicates a case
where it is known that there is no commutativity gadget. ar(R) is the arity of one of the
relations of the structure.



Recent work of Ciardo, Joubert, and Mottet [33] has extended this no-go theorem to
use not just homomorphisms, but also polymorphisms, which are homomorphisms from
a finite number of copies of the relational structure to the structure itself. Surprisingly,
extended to this setting, the converse of the result also holds: a relational structure admits
a commutativity gadget if and only if all of its quantum polymorphisms are classical.
The converse is also constructive in the sense that if a relational structure A admits a
commutativity gadget, then it admits a commutativity gadget on |A[|A|2 vertices. Of course,
it may be possible to find significantly smaller or simpler commutativity gadgets, for example
the oracular gadget we find for K,. The relational structures known to admit commutativity
gadgets, as well as the sizes of the gadgets, are displayed in Table 1.1.

We extend this characterisation in two ways. First, we extend it to different models of en-
tanglement. Apart from quantum commutativity gadgets, we also get quantum approximate
and commuting operator gadgets, which apply directly to different models of entangled
CSP. On top of this, we consider algebraic gadgets, which work at the level of the entangled
CSP C*-algebra, and are useful in showing existence of all other types of gadget. Second,
we extend the characterisation to work in the setting of robust commutativity gadgets,
which facilitate reductions between gapped entangled CSPs. This requires a notion of stable
commutativity of the entangled polymorphism algebras under approximate representations.
Knowing this characterisation allows us to find a variety of relationships between the
different types of commutativity gadget. Notably, the existence of a non-oracular gadget
always implies the existence of an oracular gadget; robust quantum and quantum approxi-
mate gadgets are equivalent to exact quantum approximate gadgets; and robust and exact
commuting operator gadgets are equivalent. This is illustrated in Fig. 1.1

On the other hand, the characterisation also allows us to show separations between
different classes of commutativity gadget. First, as noted earlier, the fact that the complete
graphs on > 4 vertices admit an oracular but not a non-oracular commutativity gadget
separates these two models of commutativity gadget. Next, we also show a separation
between quantum and quantum approximate commutativity gadgets. To do so, we embed
a hyperlinear solution group which has no non-trivial finite-dimensional representations
into the polymorphisms of a relational structure. We construct this group by taking the
solution group with no noncommutative finite-dimensional representations constructed by
Slofstra [109], and using a construction using the magic square game and a nice solution
group presentation of the dihedral group to eliminate the finite-dimensional representations.
Then, to embed this solution group into the polymorphisms, we adapt a construction of
van Dobben de Bruyn, Roberson, and Schmidt [58] to realise the solution group as the
entangled endomorphisms of a coloured graph. To allow the endomorphisms to describe all
the polymorphisms, we make use of a construction based on a complete graph. We give
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Non-oracular alg—— co : qa amalt’

/i / 1

H ’ H /]

/ 1 / /
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Figure 1.1: An overview of the implications and separations for existence of commutativity
gadgets in different models. An arrow from one model to another indicates that existence of
a commutativity gadget in the first model implies existence of a commutativity gadget in
the second. Models that are equivalent in this sense are grouped together in shaded areas.
Red lines between the areas indicate separations, meaning that there are CSPs which admit
a commutativity gadget in the weaker model but not in the stronger model. The dashed red
line indicates a separation that is conditional on the existence of a non-hyperlinear group.

a complete description of the entangled polymorphisms of a complete graph, and show
that all of the polymorphisms are essentially unary in the sense that it decomposes as a
direct sum of quantum automorphisms of the input copies. Using this description, placing
a complete graph as an additional relation in our constructed relational structure allows to
control all the polymorphisms using only the endomorphisms. Under the assumption of
a non-hyperlinear group, we can use an analogous construction to separate non-oracular
quantum approximate and commuting operator commutativity gadgets as well. These
separations are also illustrated in Fig. 1.1.

Finally, we investigate the complexity of deciding the existence of a commutativity
gadget. Using the same construction, we can reduce the problem of deciding whether
a linear system game has a perfect strategy in a specific quantum model, known to be
undecidable by [109, |, to the problem of deciding if a given relational structure has a
commutativity gadget. This allows us to show, in the non-oracular framework, that deciding
if a relational structure admits a quantum or quantum approximate commutativity gadget
is undecidable, and deciding if a relational structure admits a commuting operator or
algebraic commutativity gadget is coRE-hard.



1.1.3 Reductions in the absence of commutativity gadgets

The polymorphisms of a relational structure can also be used to access a stronger form of
reduction than that made possible by commutativity gadgets. These are the reductions
based on minion homomorphisms, which are mappings between the spaces of (quantum
or classical) polymorphisms that preserve some compositions. Classically, if there is a minion
homomorphism from the polymorphisms of A to the polymorphisms of B, then the CSP
of B reduces to the CSP of A. It turns out that such reductions are sufficient to capture
the hardness of all classically NP-complete CSPs. Ciardo, Joubert, and Mottet [38] lift this
form of reduction to the quantum setting, showing that if there is a minion homomorphism
from the entangled polymorphisms of A to the entangled polymorphisms of B, then the
gapless entangled CSP of B reduces to the gapless entangled CSP of A.

We extend this result to the setting of gap-preserving reductions, allowing us to show
undecidability for gapped entangled CSPs with no commutativity gadget. To do so, we
develop a theory of stable homomorphisms between minions, which allow us quantify
how well approximate satisfaction of constraints is preserved. This allows us to show that if
there exists a stable minion homomorphism from the entangled polymorphisms of A to the
entangled polymorphisms of B, then there is a reduction from the gapped entangled CSP
of B to the gapped entangled CSP of A.

To allow us to apply this result to specific CSPs, we show a simpler sufficient condition
for the existence of a stable minion homomorphism. We introduce an algebraic dual notion
of a minion called a cominion — the noncommutative polymorphism algebras provide
examples. We show that a homomorphism between polymorphism cominions always implies
a stable minion homomorphism.

We apply these results to show hardness in a few important cases. First, using our
complete characterisation of the (non-oracular) polymorphism algebras of K,,, we show
that entangled n-colouring is RE-complete, by means of a cominion homomorphism to
the polymorphism cominion of 3SAT, which is classical. This reduction also allows us to
establish hardness for entangled graph homomorphism to the diamond graph D, by using
the fact that it is homomorphism equivalent with Kj3. These two examples give us that
we can nevertheless recover hardness for the CSPs that we have found to fail to admit
commutativity gadgets.

As a final application of this minion-based reduction, we show an equivalence between
oracular entangled CSPs where the players only receive constraints, and those where the
players receive both constraints and variables. This is done by noting that the polymorphism
cominions of these two models are equal, giving a trivial stable minion homomorphism.
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1.1.4 Complexity of binary nonlocal games

For general nonlocal games, determining the quantum value is significantly harder than
determining the classical value. The situation is reversed for XOR games, which correspond
to 2LIN, the CSP of linear equations with two variables per equation over the boolean
field. Cleve, Hgyer, Toner, and Watrous [11] show that the quantum value of an XOR game
can be approximated in polynomial time, whereas the classical value is NP-complete to
approximate [72]. This is due to a result of Tsirelson [114] which allows the optimisation
over quantum strategies for an XOR game to be expressed as a semidefinite program (SDP).

The classical hardness of XOR games (i.e. 2LIN) is ascertained via a reduction from 3LIN
with imperfect completeness, due to Hastad [72]. The hardness of 3LIN with completeness
1 — ¢ for every € > 0 was also shown in [72]. The reduction from 3LIN to 2LIN works
by replacing each relation from a 3LIN instance with a gadget that can be satisfied with
probability 2 if and only if the original equation is satisfied. Recently, Taller and Vidick [112]
have shown that Hastad’s proof of the hardness of 3LIN can be made quantum-sound,
hence giving hardness of approximation for entangled 3LIN with imperfect completeness. If
the reduction from 3LIN to 2LIN were also quantum-sound, that would imply that XOR
games are undecidable to approximate. As noted above, this is well known to not be the
case, and hence there must be some issue in quantising this reduction.

We studied the question of why the quantisation of the reduction from 3LIN to 2LIN
fails, and found that it hinges on one simple step. In the reduction of [72], there is a
variable that is shared between all the gadgets, and Hastad makes the classically-innocuous
assumption that this variable takes value 0 in any assignment. This is a valid assumption
as linear equations in two boolean variables are invariant under negation. However, for
quantum assignments, the variables are represented by operators; since the operators may
not commute, this variable cannot be set to 0 while preserving the remaining operators as
binary observables.

To remedy this problem, we introduce the notion of tilted XOR games, which is the
generalisation of XOR games where one of the questions is fixed to always require output 0.
An example of such a nonlocal game known in the literature is the tilted CHSH Bell
inequality [2]. Under classical strategies, tilted XOR games are equivalent to XOR games.
However, for quantum strategies, they differ wildly. We show that the reduction of [72]
gives in fact a quantum-sound reduction from 3LIN to tilted XOR games. This provides a
class of nonlocal games that is qualitatively very close to XOR games but captures all the
hardness of general nonlocal games. In particular, this provides the first known example of
binary games — nonlocal games where each of the players answers a single bit — that are
undecidable. We study the ranges of completeness and soundness parameters where tilted

11
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(a) Hardness of classical XOR games. (b) Hardness of entangled XOR, games.

1.0, , 1.0,
Q P Q
Z Z
g NP g
£ 075 Lol 075
< <
£ 5
Q o
O y O
035 0.75 1.0 035 0.75 1.0

Soundness s Soundness s

(c) Hardness of classical tilted XOR games. (d) Hardness of entangled tilted XOR games.

Figure 1.2: Hardness of XOR and tilted XOR games for different values of the completeness
and soundness parameters. The green regions indicate problems solvable in polynomial time,
the red and purple regions indicate hard instances, the white regions indicate problems
where the complexity is unknown, and the gray regions indicates s > ¢ where the problem
makes no sense. Note that the classical complexities of XOR and tilted XOR games are
identical, and the RE-complete region is not to scale (though it is the interior of a triangle
with positive area).
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XOR games are easy or hard to approximate. This is illustrated and compared to XOR
games in Fig. 1.2.

1.1.5 Approximation algorithms for entangled CSPs

An alternate way to approach the question of hardness for computational problems is to ask
how well they may be approximated. For classical CSPs, there is a well-developed theory of
approximation algorithms. An approximation algorithm takes as input an instance of
the CSP in question, and outputs in polynomial time an assignment to the variables. The
quality of the approximation is given by the comparing the number of constraints satisfied
by this assignment to the maximum number of constraints satisfiable by any assignment. We
call the worst case ratio of these two quantities the approximation ratio of the algorithm.

More formally, we will only require the approximation algorithm to output the value of
the approximation, though approximation algorithms usually work by finding an assignment
and then computing its value — however, in the entangled setting, this distinction is
important as the operator solution may have dimension too high to be presented in
polynomial time, but its value may be much easier to compute.

The most significant approximation algorithm is the Goemans-Williamson algorithm
for Max-Cut, which is the optimisation problem associated to graph 2-colouring [67]. The
name Max-Cut comes by noting that an assignment of colours to the vertices of a graph
can be seen as a cut that splits the vertices into two subsets, where maximising the number
of edges cut is the same as maximising the number of colouring constraints satisfied.
This comparison is illustrated in Fig. 1.3. The algorithm proceeds by first relaxing the
optimisation problem to an SDP — which can be solved to sufficient precision in polynomial
time — and then rounding the SDP solution to an actual assignment. Importantly, the
rounding step is randomised. This gives an approximation ratio of ~ 0.878. It turns out
that, assuming the unique games conjecture, the optimal approximation algorithm for any
CSP has this form [101]; and the Goemans-Williamson algorithm is in fact optimal for
Max-Cut [30].

In the quantum world, since 2-colouring is a special case of 2LIN, it is easy to approxi-
mate by [114, 11]. Hence, that means that entangled Max-Cut has approximation ratio 1.
Nevertheless, we do not need to stray far from 2-colouring to find an interesting entangled
CSP that is hard to approximate. In this work, we study approximation algorithms for
Max-k-Cut with k£ > 3, which is the optimisation problem associated to graph k-colouring.
We construct an approximation algorithm inspired by the Goemans-Williamson algorithm,
but which provides an operator assignment rather than a classical assignment. First, we

13
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Figure 1.3: An example of graph 2-colouring / Max-Cut seen as (non-perfect) colouring,
homomorphism, and cut.

make use of an SDP relaxation. This is the same SDP used as a relaxation of the classical
problem by Goemans and Williamson [06] and Newman [91]; this means that it is easy to
compare the classical approximation ratio to the entangled approximation ratio. Next, we
need to round the SDP solution, consisting of vectors, to an operator solution — which we
express in terms of the observables, so it consists of order-k unitaries. First, we turn the
vectors into operators using a vector-to-unitary construction based on the Weyl-Brauer
operators due to Tsirelson [114]; then we apply a randomised rounding to transform these
operators into order-£ unitaries. The rounding works by multiplying the operators by
a random unitary and then rounding the eigenvalues to the nearest k-th roots of unity.
We show that this approximation algorithm has approximation ratio comparable to the
best known classical algorithm, and in fact has a higher approximation ratio for k£ = 3, 4.
Note that for k > 4, the best known classical algorithm, due to de Klerk, Pasechnik, and
Warners [51], uses a different SDP relaxation than the one we use; perhaps there is an
algorithm based on this SDP relaxation that improves the approximation ratio for all k.
The approximation ratios of our algorithm and of [5] are compared in Fig. 1.4.

To analyse our algorithm, we make use of a new technique we call the relative dis-
tribution. Since we are interested in inner products of random unitaries, we keep track
of the products of the eigenvalues as a distribution weighted by the inner products of the
corresponding eigenspace projections. Then, the value of the approximation algorithm can
be expressed as an integral with respect to this distribution. Using techniques from free
probability theory, we show that the relative distribution simplifies significantly in the limit
of large dimension. Using this simplification, we are able to compute the approximation
ratio exactly for all k.

Since we are also interested in bounding the dimension where the operator assignments
live, we modify our algorithm by making use of an algebraic approach that captures the
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Figure 1.4: Approximation ratios for Max-k-Cut, comparing our algorithm (red) to the
best known classical algorithm (blue). The values are comparable as every classical strategy
is a quantum strategy.

same properties as the relative distribution. We generalise the vector-to-unitary construction
to better approximate higher-order unitaries, by studying a generalised Weyl-Brauer
group. Then, we use this to show that the same approximation ratio can be attained to
precision ¢ in dimension 20"/ where the instance size is n.

1.2 Outline

In Chapter 2, we discuss the technical preliminaries needed for this work. In Chapter 3, we
define entangled CSPs and study their basic structure. In Chapter 4, we study reductions
based on commutativity gadgets, prove the polymorphism characterisation, and use this
to show relationships and separations between different classes of commutativity gadget.
In Chapter 5, we study reductions between CSPs based on minion homomorphisms of
the entangled polymorphisms. In Chapter 6, we prove the reduction from linear system
games to tilted XOR games, and use this to study hardness of approximation for binary
nonlocal games. In Chapter 7, we construct and analyse approximation algorithms for
entangled CSPs. Finally, in Chapter 8, we discuss the main results and finish with some
open questions.
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Chapter 2

Preliminaries

In this chapter, we provide the notation and technical preliminaries used for the results of
this thesis. Sections 2.1, 2.4.1 to 2.4.3, 2.4.5, 2.5.1, 2.6, 2.9, 2.10 and 2.12 are used throughout.
Section 2.2 is used in Section 3.2 and Chapter 5. Section 2.3 is used in Chapters 4 and 7.
Section 2.4.4 is used in Section 3.3. Sections 2.5.2, 2.5.3 and 2.8 are used in Chapter 7.
Section 2.7 is used in Chapter 3. Section 2.11 is used in Chapters 6 and 7.

2.1 Notation

We denote standard sets using set-constructor notation as {z; |i € I}; labelled sets
as {x;},.;; and ordered sets or tuples as (z;);c; (inheriting an order from I). For a natural

il
number n, write the standard n-element set [n] = {1,2,...,n}, and the order-n cyclic
group Z, = {0,...,n — 1}. To disambiguate, we often denote elements of a cartesian power
A™ with bold face a = (ay,...,a,), and elements of a double cartesian power (A™)" with

blackboard bold face a = (ay,...,a,) = ((a11, ..., a1m), -, (Qn1, -« ., Q). We identify
tuples in A" with functions in A" so that a(i) = a;.

We denote the set of n x n complex matrices by M,, = B(C"). The group of invertible
matrices in M, is denoted GL,,, and the subgroup of unitary matrices is denoted U,,. The
standard trace on M,, is Tr, and the normalised trace is denoted tr, = %Tr, where the
subscript is dropped if clear from context. For T' € M,,, the operator norm is || 7|, the

Frobenius norm is ||T||p = /Tr(T*T) and the little Frobenius norm is ||T']|; =
tr(T*T).
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Write the imaginary unit i = +/—1. We write ny to mean the uniform distribution on a
finite set X, and drop the subscript when the set is implied from context.

2.2 Categories

A category C consists of a class of objects ob(C) and for every pair a,b € ob(C), a class
of morphisms mor¢(a,b). The morphisms admit a composition operation o such that for
all f € more(a,b) and g € more(b,c), go f € more(a,c). The composition is associative
ho(gof)=(hog)o f forall f € more(a,b), g € more(b,c), and h € more(c, d); and admits
an identity morphism id, € morc¢(a,a) such that foid, =id,of = f for all f € more(a,b).
A category is small if ob(C) and all more(a,b) are sets. Where clear from context, we
write a € C to mean a € ob(C), mor(a,b) to mean morc(a,b), and f : a — b to mean
f € more(a,b).

An endomorphism is a morphism f : a — a, and we denote the set of endomorphisms
by end(a) = mor(a,a). An isomorphism is a morphism f : a — b with an inverse
morphism ¢ : b — a such that f og = idy, and g o f = id,, and we denote the set of
isomorphisms by iso(a, b). An automorphism is a morphism that is both an isomorphism
and an endomorphism, and we write aut(a) = iso(a, a).

A covariant functor F' from a category C to a category D is a map, denoted F :
C — D, which to each object a € C assigns an object F'(a) € D, and to each morphism
f +a — b assigns a morphism F(f) : F(a) — F(b), such that F(id,) = idp) and
F(go f)=F(g)o F(f). Two categories C and D are isomorphic, denoted C = D, if there
exist functors F': C — D and G : D — C such that o G = Idp and G o F' = Id¢, where
Id denotes the identity functor. A contravariant functor F' is defined identically except
that F'(go f) = F(f) o F(g), i.e. the order of the arrows is reversed.

2.3 Groups

2.3.1 Presentations

The free group generated by a set S, denoted FS, is the set of words in S LI S™! subject
to the relations ss™! = s7!s = ¢ for all s € S, where ¢ is the empty word. Given
a finite set S and a finite set R of words in S L S~!, the finitely-presented group
with generators S and relations R, denoted (S : R), is the quotient of the free group
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FS by the normal subgroup ((R)) generated by R. The free product of two finitely
presented groups G; = (S1: R;) and Gy = (S : Ry) is the finitely-presented group
G1x Gy = (S1USy: RiURy). If G; and Gy contain Hy and Hj isomorphic to H, then
the amalgamated product of G; and G5 over H, denoted G g G, is the quotient of
G4 * G by the normal subgroup generated by the relations oy (h) 1po(h) for all h € H,
where ¢; : H — H; are the isomorphisms. If H is finitely presented, then G g G5 remains
finitely presented. The natural homomorphisms G7 — G g G2 and Gy — G *xy G4 are
injective [77].

2.3.2 Representations

A (finite-dimensional C-linear) representation of a group G is a group homomorphism
m: G — GL, for some n. A representation is unitary if im 7 C U,,. Two representations
m and p are equivalent if there exists an invertible intertwiner operator T such that
Tw(g) = p(g)T for all g € G. A representation is irreducible if the only subspaces of C"
invariant under the action of the representation are the trivial subspaces 0 and C". We call
a group linear if it admits a faithful (7.e. injective) representation.

If G is a finite group, then G is linear and every representation is equivalent to a
unitary representation. Also, every representation decomposes as a direct sum of irreducible
representations. Further, G' has a finite number of inequivalent irreducible representations,
called irreps, and their number is equal to the number of conjugacy classes of G.

For S C G and € > 0, an (5, ¢)-approximate representation is a function ¢ : S — U,
such that for all g, h € G such that g, h,gh € S, ||¢(g)p(h) — ¢(gh)||; < €. We call a group
hyperlinear if for all g € G, there exists a constant r, > 0, satisfying that for every € > 0
and finite set S C G\{1} there exists an (5, ¢)-approximate representation ¢ of G' such that
l6(g) = 1l[y = rg for all g € S [30].

2.4 Algebras

The main references for this section are [97, 21, 30].

2.4.1 x- and C*-algebras

A unital x-algebra is an algebra A over C (or R) equipped with an antilinear involution
x +— o such that 1* = 1 and (zy)* = y*2*. Denote the (real) subspace of hermitian elements
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by A, = {x € A| 2* = 2}. A x-positive cone over A is a set A, C Aj, such that 1 € A,
r+ye A forall x,y € Ay, and axa* € A, for all z € A, and a € A. A *-positive cone
induces an order on A, via x > y ifft x —y € A,. We say A, is archimedean if for all
x € A, there exists R € R such that x*x < R1. Following [97], a *-algebra equipped with
an archimedean *-positive cone is called a semi-pre-C*-algebra. A standard choice of
x-positive cone is the sum-of-squares cone given by A, = {37, ziz; | n €N, z; € A}
— we will always make this choice. As a shorthand, we often write |a|* = a*a.

Given a set of generators S and relations R, we denote the x-algebra generated by S
subject to R as C(S : R) = F(5)/{(R)), where F(S) is the free algebra with generators
S and ((R)) is the two-sided ideal of F(S) generated by R. Note that a finitely-generated
x-algebra is archimedean if and only if all its generators are bounded.

A semi-pre-C*-algebra is a pre-C*-algebra if z*x < €1 for all £ > 0 implies that x =0
in A. If A is a pre-C*-algebra, we can define a norm on it by

l|z|| = sup {||7(z)|| | 7 : A — B(H) is a *-homomorphism} = inf {)\ ERsp | 2" < )\21}.

This norm satisfies the properties ||zy|| < ||z|||ly|| and ||z*z|| = ||z2*|| = ||z||*. Note that
this norm can be defined on a semi-pre-C*-algebra as well by restricting to the positive
«-homomorphisms; however, it is only a seminorm in this context. See [97] for details. A C*-

algebra is a pre-C*-algebra that is complete with respect to this norm. In a C*-algebra A,
there is a unique *-positive cone given by A, = {z*z | x € A}.

Given a semi-pre-C*-algebra A, we can map it to a pre-C*-algebra by taking the quotient
by the infinitesimal ideal I(A) = {z € A| z*z < el Ve > 0}. We call the completion of
A/I(A) with respect to the norm above the universal C*-algebra of A, and denote it
Cx(A). Given a set of generators S and a set of relations R, the C*-algebra generated
by S subject to Ris C*(S: R) = C;(C(S : R)).

Given a (finitely-presented) group G, the group *-algebra of G is the x-algebra C|G|
generated by e, for g € G, subject to the relations e, = e;,—1 and ege;, = ey for all
g,h € G. The *-homomorphisms of C[G] into B(H) for a Hilbert space H are in bijective
correspondence with the unitary representations of G in B(H). We can see C[G] as a
semi-pre-C*-algebra with respect to the sum-of-squares cone. Then, the group C*-algebra
of G is the universal C*-algebra C*G = C(C[G]).

The tensor product of x-algebras A and B is denoted A ® B, or sometimes A ® B in
order to emphasize that we are not taking a completion. We implicitly use the isomorphism
Co®A= ARC = A. For C*-algebras A and B, there are a variety of (generally inequivalent)
ways to complete A ® B to a C*-algebra. Notably, we make use of the minimal tensor
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product (or min-tensor product), which is the completion A @i B of A ® B with respect
to the norm ||z ||min = |[(ma ® 7)(2)|| for m4 and 7p faithful *-representations of A and B,
respectively.

2.4.2 States and representations

A state on a semi-pre-C*-algebra A is a linear map p : A — C such that p(1) = 1 and
p(x) >0 for all z € A,. We say p is tracial if p(xy) = p(yz) for all z,y € A; and we say
p is faithful if p(z*z) = 0 implies © = 0 for all x € A. The existence of a faithful state
automatically guarantees that A is a pre-C*-algebra, since the infinitesimal ideal is trivial.
Tracial states are usually denoted by 7. Any state induces a seminorm ||a||, = \/p(a*a)
called the p-norm. p is faithful if and only if ||-||, is a norm.

A representation of a %-algebra A is a *-homomorphism 7 : A — B(H) for a Hilbert
space H. A vector v € H is called cyclic if (im7)v is dense in H; a vector v € H is
separating if 7(z)v = 0 if and only if z = 0. We say 7 is irreducible if H has no nontrivial
subspaces invariant under the action of 7. A character is a state that is a *-representation.

Every state p on a x-algebra induces a Gelfand-Naimark-Segal (GNS) represen-
tation, which is a representation 7 : A — B(H) such that there is a unit vector v € H
satisfying p(x) = (|7 (x)y). There exists a minimal GNS representation in the sense that
1 may be chosen to be cyclic; all such minimal representations are unitarily equivalent. If p
is a faithful tracial state, then v is cyclic and separating in the minimal GNS representation.
A state is called finite-dimensional if it admits a finite-dimensional GNS representation;
a tracial state is called Connes-embeddable if it admits a GNS representation where the
von Neumann algebra generated by 7(A) is Connes-embeddable (see Section 2.4.3). In this
context, it is often useful to restrict the image of 7 to the von Neumann algebra generated
by m(A), and restrict the state to that von Neumann algebra.

2.4.3 von Neumann algebras

A von Neumann algebra is a unital x-subalgebra M C B(H) for a Hilbert space H
that is closed under the weak operator topology (WOT), defined via convergence
as (zy)y — z iff (Ylzrg) — (WY|zg) for all 1, ¢ € H. Equivalently, M is a unital *-
subalgebra of B(H) equal to its bicommutant M”, where the commutant of S C B(H)
is 8= {a€B(H)|ar=xaVx e S} or that M is closed under the strong operator
topology (SOT), defined via convergence as (z)y — x iff ||(z) — x)9|| — 0 for all ¢ € H.
In particular M is a C*-algebra.

20



A weight on a von Neumann algebra is a map 7 : M, — [0, oo] satisfying 7(z + y) =
7(x) + 7(y) and 7(Az) = A7(x) for all z,y € M, and A > 0 (where we take 0 - 0o = 0). A
weight is tracial if 7(z*x) = 7(zz*) for all z € M, in which case it is called a trace. A weight
is normal if for every SOT-convergent increasing net (z,), in M, limy 7(z)) = 7(limy x).
A weight is faithful if 7(z) = 0 iff z = 0. A weight is finite if 7(1) < oo; in this case
oo ¢ im7 and 7 can be extended to a positive linear functional on all M. A state is a
finite weight satisfying 7(1) = 1; for a state on a von Neumann algebra, being normal
is equivalent to having a GNS representation that is continuous in the strong operator
topology. A weight is semifinite if for every z € M, there exists an increasing net ()
in M such that limy z), = x in the strong operator topology and 7(z)) < oo for all A.

A von Neumann algebra is a factor if M N M’ = C - 1; any von Neumann algebra can
be decomposed as a direct integral of factors. The finite-dimensional factors are exactly the
matrix algebras M,,. A von Neumann algebra is finite if there exists a faithful tracial state
on M. An important example of a finite von Neumann algebra is the hyperfinite type II;
factor R. One way of constructing R is by taking a closure of the algebra A = @72 ; Mon /1,
where [ is the two-sided ideal generated by z ® 1 — x for all . Within A, this provides an
embedding of Ma» into Mayn+1 for all n. To find the right notion of closure, note first that
there is a tracial state 7 on A given by the normalised trace on each component. We can
complete A as a Hilbert space H with respect to the inner product (z,y) = 7(x*y). Then,
A C B(H) via the action of left multiplication, and we can take the closure in the strong
operator topology to get R. A finite von Neumann algebra is Connes-embeddable if there
is an injective *-homomorphism M — R¥, where R* is an ultrapower of the hyperfinite
II; factor.

To define R“, we need the concept of an ultrafilter. An ultrafilter w on the natural
numbers is a collection of subsets of N such that @ ¢ w; if A, B € w, then AN B € w;
and for all A C N, either A € w or A° € w. Note that these properties also imply that if
A€ wand B D A, then B € w as well. An ultrafilter is called principal if it contains a
singleton, and free otherwise. The existence of a free ultrafilter follows from the axiom of
choice. Ultrafilters allow us to define a robust notion of limit. Given an ultrafilter w, we say
x is the ultralimit of a sequence (z,,), if for each ¢ >0, {n e N ||z — z,| < e} € w; we
denote this as lim,_,, =, = = or z,, — . It holds that if the ultralimit exists, it is unique;
and every bounded sequence admits an ultralimit. Further, if w is free and (z,,), converges
in the usual way, then lim,,_,, x, = lim,_,, ,. Given a sequence of finite von Neumann
algebras (M, 7,,), their ultraproduct is the space of bounded sequences (a,) such that
a, € M,, modulo the equivalence relation (a,) ~ (b,) if ||an — bull-, = 0. This space,
denoted [],,_,,, M, or [[, M, if the index is clear from context, is a finite von Neumann
algebra with tracial state 7,(a) = lim,,_,,, 7,(a,) for a representative (a,) of a. If M,, = M
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for each n, then we write [[, M,, = M%, and call it the ultrapower of M. Note that
ultraproducts of separable von Neumann algebras are not in general separable.

It is known that R¥ = R for all free ultrafilters if and only if the continuum hypothesis
holds (see [68]). However, we can usually make use of weaker relations between different
ultraproducts: below, we provide a proof of the (folklore) result that quantifies the sense in
which we can treat R“ as ultraproduct of matrix algebras of increasing dimension.

Lemma 2.4.1. Let w be an ultrafilter on N.

(i) For any sequence of integers (k(n)),, there is an embedding [T, Myn) — R*.

(ii) There exists an ultrafilter ' on N and a sequence (k(n)), such that there is an
embedding R¥ < [, My(n).

Proof. (i) By a standard result, there is a trace-preserving embedding ¢, : M, —
R for all n [91]. Define the map ¢ : II,Myu) — R¥ by taking ¢(a) to be the
element with representative (ty(m)(an)), for (a,) a representative of a. First, ¢ is
well-defined: if (a,) ~ (by), then, [la, — bpllir,, = 0; as 1, is trace-preserving,
then ||tk (an) — trn)(bn) |l = 0. Therefore, ¢ is a *-homomorphism. Next, suppose
the image of t(a) = 0 in R¥. Then, letting (a,) be a representative of a, 0 =
imy, e 7 (th(n) (@n) *tin) (@) = limy sy trpmy(aray), so a = 0 in [T, Myq,. So ¢ is
injective.

(ii) R is constructed as the strong operator topology closure of @:° ; My», modulo the
identification x ® 1 = z. In particular, for all z € R, there exists a sequence (x,,) such
that x,, € Mam and x,, — x with respect to the trace norm; via the axiom of choice,
we can choose such a sequence for every element of R. Fix any free ultrafilter v on N.
Using [30, Definition I11.2.3], consider M = [, ym)—wxo Mam. Since Nx N = N, w x v
can be seen as a free ultrafilter on N, and hence we intend to construct an embedding
of R¥ in M. Define the map ¢ : R — M as ¢(a) = [(anm)nm] Where (a,) is a
representative of a and (ay ., )m is the sequence converging to a,, chosen above. First,
¢ is well-defined, as for any (a,) ~ (b,),

(nm"})iglwvaan’m - bn,m”trgm = TILI_I}}J 7717,1£n>v||an’m - bn,ml|tr2m = %I_IE)Han - anT = 0.
Also, ¢ is a x-homomorphism. For example, if a,b € R then ¢(a + b) = ¢(a) + ¢(b)
as

lim  |[(an + bn)m — @nm — bomlltegm = Lm ||la, + by — an — byl = 0.
(n,m)—wxv n—w
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¢ preserves the identity, products, and the adjoint in the same way. To finish, we show ¢
is injective. Suppose ¢(a) = 0. Then, 0 = M, 1m)—wxo || Gnm ||trgm = 1My 0@y || = 0,
so a = 0. |

2.4.4 Noncommutative L’ spaces

Let M C B(H) be a von Neumann algebra. From Tomita-Takesaki theory [111], there
exists a Hilbert space ¢(H) and a unique (up to isomorphism) von Neumann algebra
c¢(M) C B(c(H)), called the core of M, equipped with a normal faithful semifinite trace 7,
a continuous group homomorphism 6 : R — Aut(c¢(M)), and an embedding ¢ : M — ¢(M),
satisfying im¢ = {z € ¢(M) | O5(x) =x Vs € R} and 700, = e °7.

An unbounded operator on a Hilbert space H is a linear map x : D(z) — H, where
D(x) is a subspace of H, called the domain of z. z is densely-defined if D(z) is dense in
H; and x is closed if the graph {(¢,z¢) | ¢ € D(x)} is closed in H® H. Let N' C B(H) be
a von Neumann algebra with a normal faithful semifinite trace 7. An unbounded operator
y on H is affiliated with A if yz C zy for all z € N'. We call a closed densely-defined
affiliated with A/ 7-measurable if for all § > 0, there exists a projection p € N such that
imp C D(y) and 7(1 — p) < 6. The set of affiliated operators is a x-algebra with respect to
the strong sum and product, i.e. standard sums and products of operators are closable and
we take the strong versions of the operations to be their respective closures. It admits a
Hausdorff topology with respect to which N is dense.

For p > 1, define L?(M) to be the set of T-measurable operators affiliated to ¢(M)
that are e~*/P-eigenvectors of 6 for all s. The map z — |||, = T(X(1,00)(|2]))"/? is a norm
with respect to which LP(M) is complete. We have natural identifications L>(M) = M,
LY(M) = M,, the predual. For z € L'(M), define tr(z) = ¢(1), where ¢ € M, is the
functional corresponding to x. tr is a linear functional on L!'(M) satisfying tr(zy) = tr(yx)
for o € LP(M) and y € LY(M) with +2 = 1. We can write the p-norm as ||, = tr(|z[?)"/?;
it follows that for positive z € L'(M), we have that tr(z) = 7(x(1,00)(z)). We can define the
inner product (z,y) = tr(z*y) on L*(M), which makes it into a Hilbert space. See [71, 113]
for a full exposition.

Ezample 2.4.2. To illustrate the construction, consider the case M = M,,. In this case,
we can simply take ¢(H) = L?*(R) ® C" and ¢(M) = L>*(R) ® M,,, the space of bounded
measurable matrix-valued functions on the real line. In this case, 6,(x)(t) = z(t — s) and
the trace 7(z) = [* Tr(x(t))e 'dt, where Tr is the usual trace on M,,. The unbounded
operators affiliated with ¢(M) are the measurable functions R — M,,; and all of these are
T-measurable. LP(M) consists of those 7-measurable x such that z(t) = 2(0)e!/?; hence in
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this case LP(M) is isomorphic to M,, for all p. The isomorphism L'(M) — M., is given by
x +— Tr(-x(0)), and hence tr(z) = Tr(x(0)). The p-norms in this case reduce to the Schatten
norms. The same holds for any finite von Neumann algebra.

2.4.5 Weighted algebras

A weighted algebra [37] is a pair (A, 1) where A is a x-algebra and p: A — Ryq is a
finitely-supported function, called the weight function. The defect polynomial of a
weighted algebra is

D(A, ) = ZA p(a)a*a.

Given a tracial state 7: A — C, the defect of 7 is

def(7; p) = T(D(A, n)) = Z;‘u(a)llallf-

We denote it def(7) if the weight function is clear from context. Weighted algebras capture
approximate representations of A/((supp(u))) and def(7r) captures how much the GNS
representation of the tracial state 7 deviates from an exact representation of this algebra.

Since we consider only the representations of weighted algebras induced by tracial
states, the natural notion of order is weaker than that induced by the sums of squares.
We say a,b € A are cyclically equivalent if there exist ¢, dq,...,c,di € A such that
a—b=Y,[c;,d;]; we denote this by a =b. Write a 2 b if there exist s,..., s, € A such
that a — 0= Y, s7s;.

A C-homomorphism « : (A, u) — (B,v) is a x-homomorphism « : A — B such that
a(D(A,p)) < C-D(B,v). If there is a C-homomorphism « : (A, u) — (B, v), then for every
tracial state 7 on B, there exists a tracial state 7/ = 7 oa on A such that def(r") < C def(7).

The following inequality is often useful in the context of weighted algebras.
Lemma 2.4.3. Let A be a x-algebra equipped with the sum-of-squares cone. For any
A1, .. ., 0K G‘AJ

k

D

i=1

2 k
S k Z|ai\2.
i=1
Further, by taking a; = 1 for all ¢, we can easily see that the bound is tight.
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Proof. Let w = e*™/* be a primitive k-th root of unity. Then, we upper bound

k k
Zw("_ljaz Z (i’ ]a,az—kzml ,
i=1 —1

k

D

=1

1 2

D

=0

”ML

2 k
<
J

2
where the inequality is due to the fact ‘Zz 1 aZ’ is the term ’Zk (i 1)3(1@-’ with j =0
and all the terms are positive; the first equality is by expanding the square; and the second
equality is because Z?; w¥ = 0 unless i = 0. [ |

2.5 Probability theory

The main reference for this section is [13].

2.5.1 Distributions and random variables

For a measurable space ((2,.7), we call the set ) the sample space and the o-algebra .
on {2 the event space. If €2 is a topological space, there is a canonical choice of g-algebra to
give it a measurable structure, the Borel algebra %((2); in this context, we omit reference
to the o-algebra. A probability space is (§2,.%, u) where p is a measure on (€2,.7) such
that p(§2) = 1. We call u a (probability) distribution on Q. If Q) is a finite set, then we
always take . to be the entire power set, and we identify p with a function p: Q — [0, 1]

such that > cq p(w) =1 via p(w) = pu({w}).

Given a measurable space (M,.%#), an M-valued random variable on (Q2,.7, 1)
is a measurable function X : Q — M, d.e. a function for which X~!'(E) € & for all
E € Z. This induces a distribution on M where ux(E) = u(X1(E)) for all E € .Z; this
is called the distribution of X. We also use probability notation for this distribution,
writing Pr[X € FE] = ux(E). For any function f : M — C, the composition f o X is
also a random variable, which we denote f(X). If M is a real or complex vector space,
the expectation of X is given by the integral EX = [, X (w)du(w) = [}y xdpx(x) when
defined. Since a probability measure is finite, the expectation of any bounded random
variable is defined. Two random variables X, Y are independent if for all measurable E. F'
we have Pr[X € EAY € F] = Pr[X € E]Pr[Y € F|.

If M is in fact a measure space with its own measure v — for example if M is a finite-
dimensional real vector space with the Lebesgue measure A — then we can compare this to
the measure px. If px is absolutely continuous with respect to v (for all £ € %, v(F) =0
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implies px (F) = 0), then we can define the Radon-Nikodym derivative of px with respect to

v, which we refer to as the probability density function (PDF) px = dg—yx : M — Rxo,
or more explicitly pux(F) = [ px(x)dv(z). More generally, we can also consider the PDF

of any distribution p on M as the Radon-Nikodym derivative p, = fl—’lf, assuming p is

absolutely continuous with respect to v.
A sequence of random variables (X,,) converges in distribution to a random variable X
if for all measurable £ C M,
lim Pr[X, € E] = Pr[X € E].

n—oo

This is equivalent to E f(X,,) — E f(X) for all bounded continuous functions f : M — R.

It is not necessary to make reference to an underlying sample space to define and work
with a random variable, so we generally avoid it. Instead, we define random variables
according to a distribution. For a distribution y on a measurable space M, we say a random
variable X : @ — M is distributed according to p if ux = p. We denote this X ~ p.

2.5.2 The Haar distribution

A topological group is a group G equipped with a topology with respect to which the
inverse and product operations are continuous. Linear groups inherit the topology of the
matrix algebra in which they embed; an important example is U,,, which is also compact as
a topological space. For any compact topological group G, there exists a unique probability
distribution ng on (G, #(G)), called the Haar measure (or Haar distribution), such that
for all £ C GG Borel-measurable and g € G,

na(E) = na(gE).

It follows from the uniqueness and compactness that ng(Eg) = ng(E) and ng(E~') = ng(E)
as well. It is also possible to define a Haar measure which is no longer a probability distri-
bution on groups which are only locally compact, but we will not need that generalisation
here.

2.5.3 Random variables on the circle

We will make use of random variables X on the circle [0,27) = R/27Z = S'. The
characteristic function of X is the function

xx:Z—C, xx(n)=EE™).
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If pux is absolutely continuous with respect to the Lebesgue measure, then we have xx = px,
the Fourier series of the PDF. The Fourier series of an integrable function f : [0,27) — C
is the function f :Z — C defined as

foy= [ s@)ea.

The characteristic function is defined analogously for distributions. Due to Parseval’s
theorem, if X is a random variable on [0, 27) with square-integrable PDF and f : [0, 27) — C
is a square-integrable function, we have

/ F(0)dpx (0 fo (2.1)

nGZ

Convergence properties also translate to the characteristic function.

Theorem 2.5.1 (Lévy’s continuity theorem on the circle). A sequence of random variables
(X,) on [0, 27) converges in distribution if and only if the sequence of characteristic functions
(xx,) converges pointwise.

This theorem is a consequence of the Stone-Weierstrass theorem.

To finish this section, we mention two examples of distributions on the circle which will
be important. For any 6, € [0,27) the Dirac delta distribution is the distribution

5M@={1 % € B, (2.2)

0 otherwise.

The characteristic function of dy, is x5, (n) = embo.

The Wrapped Cauchy Distribution with peak position 6y € [0, 27) and scale factor
v > 0 is the distribution W(fy,~) with PDF

B sinh(7)
Py (0) = 27 (cosh(y) — cos(6 — b))’

with respect to the Lebesgue measure on [0, 27). The characteristic function of W(6y, ) is

(2.3)

XW(oo (1) = I,

For A € C with |\| < 1 we define the distribution Ay as Ay = W(arg A, —In |\|) when
0 < |A| < 1; a8 Ay = Gagx When || = 1; and as the uniform distribution pa, (6) = 5= when
A = 0. Using this definition, when A tends to Ao, Ay converges to Ay, in distribution. This

has characteristic function ya,(n) = A" for n > 0 and xa, (n) = (A*)™" for n < 0.
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2.6 Quantum theory

The main references for this section are [96, 20].

2.6.1 The postulates of quantum mechanics

Quantum physics is distinguished from classical physics by two fundamental properties:
physical quantities can take discrete values, rather than a continuum; and both matter
and radiation can behave as both waves and particles. The wave-particle duality is well-
represented by the de Broglie relations £ = hw and p = hk, relating the particlelike
properties of energy and momentum to the wavelike properties of frequency and wavenumber,
via the reduced Planck constant [53].

The de Broglie relations can be used to derive the Schrodinger equation [107], which we
will use to motivate the postulates of quantum mechanics, in a simple way. A plane wave,
with well-defined wavenumber and frequency, is expressed as ¥ (r,t) = exp(i(k- r— wt)).
Due to the de Broglie relations, this should correspond to a particle with well-defined
momentum and energy, which for a nonrelativistic particle of mass m in a potential V'
are related by % +V = E. To extract the momentum and energy from the wavefunction
¥, one can act by the differential operators p = hk = —ihV and E = ho = ih%. Putting
these into the classical relationship between momentum and energy gives the Schrodinger
equation )

he _, e,
QmV v+ VY = /hatw.
Though we have derived the Schrodinger equation using arguments from plane waves, we
will in the ensuing discussion be assuming that the wavefunctions ¢ we consider vanish as
r — oo, in order for the position of the particle to not be indeterminate.

Now, consider the solution space of the Schrodinger equation. Since the Schrodinger
equation is a linear differential equation, the solution space is closed under linear com-
binations, and hence it is a vector space. Next, it is easy to check that the Schrodinger
equation implies that the integral [gs|¢(r, t)]2d37" is invariant in time. We assume this
is bounded, since we do not want the position or momentum of the particle to tend to
infinity. This gives a norm on the solution space, and this is the norm induced by the inner
product (1|¢) = [gs ¥(r,t)*¢(r, t)d®r. Since no physical process can change the norm of
the wavefunction, we may assume the norm is normalised to 1 — an innocent assumption,
but one that will underlie the probabilistic interpretation of quantum mechanics. This gives
rise to the first postulate.
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Postulate 1: State. An isolated quantum system is represented by a complex Hilbert
space H, and a state of the system corresponds to a unit vector in this space.

As is customary in quantum mechanics, we use bra-ket notation when working with
quantum states. Given a unit vector ¢» € H, we write it as a ket [¢) to indicate that it is
to be considered as a quantum state. A vector in the dual space H* is written as a bra (¢|,
corresponding to the linear form (¢|(|¢)) = (¥|¢). The inner product on H can be seen as
a bra acting on a ket, or a braket (i|¢). Finally, the ketbra |¢)¢| is the rank-one linear

map [)¢] (Ix)) = (8Ix) [¥)-
Writing the Hamiltonian operator H= —%V2 + V, the Schrédinger equation takes the

simple form %W)) = _EI]:IW> This admits the unique solution [¢(t)) = exp(—;i;[:]t)h/)(())).
Since H is hermitian, exp(—%]:.l t) is unitary, giving the second postulate.

Postulate 2: Evolution. The time evolution of an isolated quantum system is represented
by a unitary operator.

If an observer measures a property of a quantum state, this no longer constitutes
an evolution of the quantum system in isolation. The Hamiltonian H constitutes the
prototypical example of an observable — a quantity that can be measured. This is a
hermitian operator, so its eigenvalues are real (and hence can correspond to real quantities)
and if it has a discrete spectrum, its eigenvectors form an orthonormal basis. Further,
from the previous postulate, the eigenvectors of H are stationary under time-evolution,
up to phase. Hence they are the states with well-defined energy, and the eigenvalues
of H are the energy values that can be measured. This is the origin of the quantisation
of the energy levels as discrete values. A general state |¢) is a superposition over the
eigenstates of the Hamiltonian Y, ¢)|1y), but since an energy measurement will always
give one of the eigenvalues ), the post-measurement state should be [¢,). The eigenvalue
measured is sampled randomly, with probability of measuring A given by the Born rule
as |cy|? [24, 65]. The physical interpretation of how the state maps discontinuously to an
eigenstate differs according to the interpretation of quantum mechanics: in the Copenhagen
interpretation, this is the collapse of the wavefunction, and is treated as an axiom; in a
Bayesian interpretation, measurement is the act of learning something new that was already
a property of the system; or in an open systems interpretation, a measurement can be seen
as a unitary on a larger system; among others. These properties together give the third
postulate.

Postulate 3: Measurement. An observable on a quantum system H is a Hermitian
operator A on H. The possible measurement outcomes are the eigenvalues of A, the
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probability of measuring eigenvalue a is (|I1,]1)) where II, is the projector on the eigenspace

of a, and the post-measurement state is %

Given two quantum systems H and K in states |1)) and |¢), their joint system is also a
quantum system, so it should be a Hilbert space containing a state corresponding to the
pair (|¢), |¢)). Superpositions of states in the joint system are possible, and they should
be compatible with local superpositions on each of the systems. These are exactly the
properties satisfied by the tensor product of Hilbert spaces, giving the fourth postulate.

Postulate 4: Composition. The joint state of two quantum systems H and K is
described by a unit vector in H @ K.

This postulate can fail for some complex quantum systems. The tensor product model
guarantees that every observable on H commutes with every observable on K, and hence
they can be simultaneously measured. However, in the context of infinite-dimensional von
Neumann algebras, there are algebras of operators that commute, but cannot take on
a tensor product form. Such algebras capture the observables of some quantum systems
coming from quantum field theory [69] and many-body physics [28]. As we will discuss in
Section 2.12, this distinction between notions of composition gives rise to different ways of
defining quantum correlations between systems.

2.6.2 States, operators, and measurements

A density operator p € B(H) is a positive semidefinite operator with trace 1. Density
operators allow us to synthesise classical probability with quantum states in the following
way. Consider an ensemble of quantum states |¢);) sampled with probability p;. Then,
the density operator of this ensemble is p = >, p; [¢;)1);]. The density operator satisfies
the property that, for any operator M, Tr(Mp) = >, p; (| M|1);), so the measurement
probabilities of the ensemble can be captured by p. Further, by diagonalising a density
operator, we see that every density operator is the density operator of an ensemble of states.
With this interpretation, we call a quantum state [1)) or a rank-one density operator |¢)1|
a pure state, and a density operator p of rank > 1 a mixed state. Further, the density
operators are in bijective correspondence with the states on B(H), seen as a C*-algebra. A
density operator p corresponds to the state A — Tr(Ap).

It is very useful to consider measurements independently from the observables that
generate them. A projection-valued measurement (PVM) with n outcomes is a
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collection of projections {P;}; C B(H) such that >, P, = 1. In a PVM, we have that
PP; = 6,,P.

PVMs admit a useful generalisation. A positive operator-valued measurement
(POVM) with n outcomes is a collection of positive operators {F;}?, C B(H) such
that >, P, = 1. POVMs can be constructed as convex combinations of PVMs, but not
all POVMs arise in this way. Generally, it is not obvious when POVMs can be reduced
to PVMs. We make use of two techniques to do so. The first is Naimark’s dilation
theorem [92]. This theorem states that, given a POVM { P}, C B(H), there exists a
PVM {IL;}, € B(H ® C") and a state |[¢)) € C" such that P, = (1 ® (¢|)IL;(1 ® |[¢)).
This theorem allows a POVM to be generically transformed into a PVM, but does not
preserve the Hilbert space. The second technique is a rounding result due to de la Salle [55,
Theorem 2|. Let M be a von Neumann algebra, let {P;}?; C M be a POVM, and let p
be a normal state on M. If 3, p(P?) > 1 — ¢, then there exists a PVM {I[;}?_, C M such
that 3=, p((P; — 11;)?) < 9e. This allows the POVM to be rounded to a nearby PVM while
preserving the space, but does not work on every POVM.

2.6.3 Entanglement

A state [) € H ® K is called separable if there exist |u) € H and |v) € K such that
[) = |u) ® |v). Otherwise, |¢) is called entangled. Entangled states do not admit a local
description as a pure state on either system.

Any entangled state can be written in terms of its Schmidt decomposition. Given
a state |¢) € H ® K, there exist orthonormal sets {|h;)}; € H and {|k;)}; C K and
coefficients 1 > p; > ... > p, > 0 such that >, p; = 1 and

) = Y2 VAR © k).

The Schmidt rank of |[¢)) is n < min{dim H,dim K}. |¢) is separable if and only if it has
Schmidt rank 1.

Given a finite-dimensional Hilbert space H with orthonormal basis {|i) };, the canon-
1

ical maximally entangled state is the state |¢3;) = 5= 27" ]i) ® |i) € H ® H. More
generally, we call a state maximally entangled if it is unitarily equivalent to the canonical
maximally entangled state by local unitaries. The state |¢;) satisfies the property that
(U®U)|pj;) = |¢3;) for any unitary U. In particular, this implies that for any measurement
made on the first subsystem, there exists a measurement on the second subsystem that
always predicts the measurement result. This gives rise to a stronger form of correlation

than what can be achieved classically.
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2.7 Quantum spaces

The main reference for this section is [121].

2.7.1 DMotivation

For a compact space X, the set of continuous functions X — C, denoted C(X), is a
commutative x-algebra via pointwise addition, multiplication, and complex conjugation.
Further, C(X) is a C*-algebra via the norm || f|| = max {|f(x)| | z € X}. The mapping
X — C(X) isin fact a contravariant functor from the category of compact topological spaces
to the category of unital commutative C*-algebras. Gelfand duality is the statement that
this functor is a bijection, if homeomorphic topological spaces and isomorphic C*-algebras
are identified.

By analogy, we can see a noncommutative C*-algebra A as the algebra of continuous
functions on a virtual compact quantum space X, and denote it A = C'(X). A compact
quantum space Y is a quantum subspace of X if there is a surjective *-homomorphism
C(X) — C(Y). A natural way to construct a quantum subspace is with respect to a set
of relations R C C(X): then, the surjection is simply the quotient by the two-sided ideal
generated by the relations.

2.7.2 Quantum groups

The group structure of a compact topological group G induces additional structure on the
algebra of continuous functions C'(G), which can be expressed in terms of x-homomorphisms
acting on C(G). The group product induces a *-homomorphism A : C(G) — C(G x
G) = C(G) @min C(GQ) via A(¢)(g,h) = ¢(gh); the identity element of G induces a *-
homomorphism € : C(G) — C as €(¢) = ¢(1); and the inverse induces a *-homomorphism
S C(G) = C(G) as S(¢)(g) = ¢(g7"). Encoded in this way, group properties may be
generalised to quantum spaces.

A compact quantum group (CQG) [121] is a quantum space G equipped with
a x-homomorphism A : C(G) = C(G) @min C(G) called the coproduct, satisfying the
relation (id ®A)A = (A®id)A, called coassociativity; and such that (id @C(G))A(C(G))
and (C(G) ® id)A(C(G)) are dense in C(G) @min C(G). When working with compact
quantum groups, we assume all tensor products of C*-algebras are min-tensor-products,
and suppress the subscript. A quantum subgroup H of a CQG G is a CQG that is a
quantum subspace and Agq = (¢ ® ¢)A¢g where ¢ : C(G) — C(H) is the quotient map.
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In this work, we need only compact matrix quantum groups. A compact matrix quan-
tum group (CMQG) is a CQG where C(G) is generated by generators u;; for 1 <i,j <n
and A(u;;) = Yp_q ik @ ugj. Conversely, if A defined in this way is a *-homomorphism
and the matrices u = (u;;) and u” = (u;;) are invertible, then it automatically satisfies
the two conditions on the coproduct of a CQG, inducing a CQG structure. Further, on
the dense subalgebra generated by the polynomials in the u;;, we can define a counit
s-homomorphism € : C(G) — C by €(u;;) = 0;; and an antipode anti-automorphism
S : C(G) — C(G) satistying S(S(2*)*) = = where defined, by S(u;;) = uj;. In general,
the counit and antipode may be unbounded maps. These satisfy the conditions of a Hopf
algebra, i.e. (ld®e)A = (e ® id)A = id and p(id®S)A = pu(S ® id)A = 1 - €, where
p: C(G) ® C(G) — C(G) is the coalgebra homomorphism representing the product
u(r ®@y) = zy.

A quantum group G acts on a C*-algebra A if there exists a x-homomorphism 5 : A —
A®C(G) such that (f®id)S = (id ®A)S and (1&C(G))B(A) is dense in ARC(G) [102]. The
second condition implies that (id ®e)s = id where defined. The quantum permutation
group S, of n elements is the maximal quantum group acting on C([n]) that preserves the
uniform distribution in the sense that (7 ® id)§ = 1-7 where 7(f) = + 37, f(i). This is a
CMQG with algebra of functions generated by p;; with 1 <4, j < n subject to the relations
p?j = pi; = pij for all 4, j, and 3=, p;; = >2; pji = 1 for all i [119]. Because the generators of
S+ are hermitian and form a unitary matrix, the counit and antipode are bounded and
hence defined everywhere. In the same way, we can define the quantum permutation group
of any finite set X as S§ = S‘J;q.

2.8 Free probability theory

The main reference for this section is [95].

A noncommutative probability space is a unital algebra A equipped with a linear
functional 7 : A — C such that 7(1) = 1, called the expectation. We will always assume,
as is commonly done, that A is a C*-algebra and that 7 is a faithful tracial state. Elements
of a noncommutative probability space are called noncommutative random variables.
As a first example, it is worth noting that commutative probability theory, as seen in the
previous section, fits as a special case of noncommutative probability theory. In fact, given a
probability space (€2, ., u), its set of bounded, complex-valued random variables corresponds
to the noncommutative probability space A = L*(£, p) with 7(X) = [ X(w)du(w) = EX.
Another example of a noncommutative probability space is (My(C), tr).
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A mixed *-moment of a collection of noncommutative random variables a4, ..., a, € A
is an expectation of the form 7(aj! ---aj™), where i; € [n] and e; € {1,*}. For a single
element a € A, the x*-moments of a are the mixed *-moments of a. For normal a € A, i.e.
aa* = a*a, the x-moments are simply 7((a*)*a’) for integers k,I > 0. In this case, the idea
of a probability distribution for random variables generalizes quite directly. There exists

a unique measure u, supported on a compact subset of C such that all the x-moments can

be written as
r((@)a') = [(")" 2 dpal2).

Knowing the x-moments, the expectation of any element of C*(a), the unital C*-subalgebra
generated by a, can be computed.

Subalgebras Ay, ..., A, C A are freely independent (or free for short) if, for any
i1,...,im € [n] such that i; # i;,, and a; € A;; such that 7(a;) = 0, we have that
7(ay - - ap) = 0. We say that noncommutative random variables ay, ..., a, € A are free if
the C*-subalgebras they generate are free. The usual commutative notion of independence
guarantees the above property only in the case where all the i; are distinct, which can be
supposed due to commutativity. If the x-moments of a set of free random variables are
known, then any of the mixed *-moments can be computed.

A collection of sequences (a1)n, - - -, (a1n)n of noncommutative random variables such
that a;, € (A,,7,) converges in x-distribution to a collection of noncommutative
random variables aq,...,a; € (A, 7) if all the mixed *-moments converge, i.e.

: €1 € _ €1 e
lim 7(ag),, - -agn,) = 7(af) - - agr).
We write this as a1,,..., 4, — a1,...,q (*dist). If (a1,)n, ..., (@), converge in -

distribution to noncommutative random variables that are free, we say that the sequences
are asymptotically free.

The Haar distribution on the unitary group generalises naturally in the setting of free
probability. We say a noncommutative random variable u € A is a Haar unitary if u is
unitary and the x-moments 7(u*) = 0y for all k& € Z. This constitutes a generalisation
as a Haar-random unitary U ~ 1, can be seen as a noncommutative random variable
given by the identity function in the space A = My(L>® (U, ny,)) with expectation 7(a) =
[ tr(a(u))dmy, (v), which satisfies 7(U*) = 8.

We make use of the following theorem.

Theorem 2.8.1 (23.13 in [95]). Let (d,), be a sequence of natural numbers such that
d, — oo. For all n € N, let U,, ~ ny, be a Haar-random unitary and let A, € My, .
Suppose that the limiting *-moments lim,,_, tr(AS' - -- AS™) for e; € {1, *} all exist. Then
the sequences (U, ), and (4,), are asymptotically free.
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2.9 Complexity theory

The main reference for this section is [0].

2.9.1 Turing machines

A Turing machine is a tuple M = (k, X, S,0), where k € Z>, called the number of work
tapes; X is a finite set, called the set of symbols, containing a blank symbol [J; S is a finite
set, called the set of states, containing the start state start and the halt state halt; and
6 Sx Y2 5 §x ¥E+F2x {—1,0,1}5+2 is a function, called the transition function. A Turing
machine describes an abstract computation as follows. The machine consists of k + 2 tapes
(infinite strips where one symbol can be placed for every integer) of which one is the input
tape, one is the output tape, and the remainder are work tapes; one head on each tape that
can read and write on one position at a time; and a register that can store one of the states.
The machine starts with a blank symbol on every position, except for the input tape where
a word x € ¥* (where ¥* denotes the set of words in ) can be input, and the register in the
start state. Then, at each step of the computation, the head on each tape i reads the symbol
o; it is on, and the machine computes (s, o1,...,0p42) = (8,00, ..., 04y0,d1, ..., dpt2),
where s is the state in the register. Then, the machine updates the state in the register
to ', writes o} at each head position ¢, and moves each head ¢ in the direction given by
d;. If the state in the register ever becomes halt, then the machine halts. The output of
the Turing machine is the word on the output tape, omitting blank symbols, when the
computation halts, and is denoted M (x). Since it takes a finite amount of information to
specify a Turing machine, they can be represented as bit strings; importantly, there is a
universal Turing machine that can take a bit string representation of a Turing machine
as input and produce the same output as would the inputted Turing machine.

A probabilistic Turing machine is a Turing machine with an additional tape that
starts filled with uniformly random symbols. This provides an abstract presentation of
randomised models of computation.

The runtime of a Turing machine on input x is the number of computation steps before
reaching the halt state. A function f is computable if there is a Turing machine M such
that f(z) = M(z) for all . A function f is T-time computable, where 7' : N — N/ if
there is a Turing machine M such that f(x) = M(z) and the runtime of M on input z is
less than T'(|z|). A function f is polynomial-time computable if it is T-time computable
with T'(n) = Cn® for some C,c > 0. A function f is exponential-time computable if it
is T-time computable with T'(n) = C - 2" for some C, ¢,k > 0.
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2.9.2 Complexity classes

A language is a subset of bit strings L C {0,1}*. A Turing machine M decides a language
Lif M(z)=1ifx € Land M(x)=0if z ¢ L. A promise problem P is a pair of disjoint
subsets Y (P), N(P) C {0,1}*. The elements of Y(P) U N(P) are called the instances
of P; the elements of Y(P) are the yes instances and the elements of N(P) are the no
instances. We write x € P to mean z € Y(P) U N(P). Every language L corresponds
to the promise problem (L, L¢), so we will work exclusively with promise problems in the
following. A Turing machine M decides P if M (z) =1 for all z € Y/(P) and M (x) = 0 for
all x € N(P). Note that it does not matter what M outputs for = in neither Y'(P) nor N(P)
— in fact M may not even halt. A complexity class is a collection of promise problems.

P is the class of all problems that can be decided in polynomial time. NP is the class
of all problems P such that there exists a Turing machine M such that for all z € Y (P),
there exists y € {0, 1}*, called a proof, such that M(x,y) = 1 and for all z € N(P) and all
y € {0,1}*, M(z,y) = 0; and M halts in polynomial time. EXP is the class of all problems
that can be decided in exponential time. NEXP is the exponential-time analogue of NP,
defined identically except that the Turing machine may halt in exponential time. R is the
class of all problems that can be decided with a Turing machine; P € R is called decidable,
and P ¢ R is called undecidable. RE is the class of all problems P such that there exists
a Turing machine M where if x € Y(P), M halts on input z, and if x € N(P), M does not
halt on input . Given a complexity class C, the complement is the class coC consisting
of the problems of C with the yes and no instances swapped.

2.9.3 Reductions and hardness

Let P, and P, be promise problems. A (Karp) reduction from P, to P; is a computable
function f such that for all z € Y/(P,), f(z) € Y(%) and for all x € N(P,), f(x) € N(P).
The reduction is polynomial-time if f is polynomial-time computable. A problem P is
hard for a complexity class C, or C-hard, if every problem in C reduces to P. Note that the
time complexity stipulated for the reduction depends on the complexity class: for NP and
NEXP it is polynomial, while for RE it just has to be computable. We say P is C-complete
if it is C-hard and P € C. Note that polynomial-time reductions are used for NEXP rather
than exponential-time reductions since any NP-complete problem is complete for NEXP
under exponential-time reductions.

The halting problem is the problem where the yes instances are the Turing machines
that halt on empty input and the no instances are the Turing machines that do not. The
halting problem is RE-complete.
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2.10 Relational structures

Relational structures provide a natural way to present constraint satisfaction problems.
They allow arbitrary CSPs to be presented in a manner similar to graph homomorphism
problems, such as graph n-colouring, which corresponds to homomorphism to the complete
graph K.

2.10.1 Definitions

A relation over a set D is a subset R C D" for some n € N, called the arity of R
and denoted ar(R). For example, the set of edges of a graph forms a relation of arity 2.
Equivalently, a relation can be seen as a boolean function R : D™ — {0, 1}, corresponding
to the characteristic function of the relation seen as a subset. A relational structure
is a pair A = (D(A),7R(A)) where D(A) is a set called the domain of A and R(A) is a
set of relations over ®(A). Unless otherwise specified, we consider relational structures
with finite domains and finitely many relations. When clear from context, we write A to
mean D(A). For a graph G, the domain is the set of vertices, and there is a single relation
consisting of the set of edges. The specific examples of graphs is discussed in more detail in
Section 2.10.2.

A relational structure is boolean if D(A) = {0, 1}, the boolean field. Many important
CSPs arise from boolean relational structures, such as 3SAT and boolean linear systems.
These are defined formally in Section 2.10.4.

To compare relational structures, we need to keep track of the relations. A relational
signature is a set o with an associated arity function ar : ¢ — N. We assume the signature
to be finite unless otherwise specified. The elements of o are called relational symbols.
A relational structure over o (or a o-structure) is a relational structure A with an
associated bijective mapping o — JR(A), R — R4 such that ar(R*) = ar(R). If 0 C 7,
then every o-structure is also a 7-structure, where the relations with symbols in 7\o are
taken as empty. If the signature of a relational structure A is not specified, we treat A as a
o 4-structure, where o4 = 33(A) seen as a relational signature, so that R4 = R.

A homomorphism of o-structures f : A — Bis amap f: D(A) — D(B) such that
for all R € o and a € R*, f(a) € R”, where we write f(a) = (f(a1),..., [(Ga(r))). The
category of o-structures with morphisms given by the relational structure homomorphisms
is denoted R(o).

We close this section with a few ways of building new relational structures from old. Given
a o-structure A and an equivalence relation ~ on ®(A), the quotient of A by ~ is the o-
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structure A/ ~ with domain D(A)/ ~ and relations R4/~ = {([al], o aam)]) | @€ RA}.
The disjoint union of o-structures A and B is the o-structure A L B with domain
D(A) UD(B) and relations RA“E = R4 U RP. The cartesian product of A and B is the
o-structure A x B with domain ©(A) x ©(B) and relations

RYP = {((a1,b1), .-, (aax(r), bar(my)) | @ € R*, b€ R}

Write AF = A x A x --- x A. For any finite set S, we take A% = Al with indices labelled
by S.

2.10.2 Graphs

We work with finite simple undirected loop-free graphs. A graph G = (V(G), E(G))
consists of vertices and edges. V(G) is a finite set, called the vertices; E(G) is a subset
of the unordered pairs of vertices {{z,y} | z,y € V(G) A x # y}, called the edges. The
edges induce a symmetric irreflexive relation on V(G), which we denote by x ~¢ y iff
{z,y} € E(G). We often write z € G to mean = € V(G).

A graph G may be presented as a relational structure with domain V(&) and a single
relation E¢. All graphs are relational structures over the signature ¢ = {E}, consisting
of a single relation of arity 2, where EY = {(z,y) € V(G)? | {z,y} € E(G)}. Graph
homomorphisms are relational structure homomorphisms of the associated relational
structure. For graphs, the cartesian product as relational structures is the same as the
categorical (or tensor) product as graphs.

A graph G is bipartite if there exists a partition V(G) = AU B such that x =¢ y if
r,y€ Aorx,y € B.

The complement of a graph G is the graph G with the same vertices and edges z ~z y
if and only if z # y and = = v.

A graph product is a way to define a graph on the vertex set V(G) x V(H) for graphs
G and H. We work with the categorical product (or tensor product), denoted G x H
with edges (z,y) ~axu (',y) iff x ~¢ 2’ and y ~py y'. This corresponds to the cartesian
product of the graphs as relational structures.

We use some standard examples of graphs. The complete graph on n vertices is the
graph K,, with V(K,,) = Z, and = ~k, y for all z # y. The n-cycle is the graph C,, with
V(C,) =7y and x ~¢, y iff x =y £+ 1.
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2.10.3 Constraint satisfaction problems

Let A be a o-structure. The constraint satisfaction problem (CSP) of A is the promise
problem CSP(A) where the instances are o-structures X, of which the yes instances are
those admitting a relational structure homomorphism X — A. This problem can in fact be
seen as the language corresponding to the o-structures with homomorphism to A.

There are two alternate, but equivalent, presentations of CSPs that commonly appear
in the literature. We will exclusively work with the relational structure homomorphism
presentation, but discuss the equivalence here for completeness.

The first alternate presentation is via boolean formulae. Here, seeing the relations
of A as boolean functions, the instances of CSP(A) are formulae of the form

31’1,...71',1 E@(A) : Rl(xil,l""7xi1,ar(R1))/\'”/\Rm(ximyl _____ T )7

for some relations R; € R(A) and i;; € [n], not necessarily distinct. The instance is a
yes instance if the formula is true, and a no instance if not. This formulation portrays a
CSP as the question of the solubility of a system of equations, and is commonly seen for
boolean CSPs such as 3SAT or LIN (see below for the definitions). The presentation via
boolean formulae can be seen to be equivalent to the structure homomorphism presentation
by taking X to be the o-structure with domain ©(X) = {z,...,z,} — where the
x; are now seen as abstract symbols rather than variables over ©(A) — and relations
R* = {(z,,,..., )| Rj = R} forall R € 0.

The second alternate presentation is via constraint systems. A constraint system
S = (X,{(V;,C;)}™,) over an alphabet ¥ consists of a set of variables X, contexts V; C X,
and associated constraints C; C X7, A satisfying assignment to S is a function f : X — %
such that f|y, € C; for all 7. In this model, instances of CSP(A) are constraint systems
S = (X, {(V;,C;)}™,) over D(A) where for each i € [m], there exists R; € R(A) and a
function f; : [ar(R;)] — Vi such that C; = {f € V¢ | (f(f:(1)),..., f(filar(Ry)))) € R;}.
The instance S is a yes instance if it admits a satisfying assignment. This presentation of
CSPs is commonly seen in the quantum literature, as it presents the contexts where the
variables should be measured together in a clear way. The constraint system presentation is
equivalent to the structure homomorphism presentation by taking the relational structure
associated to an instance S to be the o-structure Y with domain ©(Y) = X and relations

RY = {(fi(1),..., fi(ar(Ry))) | Ri = R*}.
These two presentations differ most significantly from the structure homomorphism

presentation in that the terms of an instance are not relations but constraints. This
perspective is useful. To make use of it in the structure homomorphism model, we say

im,ar(Rm)

1 ar(R)
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that a constraint of a o-structure X is a pair (R, ) where R € o and © € R*. We say a
function f: D(X) — D(A) satisfies the constraint (R, x) if f(x) € R

Next, we also consider gapped versions of CSPs as follows. Let 1 > ¢ > s > 0, called the
completeness and soundness parameters, respectively. One may take these parameters
to be functions of the instance size, but unless otherwise specified, we assume they are
constants. Then, the (c, s)-gapped CSP of A is the promise problem CSP,  (A) where the
yes instances are o-structures X such that there exists a function f: ©(X) — ©(A) that
satisfies at least a fraction c of the constraints; and the no instances are o-structures X
such that any function f: D(X(M)) — D(A) satisfies a fraction of the constraints strictly
less than s. If ¢ > s, this problem is no longer a language.

Succinct versions of CSPs are also relevant for this work. The succinct CSP of A is
the promise problem MIP(A) (see Chapter 3 for a clarification of the notation) where the
instances are probabilistic Turing machines M that sample constraints of a o-structure X (M)
in polynomial time, where the yes instances are those Turing machines for which there is a
homomorphism X (M) — A. The succinct presentation as a sampler over the constraints
allows relational structures of exponential size to be handled in polynomial time. The
(¢, s)-gapped succinct CSP of A is the promise problem MIP,.  (A) where the instances
are again probabilistic Turing machines M that sample constraints of X (M), where yes
instances are those Turing machines M such that there is a function f: D(X(M)) — D(A)
such that the probability of f satisfying a constraint is at least ¢, and the no instances are
those Turing machines M such that any function f : ©(X) — ©(A) has probability strictly
less than s of satisfying a constraint.

2.10.4 Reductions and polymorphisms

The complexity of CSPs is well understood. Schaefer’s dichotomy theorem [105] shows
that every boolean CSP (i.e. where A is boolean) is either contained in P or is NP-complete.
Furthermore, this theorem shows that the reductions between the NP-complete CSPs are
particularly well-behaved: the reductions are local in the sense that every constraint of
the old CSP is rewritten as a collection of constraints in the new CSP, called a gadget,
independently of the other constraints. An analogous dichotomy theorem for all CSPs was
long conjectured, and was independently completed by Bulatov [32] and Zhuk [122].

For those relational structures where CSP(A) is NP-complete, we also find analogous
hardness for the gapped and succinct problems. Due to the PCP theorem, there always
exists s < 1 such that CSP; 4(A) remains NP-complete. Further, due to the locality of the
reductions, we also find that MIP(A) and MIP; ;(A) are NEXP-complete.
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The prototypical example of an NP-complete CSP is 3SAT. This is the CSP with boolean
relational structure 3SAT with signature o3sar = {Rp | b € Z3}, where all the symbols
have arity 3, and relations R3>AT = Z3\{b}. In the presentation via boolean formulae, this
corresponds to satisfiability of 3-CNF formulae, which is the usual presentation of 3SAT.
The hardness of 3SAT is the content of the Cook-Levin theorem.

Another example of a CSP is LIN. This is the CSP consisting of the systems of linear
equations over the boolean field. The associated relational structure is the boolean structure
LIN with signature opn = {Lpsn | n € Nyb € {0,1}}, where ar(Ls,) = n, and relations
Ly ={a€Zy|a+...+a, = b}. Due to Gaussian elimination, CSP(LIN) is solvable in
polynomial time. For any n € N, we also write nLIN for the relational structure with only
the relations of LIN on n variables. Note that LIN does not have finitely many relations,
but nLIN does.

The reductions between CSPs are presented most elegantly via the algebraic approach,
which identifies reductions between CSPs with homomorphisms between objects related
to their defining relational structure. The objects in question are the polymorphisms: the
polymorphism space of a o-structure A is the collection of morphism spaces mor(A™, A)
for all n € N, denoted pol(A). Polymorphisms capture generalised symmetries of the
relational structure. At each level n, mor(A”, A) always contains the projection maps
' A" — A, a q; for each i € [n]; but it may contain other maps. For example, every
polymorphism of 3SAT is a projection; but 3LIN also has some other maps, such as the
ternary minority operation (a,b,c) — a + b+ ¢, as polymorphisms.

We say that a relational structure A pp-defines a relational structure B if for all
S € R(B), there exist n,m € N, Ry,..., R, either in R(A) or equal to the equality relation
{(a,a) | a € A}, ix € [m] for k € [ar(S)], and ij, € [m] for j € [n] and k € [ar(R;)] such
that

S = {(ail,...,aiar(s)) | ac A" A (aijl,...,a S Rj Vje [n]}

Lemma 2.10.1 ([0, 22, 23]). Let A and B be relational structures such that ©(A) = D(B).
Then A pp-defines B if and only if pol(A) C pol(B).

ij ax(R;) )

We include a proof of this result here since we make use of its structure later.

Proof. Suppose that A pp-defines B. Let f € mor(AF, A) be a polymorphism of A. To see
that it is a polymorphism of B, let S € SR(B), and by pp-definition, there exist n,m € N,
Ry, ..., R, either in RR(A) or equal to the equality relation {(a,a)|a € A}, iy € [m] for
k € [ar(S)], and ij; € [m] for j € [n] and k € [ar(R;)] such that

S={(ai,....ai,) @€ A" Aai,,....a € R;Vjen}.

Ujar(R;) )
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Now, let (alin"'7a1iar(s))7'"’(akin"'?akiar(s)) € S. Then, for all I € [k] and j € [n],

(tijys -+ -5 @iy ) € By Since f s a polymorphism of A,
J
(.f(alij17 e 7akij1)7 BRI} f<a1ijar(Rj)’ cee 7akijar(Rj))) € RJ
This implies that (f(a1i,, -, @kiy)s -5 f(Qrig g -+ Qhinsy)) € S- Hence f € mor(B*, B).
For the converse, let S € R(B). Enumerate the elements S = {s;,..., sg/}. Consider

the |A|ll-ary relation over A
P = {(x4)g4caisi | @ — x4 is a polymorphism of A} .
A pp-defines P as
P = {(#a)acast | (Tansars)s -+ Tlamgmramimys)) € B YR ER(A), a1, a5 € R}

Now, for i € [ar(9)] let & = (s1,...,5is;) € A and define S’ to be the ar(S)-ary relation

S’ = {(xtly..-;xtar(s)) | (‘r(l)aEA\Sl - P}

It is clear that A pp-defines S’. To finish, we show that S’ = S. The projection onto the
i-th component 7; : A¥l — A is a polymorphism, and therefore (a;),c 4151 € P. As such,
(t1iy - - targsyi) = 8 € 5, giving S € S’. On the other hand, if @ € S’, then there exists a
|S|-ary polymorphism f such that a; = f(t;). As such, since sy, ..., s;g) € S, we have that

a = (f(SIb ey 5|S\1)7 ) f(slar(S)y ey S\S\ar(S))) e s.
Hence S’ C S as well. [ |

We can access stronger types of reduction by noting that the polymorphism space of
a o-structure is an example of a minion, which is a covariant functor from a skeleton
category of finite sets (where a skeleton category is such that any two isomorphic objects
are identified). More concretely, a minion .# is a collection of spaces .#,, for n € N, called
the levels, such that for every function « : [n] — [m], there exists a mapping .#,, — M,
M +— M/, called a minor operation, satisfying M,iq = M and for all 7 : [n] — [m] and
7' m] = [k], (M)z)/x = Mjzor. POl(A) can be equipped with a minion structure by
taking pol(A), = mor(A", A) and, for ¢ € mor(A”, A) and 7 : [n] — [m], ¢,-(a) = ¢(aon)
(where we identify tuples A™ and functions A™). Given minions .# and .4, a minion
homomorphism £ : .# — .4 is a natural transformation between the functors, or
concretely, a collection of maps &, : .4, — A, such that &, (M/;) = &, (M),~. We often
drop the subscript n on &,. The following theorem provides the strongest way of achieving
reductions between CSP languages from the structure of the polymorphisms.
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Theorem 2.10.2 ([L7, 37, 15]). Let A be a o-structure and B be a 7-structure, and
suppose there exists a minion homomorphism & : pol(A) — pol(B). Then, there exists a
polynomial-time reduction from CSP(B) to CSP(A).

In fact, the existence of this minion homomorphism is also a necessary condition for the
existence of a reduction, as long as P # NP — however, this is very much not obvious, and
follows from the fact that those relational structures that do not admit a homomorphism
to 3SAT are solvable in polynomial time [32, |. Further, since the reduction guaranteed
by this theorem is local, it can be effected in logarithmic space, and therefore lifts to a
polynomial-time reduction between succinct CSPs. Due to the locality, it also preserves
the existence of a constant gap for gapped CSPs, but the size of the gap may change. We
include a proof of this result here, since it is instructive once we pass to the quantum
setting.

Proof. Let Y be a 7-structure. Define the o-structure Xo = |l ey A% U Upeyyery AT .
We write elements of X as tuples (y, a) or (R, y, a) to identify the term of the disjoint
union that they belong to. Next, we take the equivalence relation ~ on X, to be defined
via (y;,a) ~ (R,y,aom) forall R € 7, y € RY, i € [ar(R)], and a € A®B) where m; is
the i-th projection map. Let X be the quotient o-structure X = X/ ~. We claim that the
mapping Y — X provides a reduction from CSP(B) to CSP(A).

First, suppose that Y is a yes instance of CSP(B). Then, there exists a homomorphism
¢ :Y — B. Define the map v: ©(X) — D(A) as 7([(y, a)]) = a(¢(y)) and v([(R, y, a)]) =
a(¢(y)). We need to check if this map is well-defined. First v([(R, y, a)]) exists, as, if y € RY,
then ¢(y) € RP, and hence it is in the domain of a. Also, if (y,a) ~ (R, y, b), then there
exists ¢ such that y = y; and b = aom;. As such, Y([(R,y, b)]) = a(m(o(y))) = a(d(y;)) =
v([(y, @)]), so v is well-defined. Next, we need to show that « is a homomorphism. Let
S € o with arity n and let £ € S¥. By definition, either z; = [(y, a;)] or z; = [(R, y, a;)]
for all 7. In the first case, v(z) = (a1(¢(y)), ..., an(d(y))) € 54, as (a1, ..., a,) € S4°7
so the projection onto one of the terms is an element of S4. In the second case, y(x) =

(a1(p(y)), .-, an(d(y))) € S4, again as (ai,...,a,) € S S0 7 is a homomorphism,
giving that X is a yes instance of CSP(A).

For the converse, suppose that X is a yes instance of CSP(A). Then, there exists a
homomorphism 7 : X — A. For each y € Y, define v, : D(A*®)) — D(A) as y,(a) =
v([(y, @)]); and for each R € 7 and y € RY, define vg,, : D(A%") = D(A) as yr,(a) =
v([(R, y, @)]). By construction, these are relational structure homomorphisms, and hence
polymorphisms of A. Using the minion homomorphism, we have that ¢, = £(v,) €
mor(B®®) B) and ¢r, = £(vry) € mor(BE” B). Define ¢ : D(Y) — D(B) as ¢(y) =
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¢,(id). This is well-defined, since the identity is a function from ®(B) — ®(B) and hence
an element of B®(P). To finish, we show that ¢ is a relational structure homomorphism. Let
R € 7 be a relation of arity n, and let y € RY. To show ¢(y) € RP, we first need to see the
implications of the defining equivalence relation of X on the ¢,, and ¢g,. Since m; : R® —
D(B), (Yr,y)/m: € mor(A®B) A). Acting on a € A°P), (yp,)/r,(a) = v([(R, y, a0 m)]) =
Y([(yi, @)]) = vy, (@). Using the properties of the minion homomorphism, this implies that
(¢ry)/m = by Then, 6(y) = (¢y,(id), .., 6y, (id)) = (dry(m), ... dry(ma)) € R, as
(m1,...,m,) € RB™ — in fact, for any b e RP, (my(b),... ,m,(b)) = b e RP. |

2.11 Semidefinite programming

2.11.1 Definitions and duality

The main reference for this section is [120].

A convex cone in a real vector space V' is a convex subset K C V' closed under scalar
multiplication by any nonnegative scalar. Given a convex cone K in an inner product space
V', the dual cone is the space

K'={veV|{uv)>0Vue K}.

If K is a closed convex cone, then K** = K. Let V and W be real finite-dimensional
inner product spaces, let K C V be a closed convex cone, let T': V' — W be a real linear
map, and let a € V and b € W be vectors. Then, the conic program P parametrised by
(V,W,K,T,a,b) is the optimisation problem

maximise (a, )
subject to T'(x) = b
r € K.

A vector z is a feasible solution of P if € K and T'(z) = b, and an optimal solution
if it maximises (a, x) among the feasible solutions. The supremum over the values of (a, )
among the feasible solutions is called optimal value, and is denoted opt(P). Note that
the optimal value may be +oo, in which case no optimal solution exists. A conic program
is an example of a convex optimisation problem, and admits a nice duality property.
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The dual program P* of P is the optimisation problem

minimise (b, y)
subject to T*(y) —a € K*
yew,

where T™ is the adjoint of T" with respect to the inner products on V and W. The dual
always satisfies the property that opt(P) < opt(P*). By Slater’s theorem, if there exists
a feasible solution of P that is in the algebraic interior of K (the set of points x in K such
that for all v € V there exists ¢t > 0 such that x 4+ tv € K), then the optimal values of P
and P* are equal.

A semidefinite program (SDP) is a conic program where V' is the real vector space
of Hermitian matrices H; C M, with Hilbert-Schmidt inner product (A, B) = Tr(AB),
and K is the cone of positive semidefinite matrices. Explicitly, the semidefinite program P
parametrised by a real inner product space W, a linear map T : Hy; — W, a matrix A € Hy,
and a vector b € W is the optimisation problem

maximise Tr(AX)
subject to T(X) = b
X >0,

Often, rather than a single linear map 7" with an associated vector b, the constraints of an
SDP may be presented as a collection T; of linear maps, each with an associated vector b;.
An SDP can be approximated to any precision ¢ in time poly(d, log(1/¢)) [116].

2.11.2 Approximation algorithms and Max-Cut

A general optimisation problem can be expressed as the question of maximising an
objective function obj on variables satisfying some fixed constraints. For example, deciding
if an instance X of CSP.4(A) is a yes instance can be phrased as the question of optimising
the number of constraints satisfied by a function f : D(X) — ©(A). Even if an optimisation
problem cannot be solved efficiently, it may be efficiently approximated, which is sufficient
in some cases. For example, suppose there is an efficient algorithm that outputs, given a
relational structure X, a function f: ©(X) — ©D(A) such that f satisfies a fraction p of
the maximum number of constraints that may be satisfied by a function ©(X) — D(A).
Then, the problem CSP,.,(A) can be solved in polynomial time if pc > s, as for any yes
instance, the algorithm outputs a function satisfying at least a fraction s of the constraints.
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A versatile way of constructing approximation algorithms is via SDP relaxations. An
SDP relaxation of an optimisation problem P is an SDP Q such that opt(P) < opt(Q).
An optimal solution x of the SDP relaxation can be computed in polynomial time. To turn
this into a feasible solution Z of P, the approximation algorithm requires a second step called
rounding. Then the approximation ratio of the algorithm is infp g;g((f))) > infp é);tj((g))'
Since the second term can actually be computed (we don’t know how to find the optimal
value of P), we take this to be the approximation ratio, often denoted p. Assuming the
Unique Games Conjecture, the optimal approximation algorithm for any CSP has this

form [104].

To illustrate such an algorithm, consider the Goemans-Williamson algorithm [67]
for the Max-Cut problem, which is the optimisation problem associated to the CSP of the
graph K5. An instance of this problem is a graph GG, and the problem consists of maximising
the number of edges mapped to the edge of K5 by a function G — K. This can be phrased
in the following way:

maximise Z 1_2%
{i,7}€E(G)
subject to x; € {—1,+1} Vi € V(G),
since the term %% — () if x; = x; and 1 otherwise. One defines an SDP relaxation of this
problem by replacing the product of the values z; € {—1,+1} by the inner product of real
unit vectors. In terms of the Gram matrix of these vectors, this takes the form of the SDP

1— X,
maximise Z T]
{i,7}€E(G)
subject to X;; =1 V1

X >0.

To finish, we need to round an optimal solution X of the SDP to a feasible solution of
the original problem. To do so, first reexpress X as a Gram matrix X; ; = (v;,v;). Then,
sample a random unit vector r, and let x; = sgn(r, v;). This gives a feasible solution of the
original problem, with approximation ratio

L sn((rou)smn((ro) 2 6
1 — (u,v) oclo,x] 1 — cos @

p= 1un£E ~ 0.8786,

which is the Goemans-Williamson constant.

46



2.12 Nonlocal games

2.12.1 Games and strategies

A (2-player) nonlocal game G consists of finite sets X and Y called Alice’s and Bob’s
questions; collections of finite sets {A;},ex and {B,} ey called Alice’s and Bob’s answers;
a probability distribution p : X x Y — [0, 1], called the question distribution; and
a collection of values V' = {V(a, b|z,y) }zex yeviaca, yen, in {0,1}, called the predicate.
Alternately, we may take A = J,cx A, and B = U, ey B, and stipulate that V' (a, b|z,y) = 0
when a ¢ A, or b ¢ B,. We may sometimes assume that the verifier holds on to some
side information from a finite set S, which she uses to decide the predicate, without
informing the players. Then, the question distribution is over X x Y x S and the predicate
is V= {V(a,b|z,y, s) }rex yevacA, beB, sc5-

Any strategy for G can be presented by its correlation, which is a collection of values
p = {p(a,b|z,y)}rex yevaca, pep, in [0,1] such that (a,b) — p(a,blz,y) is a probability
distribution for all z,y. The value (or winning probability) of a nonlocal game G with
respect to a correlation p is

w (G, p) = > p(z, y)V(a,blz, y)p(a, blz,y).

rzeX,yeY,acAz,beBy

Different classes of strategies for nonlocal games can be captured by different classes of
correlation.

p is a deterministic correlation if there exist functions f : X — A, g:Y — B
such that p(a,b|z,y) = d5),a0g(y)0-

e pis a classical correlation if it is in the convex hull of the deterministic correlations,
or more concretely if there exists a random variable A on a set L and functions
f:XxL—=Aand g:Y x L — B such that p(a, b|z,y) = E f,n),a00(y,0).6-

e pis a quantum correlation if there exist finite-dimensional Hilbert spaces H4 and
Hp, POVMs {P7}.ca, € B(Ha) and {Q} }vep, € B(Hp) forallz € X, y €Y, and a
unit vector [¢0) € Hy ® Hp such that p(a,blx,y) = (¢|P¥ @ Qi |v).

e pis a quantum approximate correlation if there exists a sequence of quantum
correlations (p,), such that p,(a,b|z,y) — p(a,b|z,y).
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e pis a commuting operator correlation if there exists a Hilbert space H, POVMs
{PiYaca, € B(H) and {Q}}ep, € B(H), and a unit vector [1)) € H such that
[Py, Q4] = 0 for all #,y,a,b and p(a, blz,y) = (Y[P7QY[).

« pis a tracial correlation if there exists a von Neumann algebra M C B(H), PVMs
{PiYaca, € M and {Qf}rep, € M, and a normal tracial state 7 : M — C such
that p(a,blz,y) = 7(P*Q}). We say p is a quantum tracial correlation if M
may be chosen to be finite-dimensional; and p is a quantum approximate tracial
correlation if M may be chosen to be Connes-embeddable.

In all of the above cases, we call the additional data needed to express the correlation
the model. Due to Naimark’s dilation theorem, every quantum and commuting operator
correlation admits a model where the POVMs are projective. Every tracial correlation
is a commuting-operator correlation, by taking the standard form of M [70]. Similarly,
every quantum tracial correlation is a quantum correlation, by an analogous but simpler
finite-dimensional argument; these correlations have maximally-entangled shared state |¢).

For a class of correlations () — where we use the symbol () = d for deterministic, () = ¢
for classical, () = ¢ for quantum, ) = qa for quantum approximate, () = co for commuting
operator, () = t for tracial, ) = gat for quantum approximate tracial, and @) = ¢t for
quantum tracial — we denote the set of all correlations with given input and output spaces
by Co(A, B|X,Y). Write C to mean the union over all Cy(A, B|X,Y). We have that

Cd g Cc g C'q g an g C'co
Ul Ul Ul
Cy C Cou C Ci

All these inclusions are strict [39, 109, |. By definition, Cy,(A, B|X,Y) is the closure
of C,(A,B|X,Y); and Cyut(A, B|X,Y) is the closure of th(A B|X.Y).

The value of G with respect to a set of correlations Cg(A, B|X,Y) is

g(G) = sup (G, p).
peCq(A,B|X,Y)

We have that 104(G) = 10.(G) < 10,4(G) = 10,,(G) < 1W,,(G) and W (G) = W (G) < W.(G),
where all the inequalities may be strict [39, 76]. We say a correlation p € Cg(A, B|X,Y) is
optimal for G over @ if (G, p) = w(G), and e-optimal for G over Q if (G, p) > 1w (G) —e.
We say a correlation p is perfect for G if to(G, p) = 1, and e-perfect if w(G,p) > 1 —e.
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2.12.2 XOR games

A nonlocal game G = (X,Y, A, B,u, V) is binary if A = B ={0,1}. An XOR game is
a binary nonlocal game G for which there exists a function f : X x Y — {0,1} such that
V(a,b|z,y) = Oats,f(zy), Where the addition is modulo 2. As for any nonlocal game, we may
keep track of side information for XOR games, in which case V' (a, bz, v, 5) = Oatb f(z,y.5)-
The value of a quantum correlation p(a, b|z,y) = (¢Y|P¥ @ Qf|¢) for an XOR game G has
a simple expression in terms of the observables P, = Py — P¥ and Q, = Qf — QY for the
POVMs {P*}, and {Q}}, respectively:

(G, p) = > u(z,y) (W Py @ QFlb)
a,bE{Ofle}?((;iebif(ac,y)
1Y ey X @I+ (C1P) @ (14 (—1)THENQ ) )
4 reX,yey ae{0,1}
1 1
=t X Iy P @ Q).
rzeX,yeyY

This presentation implies that the XOR game can be fully characterised by the matrix H
with entries H,, = (—1)/@¥ pu(z,y), called the game matrix of G, and the strategy can
be characterised by the quantum correlation matrix C,, = (¢|P, ® Q,|¢). In general,
a correlation matrix is a matrix C' = (Cyy)zex yey With entries in [—1,1] and the bias
of a correlation matrix is

6(G,C)= >  H,yCuy.

zeX,yeYy

For a quantum correlation p with associated correlation matrix C, b(G, C') = 2t0(G, p) — 1.
The quantum bias of G is b,(G) = 2w,(G) — 1.

Quantum correlations for XOR games admit a useful alternate characterisation. A
vector correlation matrix C for an XOR game G is a correlation matrix C' such that
Cyy = (uglvy) for some real unit vectors |u,), |v,). The vector bias is the supremum over
the biases of all vector correlation matrices; it is denoted byeq:(G). A vector correlation
matrix C' is optimal if b(G, (') = b,e(G), and e-optimal if b(G,C) > byew(G) — 2. We
include a factor of 2 in the definition of e-optimal bias to ensure that the value is within e
of the optimal value.

The vector correlation matrices are in bijective correspondence with quantum correlation
matrices, and therefore bye..(G) = b,(G) [1141]. This characterisation via vector correlations
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allows the bias of an XOR game to expressed as an SDP [11]. Following [11, 108], let
B = %{}?T I(ﬂ Then, the quantum bias of G is the optimal value of the SDP over (| X| +
[Y]) x (|X|+ |Y|)-matrices M

maximise Tr(BM)

subject to M;; =1, Vie X UY (2.4)

M > 0.

Here, M represents the Gram matrix of the vectors defining the correlation matrix. The
dual of this SDP is the SDP over vectors a € RX and b € RY

1 1
minimise 5 > a, + 3 > by
) zeX yey (2.5)
subject to §A(a, b) > B,
where A(a, b) is the matrix with the entries of the vectors along the diagonal, and zeroes

elsewhere. For an optimal strategy, the values a, and b, are called the optimal row and
column biases, respectively, and satisfy

Z Hyy (um|vy> = Qg

yey

Z Hy, <levy> = by.

zeX

We make use of the following structure theorem for near-optimal XOR game strategies.

Theorem 2.12.1 ([108] Theorem 3.1). Let G be an XOR game, and let a, for z € X and
b, for y € Y be the optimal row and column biases, respectively. Then, for any e-optimal
vector correlation matrix C,, = (uz|vy),

2
< 10y 2(1X[ + [Y])e,

Z Hx,y|vy> — Qg |Uy)

yey

2
Y Heylue) = bylvy)|| < 10y/2(| X[ +[Y])e.
zeX

2.12.3 Synchronous and projection games

A nonlocal game G = (X,Y, {A,}.,{By}y, 1, V) is synchronous if X =Y, A, = B,, 1
and V' are symmetric, and V' (a,b|z,z) = 0 if a # b. If a correlation p is perfect for G,
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then it must satisfy p(a,b|z,z) = 0 whenever a # b and p(z,z) > 0. If p(x,z) > 0 for
all x, then any commuting operator correlation that is perfect for G must be tracial and
symmetric in the sense that p(a,blz,y) = 7(P*P/). Similarly, quantum and quantum
approximate correlations must be quantum tracial and quantum approximate tracial,
respectively [100, 81].

This condition can be made robust. For some a > 0, we say G is a-synchronous if
p(r,x) > ads, 2, u(z,y) for all z € X. There exists a universal constant ¢ > 0 such that if
0.,(G) > 1 — ¢, then w,(G) > 1 — ¢(e/a)'/*, where the near-optimal tracial strategy found
is also symmetric. The same relation holds for the quantum and quantum approximate
values [117, 80].

In order to reduce to working with tracial correlations, a nonlocal game may be
transformed into a synchronous game. Let G = (X,Y,{A,},,{By}y, 1, V) be a nonlo-
cal game and a > 0. Then, the a-synchronisation of G is the nonlocal game Gyt =
(Xa—synch’ on—synch’ {jélgz—synch}3737 {Ag—synch}m7 /Loc—synch’ va—synch) with question sets X e-synch
X LY, answer sets A3 = A, for z € X and AJ™" = B, for y € Y, question
distribution
mzzgﬂ(l’,z) r=yeX

o

2(1+a) Yexi(zy) v=yeY

Noz-synch(x’ y) — 2#((11_7;?(41)) re XA Y cyY
2#((19;2) reYNyeX
0 else,
and predicate
Sa r,ye XVa,yeY

Vet a, bla,y) = ¢ V(able,y) ve€ XAyeY

V(baly,z) ye X ANxeY.
By construction, the tracial value o, (Gonch) = %’;(G), with identical relations holding for
the quantum tracial and quantum approximate tracial cases.

If X =Y, a symmetric modification of the transformation is useful. The symmetric
a-synchronisation of G is the nonlocal game G*™™ = (X, X, S, {A, U B}, {A, U
By}, poymm yesymm) with side information S = {fix, swap, cc}, corresponding to a
round played with the players as usual, swapped, or as a consistency check; question
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distribution

[e]

s Seex (e, 2) + ulz.0)by, s = cc

'ulog—symnr1<l,7y7 S) — % s="fix
% s = swap;

and predicate

dab s =cc
Ve (q blx,y,s) =S V(a,blz,y) s=fix
V(b,aly,z) s = swap.
We have that o, (G¥y™™) = %ﬁm((}), where 10, symm (G) is the tracial value of G restricted
to symmetric strategies, with identical relations holding for the quantum tracial and
quantum approximate tracial cases.

A nonlocal game G = (X,Y, {A, }zex, {By}yev, 1, V) is a projection game if for all
r € X and y € Y, there exists a function p,,, : A, — B, such that V(a,blz,y) = dpp, ,()-
Perfect quantum strategies for projection games are also known to be tracial. This property
extends to the robust setting but with weaker guarantees than what is known for synchronous
games [117, 98].

We can also transform arbitrary nonlocal games into projection games. The (projection)
oracularisation of a nonlocal game G = (X,Y, {4, }sex, {By}yey, 1, V) is the nonlocal
game G = (X x Y, X UY, {4, X By}ayexxys {Aztzex U{By}yey, 1, Vo), where

1
orac *M(l’,y) z=xVz= )
1% ((I’y)az) =42
0 else,

and
1 V(a,blz,y)=1ANz=aNc=a

Vore((a,b),el(z,y),2) = 41 V(g blr,y) =1Az=yAc=b

0 else.

Oracularisations are clearly projection games via the projection functions p, ) .((a, b)) = a
and p(x,y),y<(a, b)) - b

The relationship between the values of G and G°™¢ is a little more complicated than
in the synchronous case. A tracial correlation p(a,b|z,y) = 7(P*Q}) is oracularisable
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if P* and @; commute for all a € A, and b € B, and z,y such that u(z,y) > 0; the
restriction that the PVMs need only commute for questions asked at the same time
makes oracularisable strategies differ significantly from commuting operator strategies,
where the commutation relation is used to guarantee independence of Alice’s and Bob’s
subsystems — in fact, if the PVMs for an oracularisable tracial correlation commute for

all questions, then the correlation is classical. In general, we only have the upper bound

w(G°"°) < min {1 — %(1 — mt(G))2, H";(G)} [57], but if the optimal tracial strategy is

oracularisable, then we also find the lower bound w;(G**°) > wat(c) Further, if G°'*¢ admits
a perfect tracial correlation, then G admits a perfect oracularisable tracial correlation.

2.12.4 Complexity of nonlocal games

The main reference for this section is [118].

A more advanced way to define complexity classes than directly via Turing machines is by
using proof systems. In an interactive proof system, a trusted polynomial-time verifier
interacts with an untrusted but unbounded prover to decide a language. Multiprover
interactive proof systems are a generalisation where the verifier interacts with multiple
non-interacting provers. Deterministic interactive proof systems cannot decide languages
outside of NP but probabilistic systems, which may not have perfect completeness or
soundness, can have much greater complexity. In its most general form, a multiprover
interactive proof system is parametrised by the number of provers m, the number of rounds
n, the bit length of the questions ¢, the bit length of the answers ¢,, the computation time 7,
and the completeness and soundness parameters 1 > ¢ > s > 0, which may in general be
arbitrary functions of the instance size. A promise problem P is in MIP. (m,n,l,, ¢, T)
if there exists a probabilistic Turing machine M that runs in time 7T such that, on the
input of an instance x, there exist provers such that the following protocol outputs 1 with
probability > c if x is a yes instance, and for any provers the following protocol outputs 1
with probability < s if x is a no instance:

1. The verifier inputs x into M, sends the output (¢, . .., gn) to the provers, who respond
with answers (aq, ..., ap).

2. The verifier repeats this for each of the n rounds, inputting also the transcript of the
previous rounds into M.

3. At the end of the last round, the verifier inputs x and the full transcript of the
interaction into M, which outputs a single bit b.
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If m, n, ¢, {,, and T are polynomial in |z|, and ¢ and s have inverse-polynomial gap,
then MIP.s(m,n, ¢, ¢,,T) C NEXP. This is an equality in a very strong way. In fact, there
exists a constant ¢, such that MIP ;1 2(2, 1, poly, £,, poly) = NEXP [I4]. Due to this, we will
always consider m = 2, n = 1, and T" = poly proof systems so we only write the question
and answer length in the definition of MIP classes. Further, one way of phrasing the PCP
theorem is via the equality MIP; ;/5(log, ) = NP, for some constant ¢, [, 7, 50].

With the restriction to two provers and one round, a problem with Turing machine M in
the class MIP. (¢, ¢,) corresponds to determining whether the classical value of a nonlocal
game is > ¢ or < s, where M first samples the questions and at the end decides if the
players won. If £, or ¢, is superlogarithmic, then the game is succinctly-presented, in the
sense that the verifier can sample the questions and verify the answers but cannot describe
the whole question distribution or predicate in polynomial time.

The provers in an MIP protocol are not allowed to communicate, but may agree on a
strategy beforehand. Allowing for quantum mechanics, this means that the provers may
share entanglement, which was not considered in the original definitions of the MIP classes.
The class is modified depending on the model of entanglement considered. If the provers
are allowed to share finite-dimensional entanglement in the tensor product model, we call
the class MIP} ((¢,, (,); if the provers are allowed to share infinite-dimensional entanglement
in the commuting-operator model, we call the class MIPZ,(¢,,{,). The breakthrough result
of [70] shows that MIPT , ,(poly, poly) = RE, capturing even undecidable problems. The
equivalence here is particularly powerful in that it is via a polynomial-time reduction
from the halting problem to succinctly-presented nonlocal games. Since then, the result
has been tightened somewhat. Again via a polynomial-time reduction from the halting
problem, [60] shows that there exists /, constant such that MIPT, ,(poly, £,) = RE, which
has been further tightened in [02] to MIPT, ,(polylog,£,) = RE. In all the reductions
above, the yes instances are mapped to synchronous games with oracularisable quantum
tracial optimal correlation. In the other direction, [93] shows that there exists ¢, constant
such that MIPT /Q(Eq, polylog) = RE. Interestingly, in the classical setting, we have that
MIP+ 1/2(¢4, polylog) C EXP, weaker than the full class. In the zero-gap setting ¢ = s,

the complexity increases further: MIP] | (poly, poly) = II3 [30]. Here, the games are again
synchronous with oracularisable optimal strategy, but this strategy is quantum approximate
rather than quantum. For the commuting operator model, [110] shows that there exists

a constant /, such that MIP{’ (poly,£,) = coRE. This has recently been extended to
the gapped setting, giving that MIP{? ,,(poly, poly) = coRE as well, via a polynomial-time
reduction from the cohalting problem [33]. Since reductions in RE and coRE are not bounded
by runtime, these results also give the same hardness for non-succinct nonlocal games, i.e.
with log length questions and answers, albeit via an exponential-time reduction from the
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halting problem (or cohalting problem).
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Chapter 3

Nonlocal games for constraint
satisfaction

In this chapter, we introduce the different ways of presenting constraint satisfaction problems
as nonlocal games, and study their general structure. In Section 3.1, we define entangled
CSPs using both nonlocal games and weighted algebras, and ascertain their complexity in
general. In Section 3.2, we study how perfect strategies for the nonlocal games arising from
constraint satisfaction correspond to a form of homomorphism of relational structures. In
Section 3.3, we demonstrate a strong way of rounding to tracial strategies in projection
nonlocal games, and apply this to entangled CSPs.

3.1 Entangled constraint satisfaction problems

In this section, we define entangled CSPs. In Section 3.1.1, we introduce the different
ways of presenting homomorphisms between relational structures as nonlocal games. In
Section 3.1.2, we give an alternate way of viewing quantum strategies for the relational
structure homomorphism games via weighted algebras. In Section 3.1.3, we define the
different types of entangled CSP we study. In Section 3.1.4, we show some straightforward
equalities between some of the entangled CSPs. In Section 3.1.5, we show that hardness of
approximation of nonlocal games implies analogous hardness for a general entangled CSP.
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3.1.1 Relational structure homomorphisms as nonlocal games

There are several ways to express constraint satisfaction problems as nonlocal games. Fix
a relational signature o, and let A and B be o-structures. The nonlocal games capturing
homomorphisms A — B differ in how the constraints are asked to the players. They fall
into two main frameworks: non-oracular, where the players are asked to assign values to
variables; and oracular, where at least one of the players is asked to assign values to a
whole constraint.

The first variant is the oracular game where the verifier samples a constraint of A to
send to each player. They each have to respond with a tuple from the corresponding relation
of B, and win if the variables in the outputs are consistent.

Definition 3.1.1. Let 7 be a probability distribution on pairs of constraints of A. Then, the
oracular constraint-constraint game G,..(A4, B, ) is the nonlocal game with question
sets X =Y = Upe, {R} x R4, answer sets Ar o = Bro = D(B)*®) | question distribution
p = 7, and predicate V (b, b'|(R, a),(S,a')) = 1iff be RE b € SB, and b; = b; whenever
a; = aj.

This is a synchronous game, so we can restrict to working with tracial strategies. In a
gapped setting, we might have to make sure that there are sufficiently many consistency
checks, which can be achieved by means of a symmetric a-synchronisation transformation.
Constraint-constraint games were first introduced in [1] and further studied in [31, 99, 87]

In the second oracular variant we consider, the referee samples a constraint of A to send
to Alice, and a variable from that constraint to send to Bob. Then, Alice responds with a
tuple from the corresponding relation of B and Bob responds with an element of B. As
before, the players win if the assignments are consistent.

Definition 3.1.2. Let 7 be a probability distribution on the constraints of A. Then, the
oracular constraint-variable game G,.,(A, B, 7) is the nonlocal game with question
sets X = Upeo {R} x R* and Y = D(A), answer sets Ag, = D(B)*® and B, = D(B),
additional side information S = N, question distribution u((R, a),a,1) = 7;&}5{2‘;)
and 0 otherwise, and predicate V (b, b|(R, a),a,i) = 1 iff b € R? and b; = b.

ifaiza

This formulation gives a projection game, which again allows us to restrict to tracial
strategies. In Section 3.3, we present a robust version of this statement. Constraint-variable
games were studied in [13, 5, 1].

Generally, we will only work with the oracular constraint-variable framework, rather than
the oracular constraint-constraint framework. This can be done without loss of generality
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in the context of the decision problems we are interested in, since the two frameworks are
equivalent. We defer the proof of this equivalence to Section 5.6, since we will need to
develop some more powerful tools to achieve it.

A third, non-oracular, way of presenting the constraint problem as a nonlocal game
arises in the 2-CSP case, i.e. ar(R) = 2 for all R € o. In this game, the verifier samples
constraints from A and sends each player a variable from the constraint. The players respond
with variables of B, and win if the variables together satisfy the corresponding relation

of B.

Definition 3.1.3. Suppose ar(R) = 2 for all R € g, and let 7 be a probability distribution
on the constraints of A. Then, the non-oracular game G,,(A, B,7) is the nonlocal
game with question sets X =Y = ©(A), answer sets Ar, = Br, = ©(B), additional
side information S = o, question distribution p(a,a’,R) = w(R, (a,d’)), and predicate
V(b V|a,d', R) = 1iff (b,b) € RP.

This is again a synchronous game, so we can restrict to working with tracial strategies,
once consistency checks are added via symmetric a-synchronisation. We also see that, when
the non-oracular game is defined, the constraint-variable game is exactly its oracularisation

— hence the choice of notation “oracular.” The non-oracular game has been studied in the
context of quantum graph homomorphisms [31, 63, 31, 81].

To finish this section, we note that perfect deterministic classical strategies for any of
these three games, given sufficiently well supported distributions, exactly correspond to
homomorphisms A — B. This will become a bit more complicated for quantum strategies,
as we will discuss in Section 3.2.

Definition 3.1.4. We say a probability distribution 7 on pairs of constraints of a relational
structure A is connected if, for every a € A, the graph G,, with vertex set given by
the constraints (R, a) of A such that a; = a for some ¢ and edges (R, a) ~¢, (S, d) iff
7((R, a),(S,a’)) > 0, is connected.

Lemma 3.1.5. Let A and B be o-structures. Then, there is a homomorphism A — B if
and only if one of the following conditions hold:

(i) Goee(A, B, m), where 7y is connected, has a perfect deterministic symmetric strategy;
ii) Goe(A, B, ), where m; has full support, has a perfect deterministic strategy;
) Gou(A, B h has full t h fect deterministic strategy

(iii) Gno(A, B, ms), where o has full support, has a perfect deterministic symmetric strategy
(where in this case, we assume all the relations have arity 2).
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Proof. First suppose that f : A — B is a homomorphism. Then, it is direct to verify
that p(b, b'|(R, a), (S, @) = 05(a),s0¢(a),p i a perfect strategy for Goe.(A, B, my) (recall that
fla) = (f(a1),..., faar(r)))); that p(b,b[(R, @),a) = d¢(a),p0(a)» is & perfect strategy for
Goev(A, B, m); and that p(b,b'|a,a’) = 054y 4050w is a perfect strategy for G,,(A, B, 7).

Now, suppose that p(b, b'|(R, a), (S, d')) = dp(r,a)60r(s,a)p is a perfect deterministic
strategy for Goe.(A, B, m). Take the function f: ®(A) — D(B) to be f(a) = F(R, a); for
any constraint (R, a) such that a; = a. f is well-defined, since the strategy is perfect and
o is connected. Then, for any R € o and a € R4, f(a) = F(R, a) € R, as the strategy is
perfect. So f is a homomorphism.

Next, suppose that p(b,b|(R, a),a) = 0r(r,a),p0f(a)p is a perfect deterministic strategy
for Goeo (A, B, m). We claim that f is a homomorphism A — B. In fact, since the strategy
is perfect and 7 has full support, F(R, a); = f(a;). Therefore, if R € 0 and a € R*, then
f(a) = F(R,a) € RP.

Finally, suppose that p(b,b'|a,a’) = d¢a)s0f()p is a perfect strategy for G,,(A, B, m2).
We claim that f is a homomorphism A — B. In fact, since the strategy is perfect and m,
has full support, for any R € o and (ay,az) € R, we have that (f(ay), f(az)) € RE. W

3.1.2 Weighted algebra formalism

A useful algebraic way to express the CSP games introduced in the previous section is by
means of the weighted algebra formalism, first introduced for this purpose in [37]. Here,
tracial strategies will correspond to traces on the algebra and the defect of a trace will be
related to the winning probability. As before, we fix o-structures A and B.

Definition 3.1.6. Let 7 be a probability distribution on pairs of constraints of A. The
oracular constraint-constraint algebra A — B is the weighted algebra Mor?“(A, B) =
(Mor“(A, B), ftoce.x) Where the unital x-algebra Mor®“(A, B) is generated by ®g . for
R € o, ac R*, and b € RP satisfying the relations

* .
(I)R,a,b = (I)R,a,b <I>R7a,b<I>R,a,b’ = 5b,b’q)R,a,b Z q)R,a,b = 17
beRB

and the weight function

ﬂocc,ﬂ(q)R,a,bq)S,a’,b’) = T‘-((Ra a’)7 (S7 a’l))

if there exist 7 € [ar(R)] and j € [ar(S)] such that a; = a); but b; # b}, and pioce,r(z) = 0 for
all other x € Mor’“(A, B). Denote the defect polynomial of Mor?“(A, B) as D>“(A, B) =
D(Mor*“(A, B), tocen)-
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Let 7 be a probability distribution on the constraints of A. The oracular constraint-
variable algebra A — B is the weighted algebra Mor)™ (A, B) = (Mor®*(A, B), ftocv.x)
where the unital *-algebra Mor®”(A, B) is generated by ®g,p for R € 0, a € R*, and
b < RP and p,, for a € A and b € B, satisfying the relations

*
Prab = Prap PratPrap = Obp Prab > Pprap=1
beRB

* .
Pap = Pap PapPay = 5b,b'pa,b Z Pap = 1;
beB

and the weight function

/’LOCU,7T<®R,H,,II<1 - pai,bz‘)) =

for all R € 0, a € R4, b € RP and i € [ar(R)], and fipe~(z) = 0 for all other ele-
ments ¢ € Mor® (A, B). Denote the defect polynomial of Mor?® (A, B) as D2(A, B) =
D(MorY™ (A, B), tocv.x)-

Let 7 be a probability distribution on the constraints of A. The non-oracular algebra
A — B is the weighted algebra Mor]’(A, B) = (Mor"’(A, B), finer) Where the unital
«-algebra Mor"’(A, B) is generated by p,; for a € A and b € B, satisfying the relations

* .
Pab = Dap Pa,pPaty = Ob b Dab > pap=1;
beB

and the weight function

,U/no,Tr<pa1,b1 e 'paar(R),bar(R)> - W(Ra CL)

forall R € 0, a € R, and b ¢ RP, and pi,,-(z) = 0 for all other x € Mor™ (A, B). Denote
the defect polynomial of Mor7 (A, B) as D}°(A, B) = D(Mor°(A, B), ttnor)-

It is direct to see that that the defining relations of Mor®“(A, B), Mor®” (A, B), and
Mor™’(A, B) precisely say that {p.s}rep and {®g qp}pers are PVMs. Hence, without the
weighted algebra structure, these algebras are simply free products of finite-dimensional
abelian x-algebras. Endowing the algebras with the sum-of-squares cone, we see immediately
that the generators are bounded, and hence they also admit a semi-pre-C*-algebra structure.

Note that unlike the non-oracular nonlocal game, the non-oracular algebra is defined for
any pair of o-structures, not just those where the arity of all the relations is 2. Now, we
show that tracial states on the weighted algebras correspond exactly to symmetric tracial
strategies for the corresponding nonlocal games.
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Lemma 3.1.7. Let A and B be o-structures.

(i) For any probability distribution my on pairs of constraints of A, there exists a tracial
state 7 on Mory°(A, B) such that def(7) = ¢ if and only if there exists a symmetric
tracial correlation p for G,..(A, B, m) such that 1(Gy..(A4, B,m),p) =1 —¢.

(ii) For any probability distribution 7; on the constraints of A, there exists a tracial
state 7 on Mor,<"(A, B) such that def(7) = ¢ if and only if there exists a tracial
correlation p for G,e, (A, B, 1) such that w(Gee(A, B,m),p) =1 — €.

(iii) Suppose that the arity of all the relations of ¢ is 2. For any probability distribution
Ty on the constraints of A, there exists a tracial state 7 on Mor7; (A, B) such that
def(7) = ¢ if and only if there exists a symmetric tracial correlation p for G,,(A, B, ms)
such that w(G,,(A, B,m),p) =1 —¢.

In any of the cases, 7 has a GNS representation with the same von Neumann algebra as in
the model of p, so finite-dimensional tracial states correspond to quantum correlations, and
Connes-embeddable tracial states correspond to quantum approximate tracial correlations.

Proof. For (i), let p(b, b'|(R, a), (S, d)) = T(Plf%’anS’al) be a symmetric tracial correlation
for Goe.(A, B, mp). Then, define the x-homomorphism ¢ : Mor®“(A, B) — M by o(Pras) =
P,f% * This is well-defined as {P,f?’ ““Yoere is a PVM for all constraints. Now, we take the
tracial state 7/ = 7 o @, giving

def(T/) = Z 7TO((}%v a’)a (Sv G,,)) ||(I)R,a,b(I)S,a’,b’
R,Sco,acR*,a’€S4
beRB ¥ eSB . ai:a;#bi:bg
= > m((R a), (S, d))(1 - V(b V|(R,a),(S,a))r(PPyY)

R,S€o,acRA,d/cS4
beRB by ecSB

=1~ m(Gocc(A7 B, 7TO>’p)-

B

For the converse, for a tracial state 7 on Mor®“(A, B), let 7(z) = (¢|e(x)[1p) be the
(minimal) GNS representation. Let M = Im @ C' — by construction, the map 7(T') =
(1|T|¥) is a normal tracial state on M. With this, we take Ppo* = @o(®pqp) to get
the correlation p(b, b'|(R, a), (S, d)) = T’(Pf’an’a/). By the same argument as above,

def(T) =1- m(Gocc<A7 B>7T0)7p)'

For (i), let p(b, b|(R, @), a) = 7(P"*Q¢) be a tracial correlation for G, (A, B, ;). Then,
define the *-homomorphism ¢ : Mor®”(A, B) — M by ¢(®pras) = P* and ¢(pay) = Q.
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This is well-defined as {P{"*}peps and {Q¢}ves are PVMs. Now, we take the tracial state

7/ =7 0, giving

ﬂ-l(Rv a’)
ar(R)

def(7') = > 19 5,0,6(1 = Pass,) |7

Reo,acRA
beRB ic[ar(R)]

2.

REo,acRA
beRB ic[ar(R)]

=1- m(Gocv(Aa B77T1)7p)'

7T1(R, O,)

ar(R) T(Plfia(]' - ZZ))

For the converse, we proceed exactly as in (i).

For (iii), let p(b,¥'|a, a’) = 7(PFPE) be a symmetric tracial correlation for G,,(A, B, ).
Then, define the *-homomorphism ¢ : Mor"’(A, B) — M by ¢(p.,) = P¢. This is well-
defined as {P¢}pep is a PVM for all a € A. Now, we take the tracial state 7/ = 7 o ¢,
giving

B

def(7') = Z ma(R, (a,a"))||paspar v
Reo,(a,a’)ERA
(b,b')¢RE

—1- Y mR(ad)r(PF)

Reo,(a,a’)ERA
(bb')ERB

=1—1(G(A, B,m),p).

For the converse, we proceed exactly as in (i) and (ii).

To finish, note that the constructions in all three cases preserve the underlying von
Neumann algebra. n

3.1.3 Definitions of entangled CSPs

As in the classical case, homomorphisms of relation structures give rise to decision problems.
We study a few different types of problems defined in this way, which we consider in aggregate
as CSP promise problems. We present these problems in the weighted algebra model,
since this allows us to capture non-oracular 2-CSPs as well, but they can be equivalently
be expressed in the nonlocal game model, where this is defined, using Lemma 3.1.7, which
we will discuss at the end of this section.
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Definition 3.1.8. Let @) be a set of von Neumann algebras. We say a state p on a x-algebra
A is over (@ if there exists a representation 7 : A — B(H) and a unit vector [¢)) € H such
that p(z) = (Y|z|1) and im 7 embeds into an element of Q.

We make use of the following sets of von Neumann algebras, which correspond to the
classes of strategy indicated by the same symbol:

Deterministic: d = {C}

Classical: c = {C(X) | X compact space}

Quantum: ¢ = {M,,(C) | n € N}

Quantum approximate: ga = {M | M — R“}

Commuting operator: co = {M | 3 normal tracial state 7 : M — C}

Definition 3.1.9. Let A be a o-structure, let () be a set of von Neumann algebras, let
1 > ¢ > s >0 be completeness and soundness parameters, and let w € {occ, ocv, no}. The
Q-entangled (c, s)-CSP of A is the promise problem CSP?(A),, with instances (X, )
where X is a o-structure and 7 is a probability distribution on the constraints of X (or a
connected probability distribution on pairs of constraints if w = occ), for which (X, ) is a
yes instance if inf, def(7) < 1 — ¢, where the infimum is over tracial states on Mory (X, A)
over (), and (X, 7) is a no instance if inf, def(7) > 1 — s, where the infimum is over the
same set of tracial states.

The exact Q-entangled (c, s)-CSP of A is the promise problem *CSP?(A),, with
instances (X, 7) where X is a o-structure and 7 is a probability distribution on the
constraints of X (or a connected probability distribution on pairs of constraints if w = occ),
for which (X, 7) is a yes instance if there exists a tracial state 7 on Mor¥ (X, A) over Q

such that def(7) <1 — ¢, and X is a no instance if def(7) > 1 — s, for any tracial state 7
on Mory (X, A) over Q.

For w = no, ocv, we can reduce to the case where 7 is uniform by repeating constraints.
However, we cannot do this in the constraint-constraint case as the probability distribution
may be more structured.

The additional promise that the probability distribution is connected (Definition 3.1.4)
in the case w = occ is necessary to allow all the local realisations of a variable to be
compared. It is possible to define the problem without this promise, but this would give a
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more tenuous connection to the other notions of entangled CSPs. Also, this only becomes a
significant issue in the case of the succinct versions introduced below; for the case considered
above, the variables can always be relabelled to go from a non-connected instance to a
connected instance.

For the sets of von Neumann algebras above, we get some equivalences between the
problems, notably

CSP? (A)., = CSP: (A)., = °CSP% (A)., = °CSPE (A),.,
CSP! (A)., = CSPI(A),., = °CSP!(A)..,
CSP?(A),s = *CSP?(A)....

Deterministic and classical CSPs are equivalent since every trace over c is a convex combi-
nation of traces over d, which are characters. Quantum and quantum approximate CSPs are
equivalent as every trace over ga is an ultralimit of traces over q. The remaining equivalences
between CSPs and their exact variants are because the sets () are closed under ultraproducts,
and hence there exists a tracial state that attains the infimum. These last two points are
shown in Section 3.1.4. Note however that the problem *CSP! (A).  is distinct.

We also consider the succinct versions of the constraint satisfaction problems.

Definition 3.1.10. Let A be a o-structure, let ) be a set of von Neumann algebras, let
1 > ¢ > s > 0 be completeness and soundness parameters, and let w € {oce, ocv, no}.
The succinct Q-entangled (c,s)-CSP of A is the promise problem MIP?(A)., with
instances M that are Turing machines that sample constraints from a o-structure X (M)
according to a probability distribution 7y, (or pairs of constraints from a connected
probability distribution if w = occ), for which M is a yes instance if inf, def(7) < 1 — ¢,
where the infimum is over tracial states on Mor}} (X (M), A) over @), and M is a no instance
if inf; def(7) > 1 — s, where the infimum is over the same set of tracial states.

The succinct exact Q-entangled (c, s)-CSP of A is the promise problem *MIP?(A),
with instances M that are Turing machines that sample constraints from a o-structure
X (M) according to a probability distribution 7, (or pairs of constraints from a connected
probability distribution if w = occ), for which M is a yes instance if there exists a tracial
state 7 on Mor}, (X (M), A) over @ such that def(7) <1 — ¢, and M is a no instance if
def(7) > 1 — s, for any tracial state 7 on Mor? (X (M), A) over Q.

™™
For these problems, we find the same equivalences as in the non-succinct case:
MIP(A)s = MIPG (A),s = *MIPG (A).,s = “MIP, (A),.s
MIP7,(A)c,s = MIP{!(A)c,s = *MIPF(A)c,s
MIP (A)e,s = “MIP (A)c s
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In the classical setting, this connects to CSPs as introduced in Section 2.10.3. We have
that MIP,,(A) = MIP? (A).,; hence the notation MIP for succinct CSPs is due to the
relationship with multiprover interactive proofs.

Using Lemma 3.1.7, the problems CSP?(A), ,, “CSP?(A),.,, MIP%(A).,, and °MIP9(A). ,
can equivalently be expressed in terms of tracial correlations for the corresponding nonlocal
game. In this setting, it is natural to ask what happens when we extend the space of
correlations from tracial correlations over @ to all correlations over (). This gives rise to
game versions of these problems.

Definition 3.1.11. Let ) be a set of von Neumann algebras. We say a commuting-operator
correlation p(a, blx,y) = (V|P*Qj}|vY) is over Q if both the von Neumann algebras generated
by the {P?}, . and {Q}},, embed into elements of Q.

Definition 3.1.12. Let A be a o-structure, let () be a set of von Neumann algebras, let
1 > ¢ > s > 0 be completeness and soundness parameters, and let w € {occ, ocv, no}. If
w = no, we suppose that all the relational symbols in ¢ have arity 2.

The Q-entangled game (¢, s)-CSP of A is the promise problem gCSPg(A)CVS with
instances (X, 7) where X is a o-structure and 7 is a probability distribution on the
constraints of X (or a connected probability distribution on pairs of constraints if w = occ),
for which (X, ) is a yes instance if sup, 10(G,, (X, A,7),p) > ¢, where the supremum is over
correlations for G, (X, A, ) over @, and (X, ) is a no instance if sup, (G, (X, A, ), p) < s,
where the supremum is over the same set of correlations.

The exact @-entangled game (c, s)-CSP of A is the promise problem gCSPg(A)CiS
with instances (X, 7) where X is a o-structure and 7 is a probability distribution on
the constraints of X (or a connected distribution on pairs of constraints if w = occ), for
which (X, 7) is a yes instance if there exists a correlation p for G, (X, A, 7) over @) such
that w(G, (X, A,7),p) > ¢, and (X, 7) is a no instance if 10(G, (X, A, 7),p) < s, for any
correlation p for G, (X, A, 7) over Q.

The succinct Q-entangled game (c, s)-CSP of A ,MIP%(A),, and the succinct
exact (-entangled game (c,s)-CSP of A gMIPg(A)QS are defined analogously as in
Definition 3.1.10.

For CSPs with perfect completeness ¢ = 1 (or near-perfect completeness), we can
reduce the CSP to the game CSP considered earlier in the constraint-constraint and non-
oracular settings via the result of [117, 86]. We will also show an analogous result for
constraint-variable games in Section 3.3. As such, hardness results for CSPs immediately
imply hardness results for game CSPs, though potentially with a much smaller (but still
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constant) completeness-soundness gap. Hence, in this context, we do not consider game
CSPs independently.

Lemma 3.1.13. Let A be a o-structure, let 0 < s < 1, and let @ € {q,co}. Then, there
exists 0 < s’ <1 such that s’ =1 <= s =1 for which there are polynomial time reduc-
tions from CSPE,(A)1,s to ;CSPE (A)1,y, *CSPL,(A)1s to SCSPE,(A)1,e, MIPS, (A)y to

eMIPY (A)1y, and *MIPZ (A)1,s to CMIPE, (A)y .

occ occ occ

Now suppose also that ar(R) < 2 for all R € ¢ and the equality relation {(a,a) |a € A}
is one of the relations of A. Then, there exists 0 < s’ <1 such that s’ =1 <= s=1 for
which there are polynomial time reductions from CSP? (A); , to ;,CSP? (A), 4, °CSPY (A), ,
to SCSPY,(A)1,.v, MIP (A)1 s to (MIPY,(A),y, and *MIPZ (A);, to SMIPY, (A)1,.

Proof. Let s’ =1 — (%)4, where ¢ is the universal constant from [36]. For an instance of
one of the CSPs, we use symmetric synchronisation to modify the probability distribution
to be symmetric and 1-synchronous, and take this as the instance of the corresponding
game CSP. The probability distribution is made symmetric by exchanging the roles of Alice
and Bob with probability %; then it is made 1-synchronous by sending both players Alice’s
question with probability % This is a polynomial-time procedure for succinct games. If the
tracial value of the original game is 1, the tracial value remains 1; if the tracial value is < s,
then the tracial value becomes < 1’55, as symmetric tracial strategies always succeed on
consistency check questions. Now, if the tracial value was 1, the value must also be 1, either
with Q = ¢ or Q = co. If the tracial value is < % =1- %, then, by [30], the value must

be < §' by definition of s’. Hence we have the wanted reduction. [ |

To finish this section, note that the CSP promise problems that can actually be verified
by a multiprover interactive proof are ;CSP2(A)., and ;MIP?(A).,, with 1 > ¢ > s> 0
and @ € {d, q,co} depending on the model of entanglement.

3.1.4 Some equivalences based on stability

We first need some general stability results that will be useful throughout.

Lemma 3.1.14. Let M be a finite von Neumann algebra with a faithful tracial state tr.
Then,

(i) For any X € M, there exists a unitary U such that || X — Ul < || X*X — 1|t
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(ii) For any unitary U € M, there exists an order-d unitary W such that [|[U — W |, <
1" = 1.

(iii) For any X € M, there exists an order-d unitary W such that || X — W[, < d(||X||*+
VXX — 1+ X1 — 1]

Proof. (i) Let X = UP be the polar decomposition, and let P = [;° AdE()) be the
spectral decomposition. Since M is finite, we may choose U to be unitary. Then,
|IX — Ulltr = |[|P — 1|t by unitary invariance. For any = € Rs,, we have that
(22 = 1) = (z + 1)*(z — 1)* > (x — 1). Noting that the spectral decomposition of
P —1= [(A—1)dE()\) and writing p for the spectral measure troFE, we get via the
measurable functional calculus that

1P =1 = [ = 12du(n) < [0 = 12du(y) = 1P = 1]13
Using unitary invariance again gives || X — U||2 < || X*X — 1|2

(i) Let U = [¢1 AddE()) be the spectral decomposition of U. We can write any A € S!
uniquely as A = w*Me?) where w is a primitive d-th root of unity, a()\) € {0,...,d—
1}, and O(A\) € (—n/d, w/d]. Note that a and 6 are piecewise continuous functions, so
they are measurable. Let W = [4 w*™dE()). Also, note that for any 6 € (—/d, 7 /d],
lef? — 1| = |e® — 1||1 + e + ... + e(@D| = |¥ — 1]|snld/2) ’ > |e® — 1|. Therefore,

sin(6/2)
writing again the spectral measure as y = troF,
|0 =W = [ 1A= wRau(3) = [1e" = 172du(3)

< [1e —12ap(x) = 0% = 1)

(iii) Using (i) and (ii), let U be the nearest unitary to X, and let W be the nearest order-d
unitary to U. Then,

X =Wla < IX = Ulle + 1U = Wl
<NXX = o + U = 1l
< XX = e + 1X = Lor + T = X
To finish, note that
U7 = X < U = U X oo + [USTX = U2 X5 o+ + UXTTE = X
< (IXN o IX T+ DT = Xy
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and then that [|U—X ||y < | X*X —1|¢ and || X [|* . . 4[| X]|+1 < dmax{| X][¢, 1} <
d(| X4 + 1). n

Lemma 3.1.15. Let (A, 1) be a weighted algebra generated as the free product of finite-
order unitaries u,,...,uy. Let Q be a set of finite von Neumann algebras, and write @ for
the closure of () under ultraproducts. Then, the infimum of the defects of tracial states over
Q is < ¢ iff there exists a tracial state 7 over @ such that def(7) < 4.

Note that d = d, ¢ = ¢, § = ga = qa, and @ = co.

Proof. Write d; for the order of the generator u;. First, suppose that the infimum of the
defects of tracial states over () is < §. Then, there exists a sequence of tracial states (7,),
over () such that lim,,_,,, def(7,) < . Now, let ¢, : A — (M, tr,) be GNS representations
of the 7, for some von Neumann algebras M, € @ and tracial states tr,, on M,,. Then,
for any free ultrafilter w, let (M, tr) = [[,(M,,tr,) € @, so we get a x-homomorphism
0 = [l,on : A = M. Let 7 = trop. Then, 7 is a tracial state over () such that
def(7) = lim,,_,,, def(7,,) < 6.

For the converse, suppose that 7 is a tracial state on A over @ such that def(7) < §. Let
o : A— (M,tr) be GNS representation of the 7, for some von Neumann algebra M € Q
and tracial state tr on M. By construction, there exists an ultrafilter w and a sequence of von
Neumann algebras M,, € @) and tracial states tr,, on M,, such that (M, tr) = [, (M, tr,).
Without loss of generality, we may assume the tracial states are faithful. Because ¢ is
a x-homomorphism, it can be realised as a sequence of maps ¢, : A — M, satisfying
limy, e[| @n (@) @n(b) — @n(ab) |7, = 0 and lim,, . [[en(a®) — @n(a)*]|f, =0, for all a,b € A.
Let U,,; be the nearest order-d; unitary to ¢,(u;). By Lemma 3.1.14, we know that
|¢n(u;) = Unil|Z, =+ 0. Define the #-representation ¢/, : A — M,, on the generators by
¢ (u;) = Uy, By construction, we have that for any a € A, ||¢)(a) — ¢u(a)|Z. = 0.
Let 7, = tr,opl; this is a tracial state over ) for all n. We have immediately that
lim,,_,, def(7,) = def(7) < ¢. Then, the infimum of the defects of tracial states over @
is < 4. |

Proposition 3.1.16. Let A be a relational structure, let w € {occ, ocv, no}, let @ be a
set of finite von Neumann algebras, and Q be the closure of @ under ultraproducts. Then,
°CSPY(A)., = CSP2(A)., and °MIP?(A),, = MIP2(A)....

The proof follows immediately from Lemma 3.1.15.
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3.1.5 Complexity of entangled CSPs

In this section, we show basic undecidability results for entangled CSPs. All our subsequent
complexity statements will be based on reductions from these results.

Theorem 3.1.17. For w € {ocv, no}, there exists a relational structure A and s < 1 such
that

(i) MIPY(A); s and °*MIPY (A); s are RE-complete via polynomial-time reductions from
the halting problem.

(ii) MIP; (A); s is coRE-complete via a polynomial-time reduction from the cohalting
problem.

Since the runtime of reductions is immaterial in RE and coRE, this gives analogous
completeness results for the non-succinct versions of these problems, albeit without the nice
polynomial-time reduction from the halting/cohalting problem. Note also that the theorem
implies hardness for these classes in the gapless (s = 1), but not necessarily completeness
in (i).

This theorem relies on the powerful undecidability results known for nonlocal games.

Theorem 3.1.18 ([60]). There exists a constant {, such that MIPT ; ,(poly,{,) = RE
via a polynomial-time reduction from the halting problem. Further, the instances are
synchronous nonlocal games such that, for a yes instance, there exists an oracularisable
and finite-dimensional perfect strategy.

This is [00, Theorem 6.11]. Note that this also implies the containment of RE in the gapless
analogue MIPT | (poly, £,), however not equality. In fact, we know that MIPT , (poly, poly) =

I19, strictly larger than RE [39]. However, it is not obvious how to decrease the answer
length here to constant, as the answer reduction protocol from [60] relies on the nonzero
gap.

Theorem 3.1.19 ([33]). There exists a constant £, such that MIP{, ,(poly,{,) = coRE
via a polynomial-time reduction from the cohalting problem. Further, the instances are
synchronous nonlocal games such that, for a yes instance, there exists an oracularisable
perfect strategy.

This theorem follows by applying the answer reduction of [60] to the main result of [33].
Note that unlike in the quantum case, we preserve the equality MIP{’ (poly,{,) = coRE
when passing to the zero-gap setting [110].
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Proof of Theorem 3.1.17. Let A be the relational structure with alphabet [¢,] and binary
relations R C [(,] x [¢,] for every subset. Take the powerset o = Z([(,]?) for the signature
of A, where R4 = R. Now, given a synchronous nonlocal game G = (X, X, [(,], [(a], 1, V),
define the o-structure Y (G) with domain ®(Y(G)) = X and for R C [(,]?, let RY(®) =
{(z,y) € X* | R= {(a,b) € A* | V(a,b|z,y) = 1}}. Since every pair (z,y) € X? belongs
to at most one constraint Y'(G), we can see u as a probability distribution on the constraints
of Y(G). Then, it is clear to see that G,,(Y (G), A, ) = G and Gy, (Y (G), A, 1) = G2¢; and
that there is a polynomial time mapping from a probabilistic Turing machine that samples
question pairs of G to a probabilistic Turing machine that samples the constraints of Y'(G).
Hence, composing the mapping G — Y (G) with Theorem 3.1.18 gives (i). Note that hardness
of the exact CSP is also achieved since the perfect strategy is finite-dimensional. Identically,
composing the mapping G — Y (G) with Theorem 3.1.19 gives (ii), by the oracularisability
of the perfect strategies in the yes case. [ |

3.2 Quantum relational structure homomorphisms

In this section, we show that perfect strategies for CSP nonlocal games give rise to generalised
homomorphisms of relational structures. In Section 3.2.1, we introduce the algebras whose
representations correspond to perfect strategies of CSP nonlocal games. In Section 3.2.2,
we introduce a category-theoretic framework that captures these homomorphism algebras:
the cocategory. In Section 3.2.3, we define the cocategory arising from relational structure
homomorphisms.

3.2.1 The structure of perfect strategies for CSP nonlocal games

We can characterise perfect strategies for CSP nonlocal games via representations of an
algebra with more structure than the weighted algebras discussed in the previous section.

Definition 3.2.1. Let A and B be o-structures. The homomorphism algebra A — B is
the C*-algebra Mor™ (A, B) generated by p,, for a € A and b € B, subject to the relations

Dap =p2,b :Pi,b Vac Abe B
meb: 1Vae A

beB
A B
Pay by """ Page(rybar(ry — OVReo,ac R",b¢ R”.
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The oracular homomorphism algebra A — B is the quotient C*-algebra Mor®* (A, B)
of Mor™ (A, B) by the ideal generated by the relations

[Paibs o] =0V R € 0,a€ RY,i,j € [ar(R)], b,V € B.

For a € A® and b € B", we write Dab = Daiby "~ Pan.bn- In MOI‘O+(A, B), for a € RA,
{Pab}pere forms a PVM.

We can also see homomorphism algebras in terms of quantum spaces. The quantum
space of homomorphisms A — B is the quantum space mor™ (A, B) with algebra of
functions C(mor* (A, B)) = Mor* (A, B). Identically, the oracular quantum space of
homomorphisms A — B is the quantum space mor°* (A, B) with algebra of functions
C(mor°* (A, B)) = Mor®" (4, B).

Lemma 3.2.2. Let A and B be o-structures.

(i) For a connected probability distribution 7y on pairs of constraints of A,

Cu(Mor®(A, B) /((Supp foce,m ) = Mor”* (A, B).

(ii) For a fully-supported probability distribution 7; on the constraints of A,

C2(Mor*” (A, B)/{(SUpp ftoeun,)) = Mor* (A, B).

(iii) For a fully-supported probability distribution 75 on the constraints of A,
Cy(Mor™ (A, B)/{(supp finor,))) = Mor™ (A, B).

Proof. For (i), consider the *-homomorphism ¢ : Mor®“(A, B) — Mor®" (A, B) defined on
the generators as ¢(®Ppg qp) = Pa,p- As noted above, {¢(Pr ap) trers is @ PVM. Hence the
*-homomorphism is well-defined. Next, note that if 2 € supp floce,r,, then @ = g 04 Pg o p
such that mo((R, a), (S, @')) > 0 and there exist i € [ar(R)] and j € [ar(S)] such that a; = a
but b; # b;. Therefore,

0(T) = PasPa,y = PabPasbPa Pyt = 0-

As such, ¢ factors through to a *-homomorphism Mor®“(A, B)/{(Supp floce.ry)) — Mor®" (A, B).
By the universal property of the universal C*-algebra [07], this induces a *-homomorphism
?: C(Mor”(A, B)/{(Supp toce.ny))) — Mor®" (A, B). Now, we need to show that 3 is invert-
ible. To do so, note first that if mo((R, a), (S, @')) > 0 and a; = a};, then X pcpp. 4, Prap =
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Zb/esB:b;:b Qg oy in Cf(Mor® (A, B)/{(SUpp thoce,)) ), since ®rqpPgqay = 0 whenever
bi # bj. Since 7 is connected, this holds for every pair a,a’ such that a; = a. Let
Dap = 2 _beRB:b—b PR,a,p for some a such that a; = a. By the discussion above, this does
not depend on the choice of a. Since we have that ®Prap = Payp, - - ﬁaar(R),barm)a the map
Pap > Pap extends to a x-homomorphism Mor®" (A, B) — C*(Mor®“(A, B)/{(Supp ftoce.n, )
and is the inverse of p.

(ii) and (iii) are proved identically based on the *-homomorphisms Mor®" (A, B)
Mor®" (A, B) defined by ®rap = pap and pap + pap; and Mor™ (A, B) — Mor™ (4,
defined by pgp = Dap, respectively.

m= |

3.2.2 Cocategories

Categories admit a quantisation similar to groups, introduced in [20]. We develop this
framework here, and apply it to the context of quantum homomorphisms of relational
structures in the following section. The power of using this model arises from the fact
that properties in the cocategory setting carry over to dual versions of those properties in
representations, which are quantum homomorphisms. This allows properties to be shown
for many classes of quantum strategy at once, by showing that a dual version holds for the
generating cocategory.

Definition 3.2.3. A C*-cocategory C consists of a class of objects ob(C) and for all
pairs a,b € ob(C), a quantum space mor/ (a,b) — where we denote the C*-algebra of
functions C(mor} (a,b)) = Mor/ (a,b) and drop the subscript C when clear from context
~ such that for all a,b,c¢ € ob(C), there exists a *-homomorphism A . : Mor*(a,c) —
Mor ™ (a,b) ® Mor™ (b, ¢), called cocomposition, satisfying the coassociativity conditions

(Az,c ® deor*(c,d))AZ,d = (idl\/[or+(a,b) ®Ag,d)AZ,d;

and for all a € ob(C), there exists a *-homomorphism ¢, : Mor™ (a,a) — C, called coiden-
tity, satisfying the counit conditions

(Ea & idMorJr(a,b))Ag,b = (idMorJr(a,b) ®€b)AZ,b = idMoer(a,b) .

Every category C where more(a,b) is a compact Hausdorff space is a C*-cocategory, where
we simply take mor™(a,b) = mor(a,b). Then, Mor™ (a,b) is the space of continuous func-
tions mor(a,b) — C, the cocomposition A? . : C(mor(a, ¢)) — C(mor(a,b) x mor(b,c)) is
AL (#)(f.g) = #(go f), and the coidentity €, : C(mor(a,a)) = C is €,(p) = ¢(ida).

72



By passing to the space of representations of the algebras of functions of the morphism
spaces, a cocategory induces a category. Different categories arise from representations
into different classes of von Neumann algebra, which are well-defined if the class has the
following structure.

Definition 3.2.4. We call a class of von Neumann algebras containing C and closed under
the tensor product a tensor monoid.

Identifying C ® M and M ® C with M as usual gives a tensor monoid a monoid
structure, where the product is given by the tensor product and the unit by C. All of the
relevant classes of strategy for entangled CSPs correspond to tensor monoids: the sets d, c,
q, qa, and co introduced in Section 3.1.3. It is easy to check that these are closed under the
tensor product of von Neumann algebras. Further, we consider the tensor monoid of all von
Neumann algebras v/N. This does not correspond to tracial strategies, but does give rise to
a distinct collection of representations.

Definition 3.2.5. Let C be a a C*-cocategory and let ) be a tensor monoid. The Q-
morphism category of C is the category C%? with objects ob(C?) = ob(C) and morphisms

moreq(a,b) = {7r : Mor™ (a,b) — M | 7 is a *-homomorphism and M € Q} :
with composition defined for © € morce(a,b) and ¢ € moree (b, c) as
pom=(T®p)A;..
When C is clear from context, we write mor%(a,b) = morce(a, b). We write 7 : a 2 bto

mean 7 € mor®(a, b).

Lemma 3.2.6. Let C be a C*-cocategory and @Q be a tensor monoid. Then C? is well-defined
as a category.

Proof. First, note that composition is well-defined. Let m € mor®(a,b) and ¢ € mor%(b, c).
Then, there exist A, B € Q such that 7 : Mor*(a,b) — A and ¢ : Mor™(b,c) — B are
«-homomorphisms. As such, ¢ o7 : Mor®(a,¢) — A ® B is an element of mor®(a, c).

Next, we need to show that the composition is associative. Let 7 € mor®(a,b), ¢ €
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mor? (b, ¢), and ¢ € mor?(c,d). Then, by coassociativity,
Yvo(pom) = ((pom)®@1P)A7
=(T®pP)(AL ® id)A¢
= (r® <,O®¢)(1d®A DAL
= (1@ (Y o)A,
—(op)om
Finally, we need to show the existence of an identity for each a € ob(C?). We claim

€, : Mor™ (a,a) — C is this element. In fact, for any 7 € mor®(a, b), we get by the counit
property that

To€, = (6,@mMAL, =7

Gom=(T®e)AL, =T |

a,

3.2.3 The cocategory of relational structures

Quantum homomorphisms between relational structures are captured by a cocategory
structure.

Definition 3.2.7. The C*-cocategory of o-structures is the C*-cocategory R (o) where
the objects are o-structures; for A, B € ob(R*(0)), mor;gﬂg)(A, B) = mor™t (A, B) is the
quantum space of homomorphisms A — B; the cocomposition is defined via Aic(pa,c) =
> beB Pab @ Db, and the coidentity is defined by €4(pa.ar) = dg.ar-

The oracular C*- cocategory of o-structures is the C*-cocategory R°" (o) defined
identically except that morRo+ )(A, B) = mor’* (A, B).

Lemma 3.2.8. R7(0) and R°"(0) are well-defined as C*-cocategories.

Proof. We begin with R (o). To show this, we need that the cocomposition and coidentity
extend to x-homomorphisms that satisfy the coproduct and counit relations. First, the
relations constraining {pa.c}eec € Mor* (A, C) to be PVMs are preserved under A% - as

AA C(pa c) = (Z Pa,b & pb,c) = Z pz,b ® pz,c = Z Pa,b & Pbe = Afic(pa,c)?

beB beB beB
Aﬁ}c(pa,c)Q - Z Pa,bPa,b/ X Pbv,cPv c = Z 5b,b’pa,b ®pb,cpb’,c - Z Pab X Pvec = Aﬁ}c(pa,c)a
bb'eB bb'EB beB
Z AE,C(pa,c) = Zpa,b ®pb,c = Zpa,b & 1=1 & 1= Agp'(l)
ceC bgg beB
c
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Now, let R € o, and let a € R* and ¢ ¢ RC. Writing n = ar(R), the relation pa, ¢ * * Pa,,.c,=0
is preserved under Aﬁyc as

AE,C(palm) T AE,C(pan,cn) = Z Dar by * " Pay,by @ Pbrjer """ Popyen
b1,...,bnE€EB

= Z Parbr = Panbn & Dorer = Ponen = 0;
beRB

as a € RA. Therefore, AE,C extends to a x-homomorphism. Next, we need coassociativity of
the cocomposition. Since the AE’C are *-homomorphisms, we need only show this property
on the generators. In fact,

(AE,C ® id)Ai,D(pa,d) = Z AE,C(pa,C) @ Pe,d
ceC
= Z Dab @ Pvec @ Pe,d

beB
ceC

= > Pap @ AG p(Pra)

beB
= (id ®A§,D)A§,D(pa,d)~
We also need to show that the coidentity is a *-homomorphism. We approach this the same

way:

€A<pa,a’)* = 5;;@/ = 5a,a’ - 6A(pa,a’)a
€A<pa,a/)2 = 527(1/ = EA(pa,a’)a
6A(pa,a’) = Z 5a,a’ =1= EA(1>-

a’€A a’€A

For the remaining relations, suppose R € o, a € R*, and o ¢ R*. Writing n = ar(R), we
find that

EA(pal,a/l) v €A<pan,a/n) = 5a1,a’1 te 5an,ail = 5(1,0/ = 07

as a and @ cannot be equal. Hence €4 is a *-homomorphism. As such, to show it also
satisfies the counit relations, it suffices to show it on the generators. In fact,

(GA ® id)Aﬁ7B<pa,b) = Z EA(pa,a’) ® Pa' b = Z 5a,a’pa’,b = Pa,b>

a’€A a’'€A
(id®@ep) AL 5(Pap) = D Papr @ €s(Dys) = Y Ov sDaty = Pasp:
veB veB
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Hence R (o) is well-defined as a C*-cocategory.

To show that R°* (o) is also well-defined, it suffices to show that the cocomposition and
the coidentity preserve the additional commutation relations [pq, c, pa; ] = 0 for all R € o,
ac RY 1<i,j<ar(R), and c,c € C. In fact, writing n = ar(R) and assuming without
loss of generality that ¢ < j, we have that

[AE,CQ?(ZM)’ Ag,C(paj,C'ﬂ = Z [pai,b ® Pb.c, paj,b’ ® pb’,c’]

by eB

= Z Da;pPaj b @ [Db.c, Dy /]
by eB

= D Parbi Panbn @ [Perer P, ']
b1,...,bn€B

= Z Pai,by **  Pan by ® [pbi,capbj,c’] = 07
beRB

by the commutation relations on Mor®* (B, C). Tt is clear that [€4(pa;.a), €a (Pajr)] = 0, as
the codomain of €4 is a commutative algebra. Hence R°" (o) is well-defined as well. |

To close this section, we see how this unified picture gives a precise way in which quantum
homomorphisms quantise the classical homomorphisms of relational structures. First, for a
tensor monoid (), we write the associated Q-morphism categories R?(c) = R*(0)? and
R%(0) = R°*(0)?. Now, we show that the d-morphism category is essentially the same as
the classical category of relational structures.

Lemma 3.2.9. The categories R%(c), R°¥(c), and R(c) are isomorphic.

Proof. First, note that for a *-homomorphism 7 : Mor* (A, B) — C, every commutator
in Mor* (A, B) is in the kernel of 7, and hence it factors through Mor®" (A, B). As such,
we get a bijection between mor?(4, B) and mor®¥(A, B). In the following, we show the

isomorphism R¢(c) = R (o) — by the bijections above, an identical argument can be used
to show the other isomorphism R°(0) = R (o).

Next, for such a *-homomorphism, {7(pas)}ees is @ PVM in C. So 7(p,p) = 0 or
7(pap) = 1, and for each a there is a unique b such that 7(p,;) = 1. This induces a
unique function f : A — B such that m(p,p) = 9, s(a). We define the covariant functors
F : R% o) — R(o) and G : R(oc) — R% o) on objects as F(A) = G(A) = A and
on morphisms as F(7) = f and G(f) as the extension of a map pap — d ) to a *-
homomorphism. It is clear that these are inverses of each other if they are well-defined.
It remains to show that they are in fact functors. To show that G is a functor, we need
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to first show that for all f € mor(A, B), G(f) € mor(A, B). This follows because G(f)
preserves the relations of Mor™ (A, B): let a € A, b,b' € B, R € 0, a € R*, and b ¢ RP,
and writing n = ar(R),

G(f)(pa,b>* = 5b,f(a) = G(f) (pa,b>7
G(f)(pa,b)2 = 5§,f(a) = G(f)(

Z G(f)(pa,b) = Z 5b,f(a) =1

beB beB

G(f)(pahln) T G(f) (pambn) - 5b17f(a1) T 5bn,f(an) = 5b,f(a) =0,

as f(a) € RP since f is a homomorphism. Next, we need that G preserves compositions.
Let f € mor(A, B) and g € mor(B, (). Then, we have that

(G(9) 0 G(£))(Pa,c) = (G(f) @ G(9)) A% ¢ (Pac)
- ZG pab ®G( )(pb,c)

beB

= > O, f(a)0cg(t)

beB
= Oeg(fa)) = G(g0 f)(Pac)-
As the maps are x-homomorphisms, this implies that G(g) o G(f) = G(g o f) as wanted.
Finally, G preserves the identity, as G(ida)(Pa,a’) = 0a,r = €4(Paa), s0 G is a functor.

We also need to show that F' is a functor. Let 7 € mor?(4, B) and suppose that
F(7) ¢ mor(A, B). Then, there exists R € o and a € R? such that F(r)(a) ¢ RP. This
means that

0 = 7(Pay,F(x)(@) " Pan,F(m)(an)) = OF(r)(ar),F(x)(ar) * " OF(x)(an),F(x)(an) = Ls

a contradiction. Hence, F'(7) is a homomorphism. Next, we need that F' preserves composi-
tions. Let 7 € mor?(A, B) and ¢ € mor?(B, (), so F(¢ o7)(a) is such that (¢ o 7)(pa.c) =
¢, F(pom)(a)- But

(90077-> (pa,c) = (7T®§0>A§,C<pa,c) = Z (pab ®Q0 pbc Z 5bF (a) e)(b) — 6c,F(ga)oF(7r)(b)7
beB beB

so F(pom) = F(p)o F(m). Finally, F(e4)(a) = a, so it is the identity. Hence, F is a functor
as well, finishing the proof. [ |
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3.3 Almost perfect strategies for projection games are
approximately tracial

In [117], it was noted that the rounding result from general quantum correlations to
synchronous correlations can be extended to apply to projection games. In this section, we
will show a stronger version of this result directly, and extend it to commuting operator
correlations, as was done in [30]. Recall that projection games, as defined in Section 2.12.3,
are nonlocal games where for any one of Alice’s answers, Bob has at most one correct answer.
For a pair of o-structures A and B, the oracular constraint-variable game G, (A4, B, ) is
always a projection, and it will be the main example of game to which we apply the results
of this section.

In Section 3.3.1, we study a useful property of the structure of projection games. In
Sections 3.3.2 and 3.3.3, we show that perfect quantum and commuting operator strategies
for projection games are both tracial. In Section 3.3.4, we round near-perfect strategies for
projection games to near-perfect tracial strategies. In Section 3.3.5, we apply our results in
the context of oracular constraint-variable CSP nonlocal games, and oracularisations of
games.

3.3.1 Degenerate and non-degenerate projection games

In this section, we introduce a simple new definition which helps us control the structure of
a projection game.

Definition 3.3.1. Let G = (X,Y, {A,}sex, {By}yev. 1, V) be a projection game with

projection functions p, ,. We say G is non-degenerate if the function p, : A, = [[ 4ev: By
m(w,y)>0
defined as p,(a) = (psy(a)), is injective for all x € X.

The major examples of projection games, oracular constraint-variable games and oracu-
larisations, are always non-degenerate.

If a game is degenerate, whenever Alice answers a, she has the freedom to choose
any element of p,!(p,(a)) without affecting the winning probability. This can cause some
problems in pinpointing the behaviour of the players. However, we can always reduce to
the case of non-degenerate projection games, while preserving the important properties of
the game.
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Lemma 3.3.2. Let G be a projection game. Then, there exists a non-degenerate projection
game G such that for every correlation p for G, there exists a correlation p for G such that
(G, p) = w(G,p), and vice versa. Further, the mappings from p to p and from p to p
preserve the classes of quantum, commuting operator, and tracial correlations.

Though it is not relevant here, the mappings also preserve every other natural (closed
under local classical post-processing) class of correlations by construction, notably the
classical correlations, the non-signalling correlations, and the levels of the NPA hierarchy.

Proof. Let A, C A, be a set of representatives for the partition of A, induced by p,
— that is, for every a € A,, there exists a unique @ € A, such that p,(a@) = p.(a).
Then, we can define V = ~{V(a,b|x,y)}906)(77J6},7(16AmJ)eBy, and the nonlocal game G =
(XY, {As}oex, {By}yev, it, V). By definition, this is a projection game via the projection
functions py, = puyl A, and it is non-degenerate. Now, let p be a correlation for G. Define
p as the correlation p(a,b|z,y) = Y ep= (pa(a)) p(d’,blz,y). Since p is defined from p via
classical post-processing on Alice’s system, the mapping preserves quantum, commuting
operator, and tracial correlations. It also preserves the winning probability as

ZZM(W/) > Via,blz,y)p(a,blz,y)

aEAl,bEB

ZZM?J > Bla, pey(a)li, j)

aEAx

ZZu:vy > Z p(a’, pay(@)li, j)

acA, a’epy (Py( )

ZZMW Y p(d, pay(d)li, 5)

a' €Az
= m(G,p).

For the other direction, let p be a correlation for G. Then, define the correlation p for G as
p(a,b|z,y) = p(a,blz,y) when a € A, and p(a, b|z,y) = 0 otherwise. As before, it is easy
to see that this mapping preserves the sets of quantum, commuting-operator, and tracial
correlations. Finally it preserves the winning probability as

=> ulz,y) D> Viablz,y)p(a,blz,y)

a€Az,beEBy
=Y plzy) Y. V(ablz,y)p(a,blz,y)
zyY a€A,,bEBy
= (G, p). u
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For the majority of this section, we will assume that we are dealing with non-degenerate
projection games, but using the above lemma, we can guarantee that the main result also
holds for degenerate games.

3.3.2 Perfect quantum case

In this section, we extend the result of [13, 1] showing that perfect correlations for constraint-
variable CS games are tracial to the setting of general projection games. We express the
proofs using the von Neumann algebra language that we make use of throughout this work.

Lemma 3.3.3 (e.g. [1]). Let p = {p(a,b|x,y) }rex yevaca. pe, De a quantum correlation.
Then, there exist a finite-dimensional Hilbert space H = C¢, POVMs {P*},ca, C B(H)
and {Q} }ven, € B(H), and a unit vector |¢) = 3¢, \,|n)|n) € H ® H with A, > 0 such

that p(a,blx,y) = (¢|PF @ Q1|¢).

Proof. Since p is a quantum correlation, there exist some finite-dimensional Hilbert spaces
Hy,Hp, POVMs {A%}oca, € B(Ha), {B}}ven, € B(Hp), and unit vector |[¢) € Hy ®
Hp such that p(a,b|lz,y) = (|AT @ BY|). Let |[¢) = X%, A\u|bn)|é,) be the Schmidt
decomposition of |), for d the Schmidt rank of |)). Then, letting H = C%, define the
isometries U : H - Hyand V: H - Hgas U =Y, |, )(n| and V =3, |, )n|. Letting
Pr =U*AU and Q) = V*B/V, we get that

pla, bz, y) = (VA7 © Bily) = (0|(U @ V)" (4A; @ By)(U @ V)|¢) = (4|Fy @ Qyl¢) .M

In the main theorem of this section, we make use of the following result. We say POVMs
{AVier,, -, {A}ier, are jointly measurable if there exists a POVM {A;, i, bir,oin
called the joint measurement, such that A7 =3, i;=i Ai-

Proposition 3.3.4 ([73]). If PVMs {A}}, ... , {A?} are jointly measurable, then the joint

~~~~~~

Note that the above proposition holds independently of dimension.

Theorem 3.3.5. Let G = (X, Y, {A, }sex, {By}yev, 11, V) be a non-degenerate projection
game, and let p(a,blz,y) = (¢|PF @ Q}|¢) be a quantum correlation for G of the form
guaranteed by Lemma 3.3.3. Suppose p is perfect for G. Define D = 3-¢_, \,, [n)(n|. Then,
we have that

o P and @} are projections
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o D commutes with P¥ and @}

o P*(QY)T =0 whenever p, ,(a) # b.

This theorem was shown in the case of binary oracular constraint-variable games in [13]
and for oracular constraint-variable games over a general alphabet in [1].

Proof. For p to be perfect, we need that p(a,blz,y) = 0 whenever V (a, b|z,y) = 0. Hence,
(6| PF @ QY|d) = 0 if p,,(a) # b. In this case, we have /P* @ Q}|¢) = 0, which implies
(P*®Q7)|¢) = 0. Rewriting this as a matrix gives P*D(QY)T = 0. Write P = Yaepziwy Fa-
By summing over all b # p,,(a), we find that P*D(1 — (Q¥)") = 0 if b = p,,(a). Then,
summing over a such that p,,(a) = b, we find that P, D(Q})" = P;"YD. On the other

b
hand, summing over those a such that p, ,(a) # b, we can get (1 — P;"Y)D(Q})". Together
PEYD(QY)T = Pr'D = D(Q)).

Then, (P,Y)?D = P,"YD(Q})" = P, D, so by invertibility of D, (P,"Y)? = BY. As
such, P;"Y is a projection. For each z, we define a measurement on [],cy- pw(zy)>0 By as
Py =Y ,cp-1n P4+ By construction, this is the joint measurement of the {F,} over y.
Using Propomtlon 3.3.4, Py is a projection and Py =[], Pf Y. Since G is non-degenerate,
Py is the sum of at most 1 term, so we get that Py =TI, Pa;i(a and is a projection. In the
same way, D((Q7)*)" = PyYD(Q})T = D(Q¥)T, so (Q})T aﬁd hence QY is a projection as
well.

Next, P/YD? = D(QY)TD = D(D(QY)")* = D?>P}’, so P* commutes with D?. By
the continuous functional calculus, P? commutes with (D?)!/2 = D. In the same way, Q}

commutes with D.

To finish, note that if p,,(a) # b, 0 = P*D(Q¥)T = P*(Q¥)" D. By invertibility of D,
Pr(@p)" =0 u

Note that, if G were degenerate, we could not rebuild P¥ from the P,*Y. Hence P might

not be a projection and might not commute with D. Nevertheless the other results would

hold.

Corollary 3.3.6. Let G be a non-degenerate projection game, and let p be a quantum
correlation. Suppose that p is a perfect strategy for G. Then, p is a tracial correlation.

This corollary follows for the case of oracular constraint-variable games from [I, 98, 13].
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Proof. By Theorem 3.3.5, we know that p(a,b|z,y) = Tr(P*D(Q¥)" D), where D > 0 is
invertible and Tr(D?) = 1, P¥ and @ are projectors, D commutes with P¥ and Q7. First
note that p(a,blz,y) = Tr(P?(Q})" D?). Now, let M C B(H) be the von Neumann algebra
generated by the P? and (Q¥)”. By construction, we have that D € M’. Let 7 be the

a

state on M defined as 7(z) = Tr(zD?). As D? € M, 7 is tracial. Let A = P? € M and
= (Q¥)T € M. We have that p(a,b|x,y) = 7(A*BY), so it is a tracial correlation. W

3.3.3 Perfect commuting operator case

Using ideas from Section 2.4.4, it is possible to extend the results of the previous section
from quantum correlations to commuting-operator correlations.

Theorem 3.3.7. Let G = (X, Y, {A, }sex, {By}yev, 11, V) be a non-degenerate projection
game, and let p(a, b|z,y) = (Y|PFQ}|Y) be a commuting operator correlation that is perfect
for G. Then, p is a tracial correlation.

Proof. Let M C B(H) be the von Neumann algebra generated by the Q7. Then P* € M'.
The map M — C, T — (¢|T|¢) is an element of M., so there exists a corresponding
element hy, € L'(M). Note that hy is positive and tr(hy) = (1) = 1. By a standard
argument, there exist POVMs {P*},c4, € M such that (1| P*QY[)) = tr(ﬁfh}f@i’hzlf)
(see the proof of Theorem 2.1 in [36]). As p is perfect, we know that p(a, b|z,y) = 0 whenever
Pay(a) = b. By tracial property of tr, we have in this case that

0 = tr((P2)V2hy 2 QYhy (P2)\/?) = ||(P2)2hy/*(QY) 2|12,

and hence (Pz)1/2h1/2(Qy)1/2 = 0 (in terms of the strong product). Therefore, Pf”hl/QQg = 0.
Let PV = = Yuersl(y Pr. Fixing any b # b € B,, we have Py yh1/2Qb/ = Zaepsl ) th1/2 b=
0 as py(a) = b # V. Now, Pyhy? = Syep BrVhy*QY = PyYhy?QY and h}f@g -
>ven, P,ff’yh}/ QY = P yh;/ QY. Now, in the same way as in the finite-dimensional
case except that we are using the strong product, (B y)th/2 Pf’yh;ﬂQz = Pf’yhf/Q;
1/2 Sy 1/2 2 B2 4 2 5ry;1/2
hy(QF) = B"hy*Q) = hy QY and QYhy, = (h*QY)hy” = nP Py = hyQY. As
the Q) generate M, hy, is affiliated with M’. Let ¢ be the pI‘OJGC_thH onto the support of Ay.
Then, ¢gM C B(qc(H)) is a von Neumann algebra, and p;¥ = P,"Yq and ¢f = Q}q are pro-
jections in ¢M. Since the p;*Y are jointly measurable and G is non-degenerate, we have that
P = ey p;;yy(a is a PVM as in Theorem 3.3.5; note that p? = PYq. Now, let p : gM — C
be defined as p(T') = tr(Thy). p is a tracial state: as p(1,m) = p(q) = tr(hy) =1, for T > 0,
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p(T) = tr(hy/*ThY*) > 0, and p(T'S) = tr(T'Shy) = tr(ThyS) = te(SThy) = p(ST).
Putting it together,

211/2 4,1/2 * =
pla,bla,y) = tr(pihy *qfhy*) = tr(playhy) = p(pia)),
which is a tracial correlation. [ |

Corollary 3.3.8. In the notation of the previous proof, we have for a perfect commuting
operator strategy that pZg; = 0 whenever p, ,(a) # b.

3.3.4 Approximate case

In this section, we prove the following theorem, extending to the most general case of almost
perfect commuting operator strategies.

Theorem 3.3.9. Let G = (X, Y, {A,}sex, {By}yev, i, V) be a non-degenerate projection
game, and let p(a, blz,y) = (¢|P*Q}|$) be a commuting-operator correlation for G. Suppose
that m(G,p) > 1 — e. Then, there exists a tracial correlation p’ such that w(G,c) >

1 — 148(Le)Y4, where L = maX, y.(z.4)>0 M‘éf;) for p(x) =3 ,ey plx,y).

Our main technical tool is the following lemma of [30], which that work uses to show
the analogous result for synchronous games.

Lemma 3.3.10 ([36]). Let M C B(H) be a von Neumann algebra, h € L'(M) be positive
such that tr(h) = 1, and ¢ = X(1,00)(h). Let X and A be finite sets, and let 7 be a symmetric
probability distribution on X x X with marginal v on X. Suppose that {p*},c4 are PVMs
such that Y ,cx v(x) X, |[p%, h'/?]||2 < 6. Then, there exist PVMs {r?}aca C qc(M)g such
that

S wlwy) 3 [tk Ppht?) — (rirf)| < 388Y4.

z,yeX a,beA

Note that 7|4c(a1)q is a tracial state as 7(q) = tr(h) = 1.

The following lemma shows that (with respect to KMS norm) if jointly measurable
POVMs are approximately PVMs, then their joint measurement is also approximately
a PVM. Note that this result is the only place where the dependence on the number of
variables per constraint in Theorem 3.3.9 arises.
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Lemma 3.3.11. Let M C B(H) be a von Neumann algebra and let h € L'(M) be a positive
element such that tr(h) = 1. Let m be a strictly positive probability distribution on [n].
Suppose that {A}ieps € M is a POVM such that Y7 w(j) S, [|RV/AAIRYA|2 > 1 -6,
Then,

STRYVAARME > 1 — M,

ic[k]™

where M = max; ﬁ

Before passing to the proof, note that this bound is tight in the limit of small §. Take
k = 2, m uniform, M = B(C?)®" with tracial state 5 Tr, and A; = ®; (( —e) |i;)i;] + %I)
Then, for any 7,

> o A = 5 3 (- )ikl + 517) = 5 3 Te((1— ) fiil + £1) =145,

i=1,2 i=1,2 =1,2
giving § = ¢ — % In the same way, we have that
Z o Tr(A?) = ( > Tr( (1 —e) |i)i| + 31)2)> =(1-0)"<1-—nd+ (Z)éz.
1=1,2

For small § < %, this is approximately 1 — nd.

Proof. Write §; = 1 — K [|hY/*AhY/4|3. Then,

SB S AR = S A > 1~

ie[k]nij=i

Hence,

Z B AR 2

tr

Zh1/4Aihl/4 2

tr

0j = -

3 (3 15=1

= 3" tr(AR2ARMYE) — 3T tr(AR2 AR

P ./
2,2 1 15=1
] J j

= > tr(ARVEALRY?).

.o .
LTI F
t] j¢J
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Putting these together via a union bound,

> [p g C=1 Y w(AN AR

0,4 i
>1-3" 3 tr(AR'P AR
Joadi#d
>1—Z5 >1—MZ 7)8; =1 — Mo. ]

Proof of Theorem 3.3.9. We may also assume that ¢ < 7, as otherwise the result holds
trivially.

As in the previous section, we take M C B(H) to be the von Neumann algebra generated
by the Q7. Then, there exist a positive hy, € L'(M) and POVMs {P*},c4, € M such that

(V| PrQ} 1Y) = tr(Pjhl/QQghlﬂ). Therefore, writing P = > aepsl e )PI
Zu 7,y) > (VIPIQY, ()

acA,
_ Zﬂ v.y) 3 w(Prhy*QY o)
a€A,
_ Z ple,y) (b B Ry h Qi ),
z,y,b

where (-, -) is the inner product on L?(M). From here, we often make use of two Hilbert
spaces: Vi = LQ(M)UyGY By quipped with the inner product

<(uxyb)xyb7(vxyb)xyb Vi ZM$y<umybavzyb>
z,y,b

and V5 = LZ(M)UJEX{I}XYXAI equipped with the inner product

<<uxya>acyaa(vxya)xya Vo — Z,uxy<uxyaavxya>

z,y,a

Consider (h}/‘lpf’yhiﬂ)x,y’b and (h1/4Qi/h1/4)z7y’b as vectors in V7. First, these vectors have
norm at most 1. In fact,

1/4 pzyg 1/4 DT,y 1/2 pr, 2
[(h BV Ry e slBy = 3wl y) te(BPV Ry PRy

z,y,b

<3l y) te(hy 2PV
z,y,b

<> pla,y)tr(hy) =1,
x7y
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and identically ||(hib/LLQl:‘jlqu/él)mw||V1 < 1. By hypothesis, we know that
1/4 By 1/4 1/4 yyp1/4
(B PR g B QUYL Ve, 21—,

so by Cauchy-Schwarz inequality,

1/4 DT, 1/4 1/4 1/4
1—e < ||(h/* B hy ") ey ollvi (R QYR ) ey ollva
. 1/4 pry, 1/4 1/4 1/4
< min{ || (b By ey allvis 1(hg! QU e yallva b

Hence both vectors have norm between 1 — ¢ and 1. This gives that the commutator
> ey it n/1[, = 3 ntw ) er((@4n)? = ni*QD Q) - Qi)
z,y,b
=23 pul,y) tr((Q4)2hy — hy*Q4h,*QY)

z,y,b
<2 2||(h/ QURY ey sl? <2 —2(1 —€)? < de.

_ 2
Next, from the fact that >, , u(x,y)Hhi/Lle’th/Zle > (1 —¢)? > 1— 2¢, we can use
- 2
Lemma 3.3.11 to get that 3, cx yeyaea, 1(7, y)thl/Zlehll/Zl’L > 1 — 2Le. Hence, it follows
identically that
Zu (z,y H [PZ, h1/2 H <4Le.

z,Y,a

From here, it follows that

1—26 <3 gl y) te(QYh,*QYn)

z,y,b

= > nlw,y)(hy*Q%, Q4hy?)
z,y,b

<Y e ) hy QY1 Qe 2
z,y,b

= > (. y) tr((QF)*hy).
z,y,b

In the same way, -
S . y) tr((BF)?hy) > 1~ 2Le.

x7y7a

86



Since for all T' € M, tr(Thy) = (¢|T|¢), the map T +— tr(Thy) is a normal state on M.
Hence, by [55, Theorem 2], there exist PVMs {p?}aca,, {¢ }re, € M such that

(@8 = @) )ewollts = 3 (e, y) tr((QF — a})*hy) < 18e,

z,y,b
1B = g aal?, = 3wl y) te((PF — p2)*hy) < 18Le.
x,y,a

Now, using again the norm on V;, we get the approximate commutation

S ey lat 11| = 0t B Dol

x,y,b

QL TP — (@Y = LD+ (L@ = o

< (l@t 8l 202 - 0], )
< (\/_s+ N@)2 < 110,

and in the same way using V5, >, , , p1(2, y H e, h1/2 H2 < 110Le. To finish the proof, we

want to make use of Lemma 3.3. 10. D~eﬁne X=XUY and A= Uy Az U B,y. Take 7 to be
the probability distribution on X x X defined as

p(e,2') ze XA eY
pla',x) 'e XANxeY .

else

m(z,2) =

O ==

Note that 7 is symmetric and the marginal of = on one copy of X is
I/(.%) — %ZyEY/’L(‘Q:?y) xeX )
%ZyGX M<y7$) T e Y

Let p? =p2 it v € X and p! = ¢ if x € Y. By the above, we have that

> v ZH (5%, hi/*]||2 < 110Le.

zeX

Then, using Lemma 3.3.10, we get that there exist PVMs {rZ},c4 C qc(M)q such that

> w(z,y) ‘tr pxhl/Qﬁghll/Z) — T(r;”ri’)‘ < 38(110Le)Y* < 124(Le)M,
x7ye)~( a,be A
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which implies

1/2 Y

g%;au(w,y)\tr(p Rt/ ) B CoAA Y
Now, note that
3wt (B2~ (BP) = X oo (((
< gau@:,y) tr((Py -

<1—(1—2Le) = 2Le,

and in the same way, >, , , (2, y) tr((Q% — (QNV?)?

> wlz,y) tr(ph

w’y7a

— || (pa

L
(P 2hi*@QY, >1/2>z,y7a—<ph

(2 = (P02 (@Q, ) )ea

1/2
hy qg

x11/2 1/2
xzy:alu = 9) (P Q) L why”) -
1/2 y 2
)

1/2 Yy
w qpxy

(P hy (@

1/2)

h

Pz, y(u‘)) T:Y,a 1% )x:yva Vo

1/2
a:ya

Pa: 1/2h1/2 Qy

Pay(a

w Y,a Vg’

1/2 y
qu y(a) 1%

1/2, y
Va T 2‘ pahw (qu v(a)

):cya

IA

hy) < 2.

hi/ %)

— (@, @)

< 124(Le)"*.

+ Py = 2(F5)*)hy)

(P7)?)hy)

Then, we can bound

Vo

=2 /> plz,y)tr((pz —

z,y,a Y, b

(Po)Y2)2h,2Q0  h/?) +2 |3l y) (o b (af

— (@))%

<2 > plx,y)tr((ps —

z,y,a

(P2)'/2)2hy) + 2 Z p(z,y) tr((q) —

I (0 Q@ e,
. H (P = (P)) 0y,
(@8 = (@) e

< 2V18Le + 2V2Le + 2v/18¢ + 2v/2¢
< 23(Le)Y/2.

= 2z — (P,

< 257 — P e

+2H

|4

Via the triangle inequality, we get that

I?y7a

38

(Q5)"/2)*hyy)

Qb)h}p/z)xvyvbuvl

> nla ) (WIPEQ, ) = (s, >>)\ < 23(Le)'’® + 124(Le)"/* < 147(Le) /.



To finish, take {7 }4ca, to be the completion of {rf},ca, to a PVM by adding 1 — > ,c4, 77
to an arbitrary element; and construct {G; }rep, from {r}}icp, in the same way. Then
P (a,blz,y) = 7(p%g)) is a tracial correlation and we find that

) = Zu(%y) > (B2, )

a€Ay
>Zﬂxy T (a}lfzy())
a€Ay
>mGp ‘Zuxy( |Pngzy |¢> (apzy())>‘
z,Y,a
> 1 — 148(Le) Y. u

Corollary 3.3.12. Let G be as in Theorem 3.3.9. Suppose p(a, b|z,y) = (¢|PF @ Q}|v) is
a quantum correlation such that w(G,p) > 1 — €. Then, there exists a finite-dimensional
tracial correlation p’ such that t(G,p') > 1 — 148(Le)'/4.

This provides an tightening of [117, Theorem 4.6] in the context of projection games
where Bob has few answers, as that is the case in which where L is small. Oracularisations
and oracular constraint-variable games both fulfill this criterion.

Proof. Take M to be the von Neumann algebra generated by the 1 ® Qf; this is a finite-
dimensional von Neumann algebra contained in B(H4® Hpg). Then, following Example 2.4.2,
c¢(M) = L*(R)®M. From the theorem, there exists a correlation p'(a, b|x,y) = 7(ptq;) such
that (G, p') > 1 — 148(Le)Y/*, where 7 is the semifinite weight 7(7) = [°_ Tr(T'(t))e tdt
on ¢(M), and pZ,q] € qc(M)q for some projection g € ¢(M) satisfying 7(qg) = 1. By
construction, ¢(t), p%(t), ¢/ (t) are projections for every t € R, so

rwial) = [ T o) = | 1

{t|Tr(q(t))#0} W@))T (pa( ) ( )) TI"( ( )) _tdt

is a convex combination of finite-dimensional tracial correlations. This implies that at least
one of the correlations has winning probability > 1 — 148(Le)/*, completing the proof. W

Now, we show that the same result can be recovered for degenerate games.

Corollary 3.3.13. Suppose G is an arbitrary projection game. Suppose there exists a
commuting operator correlation p for G such that to(G,p) > 1 — . Then, there exists a
tracial correlation p’ for G such that w(G,p’) > 1 — 148(Le)Y*. If p is quantum, then p’ can
be chosen to be finite-dimensional.
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Proof. 1f G is non-degenerate, this is exactly the result of Theorem 3.3.9 and Corollary 3.3.12.
Now, suppose G is degenerate. Let G be the non-degenerate game constructed in Lemma 3.3.2.
By that lemma, there exists a commuting operator correlation p such that w(G,p) =
(G, p) > 1 —e. Then, by Theorem 3.3.9, there exists a tracial correlation § for G such that
1o (G, ') > 1 — 148(Le)Y/*. Using again Lemma 3.3.2, there exists a tracial correlation p’ for
G such that (G, p’) = w(G, ') > 1 — 148(Le)'/*. The result for quantum correlations holds
using Corollary 3.3.12. |

3.3.5 Application to CSPs and oracularisation

In this section, we study the implications of our main result for oracular constraint-variable
games and oracularisations. First, we consider oracularisations.

Recall that the oracularisation of a nonlocal game G = (X, Y, {A,}., {By},, 1, V), as
defined in Section 2.12.3, is the nonlocal game G*#¢ where Alice receives both questions and
Bob receives one of them, and they win if Alice satisfies the predicate and Bob’s answer is
consistent. The oracularisation of a game is always a projection game via the projection
functions p(z).2((a,b)) = a and p(zy),((a, b)) = b. Prior work [76, 87] has made use of a
more involved synchronous version of oracularisation to reduce to tracial strategies, but we
show that this is not necessary.

Corollary 3.3.14. Let G be a nonlocal game and let p be a commuting operator correlation
for G2, If (G, p) > 1 — ¢, then there exists a tracial correlation p’ for G such that
ro (G2, p') > 1 — 1774, If p is quantum, then p’ can be chosen to be finite-dimensional.

Proof. This follows directly from Theorem 3.3.9 and Corollary 3.3.12 by noting that

orac
I_ - p(@y) 1u(m,y) 5
2y,7 12 (2,9),2) 20 pO((2, ), 2) 2y p@y)#0 (2, Yy)
and then that 148(2)Y/* < 177. |

Now, we turn to oracular constraint-variable games, as defined in Definition 3.1.2.

Corollary 3.3.15. Let X and A be o-structures, and let 7 be probability distribution over
the constraints of X. If p is a commuting operator correlation for G,.,(X, A, 7) such that
10 (Goer (X, A, ), p) > 1 — g, then there exists a tracial correlation p’ for G,., (X, A, ) such
that 10(Goey (X, A, 7),p’) > 1 — 148(Le)'/4, where L = maxge, ar(R). If p is quantum, p’
can be chosen to be finite-dimensional.
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Proof. This follows directly from Theorem 3.3.9 and Corollary 3.3.12 by noting that

R R
L= max (R, 2) = max M = maxar(R).H
Reo,zeRX jicar(R): p((R,@),2:)#0 W((R, ), x;)  Reo@eRX:m(R,2)>0 % Reo

This also implies that results in the weighted algebra setting, which considers only
tracial states, can now be translated directly to the game setting, without having to work
with a synchronised version of the game with consistency checks.

Corollary 3.3.16. Let X, A, m, and L be as in the previous corollary.

1. If there exists a commuting operator correlation p such that 10(Gee, (X, A, 7),p) > 1—e¢,
then there exists a tracial state 7 on Mor>” (X, A) such that def(7) < 148(Le)*/*

2. If there exists a quantum correlation p such that w(Gye (X, A, 7),p) > 1 — ¢, then
there exists a finite-dimensional tracial state 7 on Mor?™ (X, A) such that def(r) <
148(Le)'/4,

Hence, we find a version of Lemma 3.1.13 for the oracular constraint-variable framework.

Lemma 3.3.17. Let A be a o-structure (where o is finite), let 0 < s < 1, and let
Q € {q,co}. Then, there exists 0 < s’ < 1 such that & = 1 <= s = 1 for which
there are polynomial time reductions from CSP% (A)y s to gCSPQ (A1, °CSPY¥ (A)ys to

ocv ocv ocv

CCSPZ, (A) e, MIPE, (A)1s to (JMIPE, (A)1,y, and MIPE, (A)1 s to SMIPS, (A)yy.

ocv ocv ocv ocv ocv

The proof is identical to Lemma 3.1.13, using Theorem 3.3.9 and Corollary 3.3.12 instead
of [30].
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Chapter 4

Commutativity gadgets

In this chapter, we develop the theory of commutativity gadgets. In Section 4.1, we define
commutativity gadgets and show how they can be used to show reductions. In Section 4.2,
we show that graph colouring admits an oracular commutativity gadget. In Section 4.3, we
relate commutativity gadgets of a relational structure to the behaviour of the polymorphism
algebra. In Section 4.4, we fully characterise the polymorphism algebras of the complete
graphs. In Section 4.5, we show separations between different types of commutativity gadget.
In Section 4.6, we study how hard it is to decide if a commutativity gadget exists for a
given entangled CSP.

4.1 Reductions based on commutativity gadgets

In this section, we study the properties afforded by the existence of a commutativity gadget.
In Section 4.1.1, we define the different notions of commutativity gadget. In Section 4.1.2,
we study the complexity-theoretic implications of the existence of a commutativity gadget.
In Section 4.1.3, we study a stronger C*-algebraic notion of gadget which will be useful
in existence proofs. In Section 4.1.4, we provide some of the examples of commutativity
gadget known from prior work.

4.1.1 Definitions

A commutativity gadget for an entangled CSP is a gadget that allows classical relations on
the variables of the CSP to be expressed.
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Definition 4.1.1. Let @ be a tensor monoid, and let A be a o-structure. A (non-oracular)
@-commutativity gadget for A is a o-structure G along with two elements x,y € G,
called the distinguished variables, such that

(i) For every a,b € A, there exists a *-homomorphism 7,; : Mor™ (G, A) — A such that
A € Q and 7"-a,b<p:1:,ob) = 71-ot,b(py,b) = 1.

(ii) For every *-homomorphism 7 : Mor™ (G, A) — A such that A € Q, [1(pr.a), T(pys)] =0
for all a,b € A.

An oracular Q-commutativity gadget for A is a relational structure G over o along
with two distinguished variables x,y € G such that

(i) For every a,b € A, there exists a *-homomorphism 7, : Mor®" (G, A) — A such that
A€ Q and 7, 4(Pra) = Tap(Dys) = 1.

(ii) For every x-homomorphism 7 : Mor®" (G, A) — A such that A € Q, [7(ps.a), T(pys)] =
0 for all a,b € A.

Robust commutativity gadgets extend the expressive power of commutativity gadgets
to the gapped setting.

Definition 4.1.2. A robust ()-commutativity gadget for A is a (Q-commutativity
gadget (G, x,y) such that for all € > 0, there exists § > 0 such that if def(r) < ¢ for a
tracial state 7 on Mory,’(G, A) over @, then

Z ”[px,mpy,b]H?— <e.
a,be A

A robust oracular ()-commutativity gadget for A is an oracular QQ-commutativity
gadget (G, x,y) such that for all ¢ > 0, there exists § > 0 such that if def(7) < ¢ for a
tracial state 7 on Mor?™ (G, A) over @, then

Z H[px,aapy,b]ui S £.
a,beA

When dealing with robust commutativity gadgets, we want to restrict to those tensor
monoids where the von Neumann algebras admit tracial states.
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Definition 4.1.3. We say a tensor monoid is finite if it consists of finite von Neumann
algebras.

The tensor monoids d, ¢, ¢, ga, and co are all finite. A tensor monoid is finite if and
only if it is a subset of co. Note also that the tensor monoid vN is not finite. Given a finite
tensor monoid, each element may be associated a tracial state, but this choice is not unique;
for the moment, this non-uniqueness does not matter.

4.1.2 Hardness from the existence of a commutativity gadget

The expressivity provided by commutativity gadgets immediately translates to hardness
results. First, we show that any entangled CSP may be reduced to the CSP whose constraints
are instances of an NP-complete CSP A. Then, we will use a commutativity gadget to split
these instances up into separate constraints of A.

Lemma 4.1.4. Let A be a o-structure, B be a 7-structure, and let (Q be a finite tensor
monoid. Suppose that CSP(A) is NP-complete. Let A be the relational structure with
the same domain as A and relations labelled by o-structures X with arity |X|, such that
X4 = mor(X, A). For all s < 1 there exists ' <1 with s’ =1 <= s =1 such that there
are polynomial-time reductions from *MIP%, (B); , to °MIPY, (A), y and from MIP%, (B), ,
to MIP%, (A); ..

Proof. Since CSP(A) is NP-complete, there exists a minion homomorphism & : pol(A4) —
pol(B). The signature of A is the set of o-structures, which we call 7; a relation of a
g-structure labelled by a o-structure X has arity given by the cardinality of X, so the
tuples will be indexed by the elements of ®(X). Let M be an instance of *°MIP%, (B), ..
For each constraint (R, y) of X (M), construct the o-structure Xg, from the 7-structure
Ypy with domain {y1, ..., ya(r)} and single nontrivial relation R¥#v = {y} according to
the prescription of Theorem 2.10.2. We define a g-structure X g, with the same domain

as Xp, and a single nontrivial relation X])é]y?"y = {zf*¥} where z*¥ = 2 for z € Xpg,,.
By Theorem 2.10.2, there exists a map I'g, that sends satisfying assignments to Yz , to
satisfying assignments to YR,y, and a map A, that sends satisfying assignments to Yﬂy
to satisfying assignments to Yz,. Now, let Xo = ||ge, yery YR“,I, and let X = Xy/ ~,
where the equivalence relation identifies variables of the form [(y, a)] with the same label
between the terms of the disjoint union. Define M’ as the probabilistic Turing machine that
samples a constraint (R, y) using M, and then outputs (Xg,,, ). The mapping M > M’
is clearly polynomial-time.
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2
Let L = max v | X and s =1 — 1=s .
ReT,yeR | R,y|a 267|A||B\|A\%‘A|‘B|L

Next, suppose M is a yes instance of CMIP?CU(B )1.s- Then, there exists a *-homomorphism

¢ : Mor’"(X(M),B) -+ M € Q. Using Lemma 3.2.2, define a *-homomorphism ¢’ :
Mor®* (X (M'), A) — M via §0,<q)XR’y7zR,y7a) = Zberg}y(a) ©(Pp yp). Clearly, {§0,<q)XR,y71.R,y7a)}a
is a PVM. Now, suppose R,R e 7,y RY, Yy € R, a e Xﬁ’y, a e Xﬁ‘,,y,, 2 € Xpy,
and 2z’ € Xp/, such that ¥ = 2 = Y = 2 but a, #£ a.,. Then, we must have that

there exists y € Y, ag € A°B) k € ar(R), and [ € ar(R') such that z = 2’ = [(y, ag)] and
yr =y, = y. We can expand

O (Pxpyorna) @ (Px,, it ) = ) (PR ybPry )
beFE}y(a),b’EF};}yy,(a’)

If by, # b}, then (P gy vPr ) = 0. Now, suppose that for one of these terms, b, = b;. Using

Theorem 2.10.2, @ = I'p ,(b) implies that a, = ag(by) and @ = T/ (') implies that a, =

ao(by). But a. # a’,, so this is a contradiction. Hence, ¢'(Px, | orv.a) 0 (Px , , arrv o) =0,
El ’y b b

2"

and therefore ' is a *-homomorphism, and M’ is a yes instance of °MIP%, (A); ..

wen(B)1,s- Suppose, for a contradiction, that
there exists a tracial state 7 on Mor?® (X (M'), A) over @ such that defT <1 — s Let

T
@ : Mor®” (X (M'),A) — (M,tr) € Q be a GNS representation of 7. For every y € Y,
we want to construct a PVM in M valued in the polymorphisms of A at level |B|. For
every constraint (R, y) such that y; = y for some i, a € AP and ¢ € mor(A®P), A), let
Py, afvys = Hlacao® Pxy, oo ((y,a),6(a), Where we recall that for z € Xpy and a € A,

. R,
(I)XR,%wR’y:a' For y € Y7 erte ﬂ-(y) = ZRGT,yERY,iEar(R):yi:y ﬂ-a(l'(R%)’

Now, suppose M is a no instance of eMIPY

P R = T
XR7y7a2 Y.z,a Zaexg y:a/z:a

and write 7(R, yly) = arT%?;%)y) if there exists ¢ such that y; = y and 7(R, y|y) = 0 otherwise.
With this notation, we have that

dYorly) > w(Royly) >

2
Dxpafivye = 11 Plwalela

yeYy ReT,yeRY ¢pemor(AD(B) A) ac AD(B) T
2
<A wy) Y m(Rouly) Y | ®x,etviwale — Plowal.
yey Rer,yeRY acAP(B) qcA
(R, y)
< 2|A[PIL ) — Y (P e ana (1= Plara))

ReryeRY jicar(R) ar(Xp.y) acAD(B) ge A

< 2|A|'PIL def (7).
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*
1_Z¢€mor(AD<B)aA) a4y 49y,

Let ¢y.6 = [lacan® ©(Piy,0).6(a)); and let Qy » = G5 4@y +A, where A = e ASTE) A]]
Since A > 0, {Qy,6} semor(a2m), 4y is a POVM. We also have that

2

tr

2
Z "‘P(@Xﬁ,y,mR*”,y,¢) - Qy,¢> tr <4 Z "@(q)XR,y,mRvy,y,¢) — Gy .0
pemor(AP(B) A) pemor(AD(B) A)

<16 Z H90<(I)X37y,achy,y,¢) —Qyp
pEmor(AP(B) A)

2

tr’

SO
Srw(i- Y w@)
yey pEmor(AD(B) A)
=Yy X wRyly) Y (le@xpenge)lE = 11Quell)
yey ReT,yeRY pemor(AD(B) A)
<2y 7(y) > mRayly) Y e(Pxperige) — Quollu
yey ReT,yeRY pemor(AD(B) A)
< 2/32|A|1BI[A[IAIP' L def (r)
Therefore, by [75], there exist PVMs {P, 4} semor(aom 4y € M for all y € Y such that

Syer 7)1 Queo — Prolld < 18y/32| A BILAJAIL def (7).

Now, we define the x-homomorphism ¢’ : Mor®* (X (M), B) — M on the generators
as SOI(q)R,y,b) = ZaeA};}y(b) SO(¢XR,y,mR1y,a) and Sol(py,b) = quemor(A@(B),A);5(¢>)(idB):b P, 4. Note
that if Ap,(a) = b, then for any i € ar(R), the polymorphism A®®) — A a’ a[(y,a)]
maps under ¢ to a polymorphism B®®) — B under which id + b;. As such, ¢'(®r,p) =
ZaexT y: Any(a@imb P PXn o) = Eoemor(42®),4):6(6)dm)=b P Loxn yatysp) Let 7/ = trop.
7' is a tracial state on Mor®" (Y, B) and it has defect

1 (R,
aci(r) =1 Y W ye sl

ReT,ycRY ar(R)
icar(R),beB
]I~ :
<5 > TR )| e(@xnyue) — Pl
Rer,yeRY
yGY,¢€m0r(A©(B>,A)
| B| 2 2
< 2/AM > m(y)(R, yly) (Hso<<I>XR,y,y,¢> ~ Qyol|, + 1@y - Py,¢||tr>
RET,yERY

yEY,pcmor(AD(B) A)
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< 9|7 (32|A|IBIL def(7) + 18\/32|A||B||A||A|'BLdef(r))
< 267|A|BNABEA LT =5 =1 —s.

Hence, M is not a no instance of e1\/HPOQCU(B)LS, which is a contradiction, finishing the

proof. The non-exact case is proved identically. [ |

Lemma 4.1.5. Let A and B be relational structures and let () be a finite tensor monoid.
Suppose that CSP(A) is NP-complete.

(i) If A admits an oracular Q-commutativity gadget, then there is a polynomial-time
reduction from *MIP, (B); to °MIPY, (A), ;.

ocv ocv

(ii) If A admits a Q-commutativity gadget, then there is a polynomial-time reduction
from *MIPY, (B)1 to °MIPE (A), ;.

ocv

(iii) If A admits a robust oracular Q-commutativity gadget, then for all s < 1 there
exists s/ < 1 such that there is a polynomial-time reduction from *MIP%, (B),, to

*MIPY, (A);+ and a polynomial-time reduction from MIPY, (B); , to MIPY, (A), 4.

ocv ocv ocv

(iv) If A admits a robust Q-commutativity gadget, then for all s < 1 there exists s’ < 1
such that there is a polynomial-time reduction from *MIPY, (B); to *MIP% (A), o

ocy

and a polynomial-time reduction from MIP%, (B);, to MIP% (A), ..

In the proof below, we make use of Lemma 4.1.4 to reduce each constraint of B to a
collection of constraints of A, and a commutativity gadget to separate these collections
into single constraints. It is possible, however, to replace Lemma 4.1.4 with any local
classical reduction from B to A, which may be simpler than the one coming from the minion
homomorphism in some cases.

Proof. Using Lemma 4.1.4, we may assume that B = A, the relational structure where the
relations are o-structures; and using the reduction in the proof, we may assume that these
o-structures have finite size at most N depending only on A and B.

Now, for all four cases, we implement the reduction in the same way. Let Y be a
o-structure. Then, every constraint (Z,y) of Y corresponds to a o-structure Z, with
relations R%v = {(yzp s Yrm) | 2E RZ} for R € 0. For y,y' € Y that belong to the
same relation of A, let G, ,» be a copy of the ()-commutativity gadget with distinguished
elements v and yg. Let Xo = [ze, yerv (Zy UlUyyez, Gy,y/), and let Xy = X/ ~ subject
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to the equivalence relation (Z,y,y) ~ (v,v,2¢) ~ (v, y,yc) and (Z,y,y) ~ (Z',y,y).
That is, the variables are exactly those of Y (so we take y as a representative of the class
[(Z,y,v)]), with the variables apart from the distinguished variables from the gadgets
added. Also, given a Turing machine M sampling the constraints of Y = X (M), we can
construct a Turing machine M’ sampling the constraints of X = X (M’) in polynomial time,
by first sampling a constraint (Z, y) using M, and then, with probability %, outputting a
uniform random constraint of Z,, and, with probability %, sampling a uniform random pair
of variables y,y" from Z, and outputting a uniform random constraint of G .

(i) To show completeness, suppose that there is a *-homomorphism ¢ : Mor®" (X (M), A) —
M € Q. Now, since G is an oracular Q-commutativity gadget, for a,b € A, let
Tap © Mor® (G, A) — N € @ be such that Tap(Prga) = Tap(Pyes) = 1 — we
may assume that that codomains are the same for all the representations
by taking the tensor product of the codomains. Now, define a *-homomorphism
¢ Mor®" (X (M'),A) - M ® N on the generators as ¢'(pya) = @(pya) @ 1 for
y €Y, and ¢ (D g)a) = Cay asea P(Pyai Py az) @ Tay,a0(Pg.a)- First, note that ¢ is
well-defined on the generators in the sense that it respects the equivalence relation ~.
In fact, for y,y’ € Z,,

80,(p[(y,y’,mc)},a> = Z Qp(py,alpy’,cu) & Tay,a0 (pazg,a) = Z Qp(py,apy’,ag) ®1= ()0/<py,a);

a1,a2€A a2€EA

and identically ¢’ (p[y.y.yo)a) = @' (Py.a)- Next, it is clear to see that by construction,
{&' (Py.a) Yaca and {@' (D[y4 g)1.a) aca are PVMs. Now, let R € o, © € R¥, and a ¢ R*;
write n = ar(R). There are two cases: & comes from Z, or from G, ,. In the first
case, there exists z € RZ such that z; = y.,, and since the relation is satisfied in Z,

we have ¢’ (pey.a1) - @' (Pansan) = P(Pys;a1) = P(Pyeran) @ 1 = 0. In the second case,
there exists g € RY such that z; = [(y,/, g;)]. Hence,

@ (Prrar) ' (Panan)
= Z cp(py,a%py’,a% e 'py,a%py’,a%) ® Tal a2 (pg17a1) © Tl a2 (pgn,an)

1,2
ai,a?,....ak,a2 €A

= Z Qo(py,alpy’,a?) X Tl a2 (pgl,al e 'pgn,an>
al,a?eA

=0.

Finally, for any a,a’ € A, we find in the same way as above that in the first
case [¢'(Paia)s ' (Dayar)] = [@(pyZi,a),@(pyzj,a’)] ® 1 = 0; and in the second case
[ (P2i.0) @l(pa:j,a’” = 2 a1,as€A O(Pyar Py’ az) ® Wal,az([pgi,a’pgj,a’]) =0.
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(iii)

To show soundness, suppose that there is a *-homomorphism ¢ : Mor®" (X (M’), A) —
M € Q. Define a x-homomorphism ¢’ : Mor®" (X (M), A) — M € Q on the generators
by ' (Pya) = ¢(py,a)- For any y.y" € Zy, we have that ¢'(py.a) = 0P|y 26).a) and
' (Py ) = Py we ) )- Since G is an oracular Q-commutativity gadget, these must
commute. As such, all the PVMs corresponding to variables in Z, commute and they
satisfy the relations of Z,, so the constraint (Z,y) in X (M) is satisfied. Hence, ¢’ is
a *-homomorphism.

To show completeness, suppose that there is a *-homomorphism ¢ : Mor®* (X (M), A) —
M € Q. We construct ¢’ : Mor™ (X (M'), A) = M@N € Q using a Q-commutativity
gadget G in the same way as in (i), and it satisfies the relations of Mor™* (X (M), A)
in the same way.

To show soundness, suppose that there is a *-homomorphism ¢ : Mor™ (X (M’), A) —

M € Q. In the same way as (i), we define the x-homomorphism ' : Mor®* (X (M), A) —
M € Q on the generators as ¢'(py.a) = ¢(py.a)- Forally,y € Z,, ¢'(pyq) and ¢’ (py o)

commute as G is a Q-commutativity gadget. Thus, ¢’ is a *-homomorphism in the

same way.

Since G is a robust oracular ()-commutativity gadget, there exists a convex func-
tion 0 : [0,1] — [0, 1] such that d(e) < e and if def(7) < d(¢) for a tracial state
on Mory (G, A) over @, then Y-, peall[Pra:Pyplll- < € (we know such a modulus
function 0 exists by taking any modulus function §p and letting 6 be the func-
tion whose epigraph is the convex hull of the epigraph of ¢ — min{dy(¢),e}). Let
m = Y peo |RE|, M = MaX 7e5: 3y. 71 (Z,y)>0 2-Reo |R?|, L = maxpe,ar(R), and let

_ 1-s 2
5—1—5«mmwpmw)>

Completeness holds in the same way as (i). For soundness, suppose 7 is a tracial state
on Mor7™ (X(M'), A) over @ such that def(7) <1—s". Let ¢ : Mor®*(X (M), A) —
(M, tr) be the GNS representation of 7. Then, for y,y € Z,, ¢ induces a *-
homomorphism ¢, : Mor®” (G, A) — M defined on the generators by ¢, ,/(pga) =
©(P[(y.y' g)],a)- Hence 7,y = trog, s is a tracial state on Mor®(G, A). By the robust
oracular @-commutativity gadget property, >, e all[Py,a, py/,b]Hi < 6 (def(7y,))-
Now, we want to patch all the PVMs for the variables of Z, into a single PVM. For
ac A% let qya = [Lez ©(Py..a.) and Qya = G 10y.a- Writing Z = {z1,..., 25}, we
have that

Z Hnya - q!/,aHfr = Z przlyazl o .pyz‘zl,azlzl o .pyzl,azl - py217a21 o ‘pyz‘z‘yaz‘z‘ H72'

acA? acAZ
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|Z]-1

S |Z| Z Z ||pyz17az1 o 'pyzivaz,i [pyzi+1,azi+l o 'pyzmﬂzm 7pyzi7azi]pyzi717azi71 o .pyzl#lzl 3‘
acAZ i=1
|Z]-1
2
< |Z’ Z Z |przi+1’“zi+1 '”pyzxzw’aﬂzl’py%ﬂzi] T
acAZ i=1
, 1Zl-1 |Z] ,
S ’Z’ Z Z Z H[pyz]',azj7pyzi7azi] T
acAZ i=1 j=i+1
<|ZPIAP YT 67 (def (7))
Y,y' €2y
Write e, = |Z|?| A|#! >yyez, 0 (def(ry,)). This implies that
2
€2y 2 ( > 1Qyalle = [ D2 ||qy,a|!fr)
acAZ acAZ
2
= (1 — Z tr( %a)) ,
acAZ
giving that 3,4z tr(Q2 ) > (1 —/Ezy)* > 1—2,/Ez,. Next, if a ¢ ZA that implies
that there exists R € o and z € R” such that (a,,...,a, ., ) ¢ R*. Let 74, be the
tracial state on Mor;"(Z,, A) defined by the restriction of 7 to this algebra. Then,
Z tr(Qy,a) S Z tl"< Z Qy,a)
agZA Reo,z€RZ ,ag RA a'cAZ: a:(azl,..‘,azar(m)
< > > Qua
Reo,2eRZ ,a¢ RA a/GAZ:a:(azl,...,azar(R)) tr
S Z przl,al te 'pyzar(R) s@ar(R) ||7— + Z ||Qy,a’ - Qy,a’ ||tr
Reo,2€RZ ,a¢ RA a'cAZ; a:(azl,..‘,azar(R))
S Z ||py21 ,ap " .pyzar(R) uaar(R) - ®R7(y217---7yzar(R>)7a||T + Z |RZ‘ Z HQ?J,G' - qua/Htr
Reo,2€RZ ,a¢ RA Reo a'cAZ
S Z ||pyzi,a - (I)R,(yzl,...,yzar(R>),i,a| T + Z ‘RZ| Z ||Qy,a’ - Qy,a’Htr

Reo,zeR% Reo a'cAZ
acAicar(R)
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< Z |R7|ar(R)| Al Z przi,a = PR (yey Zar(R) )’ yiall?
Reo Reo,zeRZ
a€Aicar(R)
+ 3 R wAwZI > 1@y — ayel?
Reo a'cAZ

< JEIMIL2 Jdef(12,) + M\/|A]Zle 4,

Let €, = /LM L2\ /def(r,) + M,/|AI%le,. and define the POVM {Qy,a} .,
by Qpa = Qya+ A where A = | — (1 — Y s QW). Then,

ZA|

St Afm) > 3 QL) > 1 -2z, — ¢y,

acZA acZA

By [55], there exists a PVM {Py .}
18, /22y + 9’7, This implies

wcy® © M such that ZanXHPZ’y,a — Qy,aﬂfr <

ZﬁHPZ,y,a - Qy,ang <3 Z (”PZ,y,a - Qy,ang + ||Qy,a - Qy,ang + ||Qy,a - Qy,a”?r)

acZA acZA

< 54y /Ezy + 27y , + 3|A|Ple),  + 3ez,

< 27| AN L2, [def (17,) + 84| A|2VEIM 27, = &
Define the x-homomorphism ¢’ : Mor®’ (X (M), A) — M on the generators as

O'(Psya) = Prya and ¢ (pya) = ¢(pya). By construction of the Py, ,, this is
well-defined. Let 7/ = 7/ o ¢/. Next, note that for any z € Z,

Z 192,y.z0 — pyz,al‘z’ = Z

2

Z (PZy.a = y.a)

acA a€A"acAZ: a,=a tr
< |A||Z| Z PZ,y,a - Qy,a||t2r
acAZ
< |A|7ey .
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This implies that the defect

WM(Za y)
def(T/) = Z WHCDZ,:%Z@ - pyz,aHz'
Zeo,yeZzX (M)
a€A,zeZ
z
< Z 7TM(2 ' Y) ’A||Z|€/é7y
Zeo,yeZzX (M)
A 1
< BAMNZLPAPY 7“4(274)( def(729) + | 75 2 5—1(def(fy,y,)))
Zeca,ycZX (M) | | Yy €EZy

< BAMNZL2|APN /6-1(def(7)) < 1 — s,

finishing the proof of soundness.

(iv) Completeness is shown in the same way as (ii), and soundness is shown in the same
way as (iii). |

Theorem 4.1.6. Let A be a relational structure such that CSP(A) is NP-complete.

(i) If A admits a g-commutativity gadget, then there is a polynomial-time reduction from
the halting problem to *MIP? (A); ;.

(ii) If A admits an oracular g-commutativity gadget, then there is a polynomial-time
reduction from the halting problem to *MIP?_ (A) .

ocv

(iii) If A admits a robust g-commutativity gadget, then there exists ¢ > 0 such that
there are polynomial-time reductions from the halting problem to MIP? (A);;_. and
°MIP? (A)11-., making these RE-complete.

(iv) If A admits a robust oracular g-commutativity gadget, then there exists ¢ > 0 such
that there are polynomial-time reductions from the halting problem to MIP?_ (A)11_.
and °MIP?_ (A);1_., making these RE-complete.

ocv

(v) If A admits a ga-commutativity gadget, then there is a polynomial-time reduction
from the halting problem to MIPZ*(A); ;.

(vi) If A admits an oracular ga-commutativity gadget, then there is a polynomial-time
reduction from the halting problem to MIPZ} (A); ;.

ocv
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(vii) If A admits a robust ga-commutativity gadget, then there exists ¢ > 0 such that there
is a polynomial-time reduction from the halting problem to MIPI*(A); ;_., making
this RE-complete.

(viii) If A admits a robust oracular ga-commutativity gadget, then there exists € > 0 such
that there is a polynomial-time reduction from the halting problem to MIPZ (A); ;_.,
making this RE-complete.

(ix) If A admits a co-commutativity gadget, then there is a polynomial-time reduction
from the cohalting problem to MIP;’ (A); 1, making this coRE-complete.

(x) If A admits an oracular co-commutativity gadget, then there is a polynomial-time
reduction from the cohalting problem to MIPS? (A); 1, making this coRE-complete.

ocv

(xi) If A admits a robust co-commutativity gadget, then there exists ¢ > 0 such that there
is a polynomial-time reduction from the cohalting problem to MIP;’(A); ;_., making
this coRE-complete.

(xii) If A admits a robust oracular co-commutativity gadget, then there exists ¢ > 0
such that there is a polynomial-time reduction from the cohalting problem to
MIPS? (A)11-e, making this coRE-complete.

ocv

The classes RE and coRE do not depend on runtime, just computability, so completeness
(or hardness) of any succinct problem for this class also implies completeness (or hardness)
of the non-succinct version.

Proof. The proof follows immediately by applying Lemma 4.1.5 to Theorem 3.1.17. [ |

4.1.3 Algebraic commutativity gadgets

As seen in the previous section, working with robust commutativity gadgets can be quite
unwieldy. However, it often suffices to work with the following stronger notion.

Definition 4.1.7. Let A be a o-structure. An algebraic commutativity gadget for A is
a g-commutativity gadget (G, z,y) such that for all a,b € A, [p,q,pys] = 0 in Mor™ (G, A).
An oracular algebraic commutativity gadget for A is an oracular ¢g-commutativity
gadget (G,x,y) such that the same commutation relations hold in Mor®* (G, A).

Since every C*-algebra admits a faithful representation into the bounded operators on
some Hilbert space, every algebraic commutativity gadgets is a v/N-commutativity gadget.
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Lemma 4.1.8. Suppose (G, z,y) is an algebraic commutativity gadget for A. Then it is a
robust @)-commutativity gadget for any finite tensor monoid Q).

Proof. Since [py.a,pys] = 0 in Mor® (G, A) for each a,b € A, we know that [p,q, p,s] is an
infinitesimal element of the quotient of Mor;,°(G, A) by (supp ftneu) by Lemma 3.2.2. Let
e > 0. Then, pr,a’py,b] ? < ﬁ in Morﬁ%G,A)/(supp UnO,tu>7 SO Za,beApr,aapy,b] ’ < %
Therefore, there exists a positive element p € Mory’(G, A) such that §—3", ,c a|[Pe.a, Py.b] -
p € (SUpp lnow). Then, we have that there exist N € N, r; € supp pinou, and v, w; €
Mory’(G, A) for i € [N] such that Y=, ye 4l [Pz.as Dy.b] |2+p—% = N viraw;. Since Mor?™ (G, A)
is archimedean with respect to the *-positive cone of sums-of-squares, there exist a; € R>
such that |w;v;|* < ;. Now, let 7 be a tracial state on Mor’(G, A) over Q. Then,

N
€
D Mpeaspuallls = 5 = 7(p) + X r(viraw)
a,beA i=1
. N
<S4 3 valn,
i=1
. N
< 5t > y/ma; def(T),

@
Il
—_

2
where m = Y pe, |RE|. Write C = 2V | /ma;. Now, let § = (%) . By the above, if 7 is a
tracial state such that def(7) <6, then >, ;|| [Ps.a, Pyol[|2 < €. ]

Lemma 4.1.9. Suppose (G, z,y) is an oracular algebraic commutativity gadget for A.
Then it is a robust oracular Q-commutativity gadget for every finite tensor monoid Q).

We omit the proof as it follows along exactly the same lines as the previous lemma.

4.1.4 Examples of commutativity gadget

In this section, we note that the notion of a commutativity gadget is not vacuous, and there
are important CSPs that admit them. The first example of a commutativity gadget is for
3-colouring, due to Ji.

Theorem 4.1.10 ([75]). The complete graph on 3 vertices K3 admits an algebraic commu-
tativity gadget and an oracular algebraic commutativity gadget.
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The same gadget is valid in both the oracular and non-oracular framework, and takes the
form of a triangular prism, i.e. two copies of K3 with the corresponding vertices connected
(see Fig. 4.1). [75] only considered the gadget for non-oracular quantum strategies, but
in hindsight the proof holds at the level of the C*-algebra, which implies the possibility
of gapped reductions. Further, the gadget holds in the oracular framework, as quantum
homomorphisms to K3 are oracularisable, in the sense that Mor®" (X, K3) = Mor™ (X, K3).

This example has been recently extended to all odd cycles (as K3 = Cj).

Theorem 4.1.11 ([38]). For n € N, the cycle graph Cs,,; admits a g-commutativity
gadget and an oracular g-commutativity gadget.

Again, these graphs have oracularisable quantum homomorphisms, so the oracular and
non-oracular commutativity gadgets are identical.

The other important class of examples arises for boolean CSPs.

Theorem 4.1.12 ([19]). Let A be a boolean relational structure (i.e. D(A) = {0,1}), and
suppose that CSP(A) is NP-complete. Then, A admits an oracular algebraic commutativity
gadget.

This result also extends in some cases to non-oracular gadgets.

Since all of the relational structures discussed in this section have NP-complete CSP,
Theorem 4.1.6 immediately implies the associated hardness of the entangled analogues.

4.2 Commutativity gadget for oracular entangled graph
colouring

In this section, we show that the complete graph K, admits an oracular algebraic commu-
tativity gadget, which implies hardness results via Lemma 4.1.8 and Theorem 4.1.6

Theorem 4.2.1. For all n € N, the complement of the cycle graph (Cs,,0,1) is an oracular
algebraic commutativity gadget for K,.

Note that for n = 3, (Cs,0, 1) is Ji’s triangular prism gadget [75]. See the discussion in
Section 4.1.4, or Fig. 4.1 for a visualisation.

Lemma 4.2.2. End’"(K,) is commutative and >ack, Pap = 1 for all b € K,,.
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4

Figure 4.1: The graphs Cs and Cg presented as prisms

Proof. Every pair of distinct vertices in K, is connected by an edge, hence by construction
every pair of generators in End®"(K,,) commutes. So End’"(K,,) is a commutative C*-
algebra, proving the first part of the lemma.

Next, consider the following:

Z (1 - Z pa,b) = Z (1 -2 Z Papb + Z pa,bpa/,b>

beK, acK,, beK, aEK, a,a’ €Ky,

=n++ Z (_ Z pa,b"— Z pa,bpa/,b)

beK, acEK, a~ g, o

=n— Z Zpa,b:n—nzo.

ace K, be K,

In a C*-algebra, a sum of positive elements is 0 if and only if each term in the sum is 0, so
it follows that 3 ,cr, Pap = 1 for all b. [ |

Lemma 4.2.3. In M0r°+(€2n, K..), [P2abs P2a+1.c] = [Pop, P1c) for all a,b, ¢ € Z,, = V(K,,).

Proof. For all i # j, 2i+1 ~g, 2j+ 1. As such, there is a *-homomorphism End’*(K,) —
Mor®" (Cy,, K,,) defined on the generators as p,p + paay1p- Then, by Lemma 4.2.2, the
P2a+1, commute and Y ,cz, Pray1p = 1. This implies that 3,cz. [Pos, P2as1.c] = [Pop, 1] = 0.
For all a # 0 or —1, we have 0 ~g, 2a + 1, giving [pop, p2at1.c] = 0. Hence, [pos, p1.c] =
_[pO,byp—l,c]-

In the same way, for all i # j, 2i ~z, 27, S0 Y4ez, P2ap = 1. Taking the commutator
with p_1 . gives Y.z, [P2ap; P-1,e] = 0. As 2a ~g, —1 for all @ # 0 or —1, this implies

that [pos,p-1.e] = —[p-24,p-1.). Putting these together gives [pos,p1.c] = [P—25,P-1.c]-
Proceeding inductively gives the result. |
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Proof of Theorem 4.2.1. We need to show that (Cy,,0,1) satisfies the two conditions of
an oracular algebraic commutativity gadget. For the first condition, consider the maps
f,9: Coy — K, defined as f(2a) = f(2a + 1) = a and ¢(2a) = g(2a — 1) = a. These are
graph homomorphisms as the vertices of Cs, that map to the same vertex of K,, are not
connected by an edge. Now, let o, be a permutation of Z,, that maps 0 to a, and for a # b
let 045 be a permutation of Z, that maps 0 to a and 1 to b. Now, for any a,b € K,,, we
take 7, as the classical homomorphism o, o f if a = b, and o, 0 g if a # b.

To show the second condition, we need that [pg s, p1.c] = 0 for all b, c € K,,. In fact,

[po,b,pl,c] = Z Pza,b[po,b,pl,c}
a€ZLn

- Z D2a.b[P2a+2,6, P2a+3,c]
a€ZLn

= Z [pZa,bp2a+2,b7p2a+3,c]
a€Znp

= Z [Oap2a+3,0] =0,

a€Zmn

where the first line follows from > ,c7, p2qp = 1, the second line follows from Lemma 4.2.3,
the third line follows from the fact that 2a ~z,. 2a + 3 and hence py,; commutes with
D2a+3,c, and the last line follows from the n-colouring condition. [ |

Corollary 4.2.4. For every k > 3, there exists s < 1 such that there are polynomial-time
reductions from the halting problem to MIP?, (K,)1s, *MIP?, (K,)1s, and MIPZ (K,)1 s;

ocv ocv ocv

and from the cohalting problem to MIPS? (K,)1 .

ocv

The corollary follows by using Theorem 4.2.1 in Lemma 4.1.8 and Theorem 4.1.6.

4.3 Polymorphism characterisation

In this section, we show that the existence of commutativity gadgets for a relational structure
may be fully characterised by the commutativity of its corresponding polymorphism algebra.
In Section 4.3.1, we give a proof that this holds in the exact case. In Section 4.3.2, we study
a stable notion of commutation which we use, in Section 4.3.3, to extend the characterisation
to the robust case. In Section 4.3.4, we study the relationships between different notions of
commutativity gadget implied by the polymorphism characterisation.
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4.3.1 Exact commutativity gadgets

In recent work, Ciardo, Joubert, and Mottet [33] prove an equivalence between the existence
of g-commutativity gadgets and commutativity of the quantum polymorphisms. We extend
this characterisation to all tensor monoids. The proofs work in exactly the same way, but
we include them here, as they inform the proofs in the robust cases.

Theorem 4.3.1 ([33]). Let A be a relational structure and let @ be a tensor monoid. The
following are equivalent.

(i) mor?(A* A) C mor¢(A* A) for all k € N,
(i) mor@(AA”, A) C mor¢(AM”, A).

(iii) A admits a Q-commutativity gadget.

It is clear that (i) = (ii). Next, we show that (iii) = (i) in contrapositive.

Lemma 4.3.2. Suppose that there exists k € N such that mor?(A*, A) € mor¢(A*, A).
Then A does not admit a ()-commutativity gadget.

Proof. Let 7 be a non-classical x-representation of Mor™ (A*, A) over Q. Then, there exist
a,bec A" and a,b € A such that 7(p,.) and 7(pp;) do not commute. Now, suppose (G, z,y)
is a QQ-commutativity gadget for A. By definition of a ()-commutativity gadget, for each
a,b € A, there exists a *-representation ., : Mor™ (G, A) — M, such that M, € Q and
Tap(Paa) = Tap(Pyp) = 1. Now consider the map ¢ : Mor™ (G, AF) — Mg, p, @+ @ M,
defined on the generators as @(p..¢) = oy by (Doer) @ -+ @ Tap by (P2c,)- | claim this extends
to a *-representation of Mor™ (G, A¥) and therefore is an element of mor® (G, A*). To see
this, simply note that ¢ satisfies the defining relations of Mor™ (G, A¥). In fact, the ¢(p,..)
are projections as they are tensor products of projections. Next,

Z Sp(pz,c) = Z Tay,by (pz,cl) K- ® Z Wak,bk(pz,ck) =1

cc Ak c1€EA cr€EA

Finally, suppose R € o, z € RS, and ¢ ¢ R"; this implies that (cy, ..., cn) ¢ R for
some ¢. Writing n = ar(R), we have that

k
cp(p21,c1) U Sp(pzmcn) = ®7rai7bi (pzhcli o 'pzmcm‘) = 0.
i=1
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Thus, ¢ € mor?(G, A*¥). Note also that by construction ¢(p, o) = ¢(p,s) = 1. Composing ¢
with 7 as Q-morphisms, we have that 7 o ¢ € mor?(G, A). But we have that

(7T © 90) (px,a) = Z (P(Pm,c) ® W(pc,a) =1® 77(pa,a)

cc Ak

(mo@)(pys) = Y 2Pye) @ T(pep) =1 @ T(Poa),

cc Ak

which do not commute by hypothesis. Contradiction, so A does not admit a commutativity
gadget. [

We finish the proof of Theorem 4.3.1 by showing (ii) = (iii), which relies on Lemma 2.10.1.

Lemma 4.3.3. Suppose A is a relational structure such that mor@(Al4”, A) C mor¢(AF, A).
Then, A admits a Q)-commutativity gadget.

Proof. Let k =|A? = |AJ]>. By Lemma 2.10.1, A pp-defines the relation D(A)?, as the set
of polymorphisms that preserve ®(A)2, which are all maps, contains pol(A). Let x, y € A*
be such that z(, ;) = a and y(,) = b for all indices (a,b) € A% Now, we claim (A*, z, y) is
a commutativity gadget for A. To show property (i), let a,b € A. By the construction of
Lemma 2.10.1, there exists a polymorphism f : A¥ — A such that f(z) = a and f(y) = b,
given by a projection map. So, we can take 7, p(Pa,c) = O, f(a). Property (ii) follows directly
from the hypothesis that mor?(A* A) C mor¢(A*, A). [

This proof extends identically to the oracular case.

Theorem 4.3.4 ([38]). Let A be a relational structure and let () be a tensor monoid. The
following are equivalent.

1. mor°@(A*, A) C mor¢(A*, A) for all k € N.
2. mor®@ (AP, A) C mor¢(AA A).

3. A admits an oracular ()-commutativity gadget.

Proof.

(i)=-(ii) | Immediate.
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(ii)= (iii) |Suppose mor®@ (A4 A) C mor(AM”, A). Following the notation of Lemma 4.3.3,

we claim (A|A|2, x, y) is an oracular commutativity gadget for A. In fact, property (i) holds
identically; and property (ii) holds since every oracular -morphism is classical.

(iii)= (i) | To extend the proof of Lemma 4.3.2, it suffices to show that the constructed

map ¢ also satisfies the additional commutation relations of Mor®" (G, A*). Let o € R,
z€ R i+ j€[ar(R)], and ¢, d € A*. Then,

90<pzi,c>go(pzj,d) = Tlay,by (pzi,cl)ﬂ-al,bl (pzj,d1> Q- ® T an bn (pzi,cn>7ran,bn (pzj,dn)
= Tay,by (pzj,dl)ﬂ—ahln (pzi,cl) Q- ® Tan,bn (pzj,dn)ﬂ-anybn (pzi7cn)
= (IO(ij,d)SO(pzi,C%

as wanted. The rest of the proof proceeds identically. [ |

4.3.2 Stable commutation

To extend the characterisation of commutativity gadgets in terms of polymorphisms to the
robust setting, we make use of an approximate notion of commutativity.

Definition 4.3.5. Let (A, ) be a weighted algebra, and let @) be a tensor monoid. We say
A is Q-stably commutative with respect to a finite generating set X C A if for all € > 0,
there exists ¢ > 0 such that for any tracial state 7 : A — C over @, def(7) < ¢ implies that
[z, y]||? < e for all z,y € X.

It is clear that if A is @-stably commutative, then A/{(supp p)) is commutative with
respect to any representation to any finite von Neumann algebra in . Also, for Q) C (', if
A is Q’-stably commutative, then A is Q-stably commutative.

Next we show that stable commutativity is independent of the choice of finite generating
set.

Lemma 4.3.6. Let (A, 1) be a weighted algebra that is archimedean with respect to the
x-positive cone of sums of squares, and let X and Y be finite generating sets of A such that
X =X*and Y =Y"*. Then A is Q-stably commutative with respect to X if and only if it
is ()-stably commutative with respect to Y.

Proof. By symmetry, we need only show one direction. Suppose A is @-stably com-
mutative with respect to X. Write X = {xy,...,2,} and Y = {y1,...,yn}. For each
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i € [m], there exists a noncommutative x-polynomial p; such that y; = p;(z1,...,2,) =
SoaCimM(zy, ..., x,) where the sum is over monomials M. Fix a tracial state 7 on A
over (. First note that for any a, b, c € A, the commutator

||[ab, c]||; = |Jabc — acb + acb — cab||. = ||alb, ¢] + [a, c]b||,
< llallllfo; lll- + 1ol e]ll-

where ||-|| is the seminorm induced by the order on A. Hence, by induction, for any
ai,...,an,b € A, we have that

lfay - -~ an, O]+ < HalH e llapwgziifawyepn - ans llle + llapvyzpall -~ llanlllllar - - apaye), O]l
< ZHHCLJ“ au HT
i=1 j#i
As such, given two monomials M(x1,...,2,) =z - - 24, and M'(zy, ..., 2,) = 25, - - 75,

K
M (1, zn), M (@)l < 30 T I, 25, - 25,0

k=11£k

K K

Z > Tl TT g Ml g, 011
k=1k'=1l£k £k

Let C(M,M") = YK K 1 Wierll i, || Tl |5, || for monomials M, M" as above. Set
C = max; ;'e[m) ZM,M’ |Cz,Mcz’,M”C<M, M/)

Now, let £ > 0. As A is )-stably commutative with respect to X, then there exists § > 0
such that for any tracial state 7 on A over @ and def(7) < 4, the norms ||[z;, z;]||? < Z.
Suppose T is a tracial state on A over ) such that def(7) < . We have therefore that

yi yilll- < > leimcinr M (21, 2n), M (2, .20l

M, M’

< Z ’CZMQM/‘C(M M)

M,M’

\/Ea

Q\%

giving ||[y:, o ]||? < e. As such, A is Q-stably commutative with respect to Y. |

Next, we show that stable commutativity is a weaker condition than commutativity of
the quotient algebra.
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Lemma 4.3.7. Suppose (A, ) is a weighted algebra with finite generating set X, that is
archimedean with respect to the *-positive cone of sums of squares. If C¥(A/{(supp u))) is
commutative, then A is ()-stably commutative for any tensor monoid ).

Proof. Since C(A/{(supp p))) is commutative, [x,y] = 0 in C*(A/{(supp p))) for all z,y €
X. This implies that [z, y] is in the infinitesimal ideal of A/{{supp u)). Let £ > 0. By the
above, we know |[z,y]|> < 5 in A/{(supp p)). By definition, there exists p,, € A/{(supp i)
positive such that § — |[z, Y)I> = pay. In A, this gives that |[z, y]|*> — 5+ Pay € (supp ),
so there exist N, € N, 7, ,; € supp pt, and a4, b, € A such that

Nay
|[5L‘7y]|2 +pxy Zaﬁvyzrmyz PRIRE

2
NOW let M = maxg ZN"”y o2,y,100 4.1l and set § = (2M> '

V #(Tz,y,i)

Suppose T is a tracial state on A over ) such that def(7) < §. Then, for all z,y € X,

Nﬂf’y

I 901 = 70l = 7(5 = pay+ 2 Griribis
Nz,y -
=5 T(Pay) + Z bry,iQ iy iT.y.i)
Ng.y
< 5 Slbsitagilliel
Nzy
N
<s+MVi=c n

To finish this section, we find some equivalences for stable commutativity between
different min-tensor monoids. Here, we follow the notation of [36] for ultrafilters.

Lemma 4.3.8. Let (A, 1) be a weighted algebra where A = CZg, * - - % CZg,. If A is
g-stably commutative, then A is ga-stably commutative.

Proof. Let ¢ > 0 and fix the generating set X = {uy,uj,...,ux,up} of A such that
uf = ufu; = 1 with no other relations. Since A is ¢-stably commutative, there exists § > 0
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such that if def(7) < 4 for a tracial state 7 : A — C over g, then ||[z,y]]|2 < e forall z,y € X.
Now, suppose 7 is a tracial state on A over ga such that def(7) < %. Now consider the GNS
representation of 7; we may assume that it is minimal, giving a *-representation 7 : A — M,
where (M, tr) is a finite von Neumann algebra that embeds into (R¥,7,) and 7 = trom. In
particular tr is faithful. Further, by Lemma 2.4.1, R¥ embeds into ([],, M, 7.r), where ' is
some free ultrafilter and M,, are finite-dimensional von Neumann algebras. By composing 7
with the embedding M < T[], M,,, we get a x-representation ' : A — [],, M, such that
T = 7, o7'. This gives that 7’ can be realised as a sequence of maps (m,) such that for all
a,b € A, lim, ||, (a)m,(b) — m,(ab) ||z, = 0 and lim,_,./ |7, (a*) — 7, (a)*||Z, = 0. Now,
we need to round the 7, to *-representations of A. Let U, ; be the nearest order-d; unitary
to m,(u;). By Lemma 3.1.14, we know that ||m,(w;) — Unillte, % 0. Then, we define the

s«-representation 7/, : A — M,, by 7/, (u;) = U, ;. We have that ||7,(a) =7 (a)]|tr, £ 0 for all
a € A, so the sequence (7],) also induces the representation 7/ on R*. Since def(7) < 2, we
know that def(tr, om,) <> def(r) < 2. Let N = {n € N | def(tr, om,) < d}. By convergence,
N € w' and by g¢-stable commutativity, for all n € N, ||[z,y]||3, .., < € for all 2,y € X.
Now, suppose there exist x,y € X such that ||[z,y]||> > e. Then, there exists M € ' such
that for all n € M, ||[z,y]||7, or, = €. However, we get that M and N are disjoint, so
@ =MNN € w'. Contradiction, so ||[x,y]]|2 < € for all z,y € X, giving that A is ga-stably

commutative. [ ]

Lemma 4.3.9. Let (A, i) be a weighted algebra. If every representation of C*(A/{(supp u)))
into R (for some non-principal ultrafilter w) is commutative, then A is ¢g-stably commuta-
tive.

Proof. Fix a finite generating set X of A, and for a tracial state 7 write comm-def(7) =
S eyex [z yll|2. We proceed by contrapositive. Suppose A is not g-stably commutative.
Then, there exists € > 0 such that for all 6 > 0, there exists a finite-dimensional tracial state
7 on A such that def(7) < 0 but comm-def(7) > e. In particular, for each n € N, there
exists a finite-dimensional tracial state 7,, such that def(7,) < 2% but but comm-def(7,,) > .
Now, consider the GNS representation w, : A — M,,, where M,, is a finite-dimensional
von Neumann algebra with tracial state tr,; we may without loss of generality assume
that dim M, — oo in n. Fix a non-principal ultrafilter w, and let M = T[], M, the
ultraproduct. M has a tracial state tr defined as tr(x) = lim,,_,, tr,(z,), and embeds in R¥
by Lemma 2.4.1. Let 7 : A — M be defined as 7(a) = (7, (a)). This is a *-homomorphism

and induces a tracial state 7 = trom on A. We also have that

1
2 _ 1. _
def(7) = > pla => ula hm tr,(m.(a*a)) = lim > p(a)]allz = lim — = 0.

n—w PN
acA acA acA
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As such, 7 factors through A/{(supp p1)) to give a representation 7 : A/{{supp u)) — M. By
universal property, this induces a representation 7 : C¥(A/{(supp p))) — M. To conclude,

it remains to see that im7 = im x| is not commutative. Let a = S eyex|[T, y]|>. Since tr
is faithful, if 7(a) = comm-def(7) # 0, then im 7 is not commutative. We have that

T(a) = lim Ta(a) = lim comm-def(7,).

However, comm-def(7,) > ¢ for all n, and therefore {n € N | [comm-def(7,)| < ¢} =2 ¢ w.
Thus, (comm-def(7,)) does not tend to 0, so 7 is a noncommutative representation of

Cx(A/{(supp p))) into M — R*. |

Lemma 4.3.10. Let (A, ) be a weighted algebra. If every representation of C(.A/{(supp u)))
into B € co is commutative, then A is co-stably commutative.

The proof follows in the same way as Lemma 4.3.9, by noting that co is closed under
ultraproducts.

4.3.3 Robust commutativity gadgets

Using the stability notions of Section 4.3.2, we can fully characterise when robust commu-
tativity gadgets exist in terms of properties of the quantum polymorphisms.

Theorem 4.3.11. Let A be a relational structure and let () be a finite tensor monoid. The
following are equivalent.

(i) Mor??(A* A) is Q-stably commutative for all k € N.
(i) Mor™ (AP A) is Q-stably commutative.

(iii) A admits a robust Q-commutativity gadget.

Proof.

(i)=(ii) | Immediate.

(ii)=(iii) | Suppose Mor™ (A A) is Q-stably commutative. Following the notation

of Lemma 4.3.3, we claim (A‘AP, x,y) is a robust Q-commutativity gadget for A. Since
Morﬁ”(A'A‘Q, A) is @Q-stably commutative, we know that every #-representation of the quan-
tum homomorphism algebra Mor™ (A4, A) = C*(Mor™ (A’ A) /(Supp o)) over Q
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is commutative, and hence morQ(AM‘Q, A) C morc(A‘AF, A). By Lemma 4.3.3, (A‘AF, x,Y)
is a commutativity gadget for A. For the additional robustness property, it follows from
the stable commutativity property that for any € > 0, there exists § > 0 such that for
any tracial state 7 on Mor"?(A4 | A) over Q, if def(7) < 8, then ||[pa,a, pos]|? < e S0,
this implies that 3=, el [Paar Pysll|? < €, and hence (AP 2 y) is a robust commutativity

gadget.

(iii)=(i) | As in Lemma 4.3.2, we show the contrapositive by contradiction. Suppose

(G, z,y) is a robust commutativity gadget. Also, there exists k € N such that Mor™®(A¥, A)
is not Q-stably commutative. Write m = Y pc, |[RC| and M = 3o, |RA"|. Then, there
exists ¢ > 0 such that for any § > 0 there is a tracial state 7 on Morl’(A*, A) over Q
such that def(7) < 7% but ||[pa, pss)[|2 > € for some a,b € A* and a,b € A. Fix § > 0,
and the corresponding 7, a, b, a, b. Let 7 : Morl°(A*, A) — M be the GNS representation
of 7, with a tracial state p on M such that 7 = p o xw. Let ¢ be the representation of
Mor™ (G, A*) defined in Lemma 4.3.2. Write v for the tracial state on im . Now, define the
s-representation 7’ of Mor,’(G, A) on the generators by

T (pae) = D 0(P2e) @ T(Peye)-

cc Ak

This definition clearly extends to a s-representation as the 7’(p, .) are projections and
Z 7T,<pz,c) - Z 90<pz,c) & ’/T(pc,c) =1
ceA c€A,cc Ak

Note also that (v ® p) is a tracial state on im 7/, which induces a tracial state 7/ = (v ® p) o7’
on Mory,’(G, A). The defect of this state is upper-bounded as

1
def(T,) = Z ||p21701 © Pran(ryCar(R) ||72"
M Reo 2€RG c¢RA
1 2
- Z Z Qo(pzl,q o .pzar(R)vcar(R)) ® 7T(pc1,c1 o .pcar(R)vcar(R))
m Re€o,2€RG c¢RA" ¢1,...,c, €A vep
1 2
- Z ‘ Z @(pzl,cl o .pzar(R)vcar(R)) ® W(pcwl o 'pcar(R),Car(R))
m R€0,z€RC c¢ RA " cc RAF vRp
1 k
< % Z ’RA ’ ’ ”pzl,m ** Paar(rysCar(r) Hz2/o<p ’ ”p61,01 o .pcar(R)vcar(R)Hz
Reo,2€RG ,c¢ RA ce RAF
1 k
< m Z |RG| : ‘RA | NPeren - .pcar(R)vcar(R)H?'
REU,C%RA,CGRAk
< M?*def(1) < 0.
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On the other hand, since 7' (pra) = Yececar P(Drc) @ T(Dea) = 1 @ T(Pae) and similarly
7' (pyp) = 1 @ 7(Pop), SO

> Pyl = pea pyellZ = Paas poslll7 =
c,deA

Hence (G, z,y) is not a robust Q-commutativity gadget, giving the wanted contradiction. W

Theorem 4.3.12. Let A be a relational structure and @ be a finite tensor monoid. The
following are equivalent.

(i) Mor?®(A* A) is Q-stably commutative for all k£ € N.
(i) Mor?(AlA”| A) is Q-stably commutative.

(iii) A admits a robust oracular @Q-commutativity gadget.

Proof.

(i)=(ii) | Immediate.

(ii)=(iii) | Suppose Mor?(A4* | A) is Q-stably commutative. Following the notation of

Lemma 4.3.3, we claim (A‘A| , T, y) is a robust oracular Q-commutativity gadget for A. Since
Moru"f”(A‘A‘z, A) is @-stably commutative, we know that every representation of the oracular
quantum homomorphism algebra Mor®* (A’ A) = C*(Mor? (A4, A) /((Supp froco.u)))
over () is commutative, and hence mor?(A4” A) C mor(AAF, A). By Theorem 4.3.4,
(A‘AP, x, y) is an oracular Q-commutativity gadget for A. For the additional robustness
property, it follows from the stable commutativity property that for any € > 0, there exists
§ > 0 such that for any tracial state 7 on Mor?’(A4° A) over Q, if def() < §, then
[ [Pa.a Pos]lI? < |A|2 So, this implies that Za,beA||[pw,a,py7b]||3 < g, and hence (A\A|27 x, y) is
an robust oracular ()-commutativity gadget.

(iii)=(i) | First, for R € 0, c € RA" . write Preic = DccrA c;=c Prec,c- We have that

1Prcic— Percl? = T(Preic — Pcl ) +27(Preic(l = Peye)
< 2 Z (I)R d:,z,c pci,c))
ceA
=2 Z ||(I)R,¢,C(1 _pci7ci) 72'
cERA

< 2M L def(r),
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where as before M = Y pe, |[RY"| and L = max e, ar(R). This implies that

1[®r.cic Padlll? < 3l[Pesc Padlll? + 12M L def(7)
[P reic: PsasdlllZ < 5ll[Peses Pay.allIZ + 40M L def (1)

As in Lemma 4.3.2, we show the contrapositive by contradiction. Suppose (G, x,y) is a
robust oracular Q-commutativity gadget. Also, there exists k € N such that Mor®”(A*, A) is
not (J-stably commutative. In particular that means that it is not @)-stably commutative with
respect to the generating set {(I)Rv":vivC}Rea,ceRAk,ie[ar(R)],ceA U{Pe.c}ecar cea via Lemma 4.3.6.
Write m = Y geo |[RE]. Then, there exists e > 0 such that for any § > 0 there is a trace
7 on Mor{™(AF, A) over @ such that def(r) < 2 but ||[Praa Psp,jpll|? > 10e for some
R,Seo,ac R be S ielar(R)],j e [ar(S)], and a,b € A; or ||[Pgaias pos)||2 > 10e
for some R € o, a € RY", i € [ar(R)], b € A*, and a,b € A; or ||[Paa, Pos)||> > 10e for some
a,bec AF and a,b € A. By the argument at the beginning of the proof, this implies that in
either of the three cases, ||[pa.a, Pos)l|2 > 26 — 8M L def(7) for some a, b € A* and a,b € A.
I [pa,aapb,b”|72- > €

£

— SML’

le 0 > 0 satisfying % < 477, and the corresponding 7, a, b,a,b as above. Let 7 :

Mor?®(A*  A) — M be the GNS representation of 7, with a tracial state p on M such that
T = pom. Let ¢ be the representation of Mor’" (G, A*) defined in Lemma 4.3.2. Write v
for the tracial state on im ¢. Now, define the x-representation 7’ of Mory (G, A) on the
generators by

(I)ch - Z 2 pz1,c1 te 'pzar(R),car(R)) ® 7T((I)R,cl:,c>a

ceRrA*

7T/<pz,0) = Z So(pz,c) ® 7T(pc,c)'

cc Ak

. B P .
Below we write asusual p,c = pzy.¢, - Par(ryrCar(r) - To see that 7 is in fact a x-representation,

it suffices to note that the relations of Mor? (A1, A) are satisfied. First, 7'(®g.,..) and
7'(p..c) are projections as they are sums of orthogonal projections. Also,

Z (I)ch—z Z Sopza: ®7TCDRG:C— Z Sppza: 1:17

cERA cERA e RAF ceRA*

and

S (pee) =D @(pee) 7)) = Y @(pae) ®1=1.

ceEA c€EA cec AF cc Ak
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Now, since (v ® p) is a tracial state on im7’, 7/ = (v ® p) o 7’ is a tracial state on
Mor?™ (G, A). The defect of this tracial state is

1
def(T/) = T/((I)R,Z,C(l - pm,q))
m R@%RG, ar(R)
iclar(R)],ceRA
1 1
= Z T,((I)R,z,i,cpzi,d)
m Re€o,zeRE, ar(R)
i€lar(R)],cAdeA
1 1
= E Z ( ) Z (V © 90) (pZ1,C1 v 'pzar(g),car(R)pzi,d>T(CI)R,c,i,cpd,d)
Reo,zeRE, ccRAF dc Ak
i€lar(R)],cAdeA
1 1
- Z R) Z (V © W) (p21,61 te 'pzar(R),cm(R))T((I)R,c,i,cpci,d)
M Reo,zeRS, ( ceRAF
i€lar(R)],c£dEA
1 1
< — Z ar(R2) Z T(PR,cicPesd)
M Reo,zeRC, (R) ceRAF

i€lar(R)],c£dEA
)
=Mdef(r) <M— =9
cf(r) < M-
On the other hand, since 7'(pya) = Xecar P(Pec) @ T(Pea) = 1 @ T(paa) and similarly
T (pys) = 1@ 7(ppy), 50

Z H[pw,wpy,dmz' > H[px,aapy,b]ni’ = H[pa,a:pb,b]ni > E.
c,deA

Hence (G, z,y) is not a robust oracular ()-commutativity gadget, giving the wanted contra-
diction. H

4.3.4 Implications and equivalences

We use the characterisation of robust commutativity gadgets, as well the properties of stable
commutativity from Section 4.3.2 to show some implications and equivalences between
different types of commutativity gadget.

First, we show a lemma relating oracular and non-oracular commutativity gadgets.

Lemma 4.3.13. Suppose (G, x,y) is a Q-commutativity gadget (resp. robust Q-commutativity
gadget, algebraic commutativity gadget) for A such that 7., € mor¢(G, A) for all a,b € A.
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Then, (G, z,y) is an oracular commutativity gadget (resp. robust oracular Q-commutativity
gadget, oracular algebraic commutativity gadget).

Note that the hypothesis of this lemma is always satisfied for commutativity gadgets
constructed from the polymorphism spaces, but not for all gadgets.

Proof. First, if (G, x,y) is a commutativity gadget with m,, classical, then m,; factors
through Mor®" (G, A). Hence, (G, x,y) satisfies property (i) of an oracular commutativity
gadget. Next, to show property (ii), suppose that 7 € mor°?(G, A). Then, by precomposing
with the quotient map Mor* (G, A) — Mor®" (G, A), this induces a representation of
Mor™ (G, A) and by the commutativity gadget property, we have that [m(ps..), 7(pys)] =0
for all a,b € A. The same proof with 7 replaced by the identity also shows that if (G, z,y)
is an algebraic commutativity gadget under the same assumption, then it is also an oracular
algebraic commutativity gadget.

Now, suppose (G, z,y) is an robust commutativity gadget. Let 7 be a tracial state on
Mor?®(G, A). By precomposing with the inclusion map Morl’(G, A) — Mory™ (G, A), T
induces a tracial state on Mor’(G, A), which we refer to as 7. Let m = Y pe, |RY| We
have that

1
def(T,) = — Z ||pa1,b1 te .paar(R)vbar(R) ||72—
m
Reo,acRAb¢RE
1
- Z H(pa1,b1 - (I)R,a,l,bl )paz,bQ " Pagr(ry bar(r)
m Reo,acRA b¢RB
+ (I)R,a,l,ln (pambz - q)R,a,Q,bz )pag,b3 " Paar(rybar(r) +..
2
+ ®R7371,b1 e (pRaa:ar(R)_lvbar(R)—l (paar(R)vbar(R) - (pR’a:ar(R)vbar(R)) + (bR’a:bHT
ar(R)
< . ar(R) Y Pas — Prausll?
=1

Reo,acRADEB

Slw 3=

> ar(R) || ®ran(l = pa.s,)ll7 < 2L7 def(7),

Reo,ac R4 beRB iclar(R)]

where L = maxge, ar(R). Now, let ¢ > 0. As (G, x,y) is an robust commutativity gadget,
there exists 6 > 0 such that if ¢ is a tracial state on Mor;.’(G, A) such that def(yp) < 4,
then Y, peall[Pa.as Pyalllz < €. Suppose that 7 is a tracial state on Morg™(G, A) such that
def() < 52;. By the above, 7’ is a tracial state on Mor.’(G, A) such that def(r') < 4,

and hence Y, peall[Peas Pyslll2 = ZapealllPeas Pyslll? < . So (G, z,y) is a robust oracular
commutativity gadget. [ |
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Oracular

Robust oracular

Non-oracular

Robust

Figure 4.2: Relationships between commutativity gadget classes shown by Theorem 4.3.14.
Trivial implications are denoted by solid grey arrows, the implications (i) — (iv) are denoted
by solid black arrows, the implications (v) and (vi) are denoted by dashed black arrows,
the implications (vii) and (viii) are denoted by dotted black arrows, and the equivalences
(ix) — (xii) are denoted by blue boxes.

Theorem 4.3.14. Let A be a relational structure. Let @ and @’ be finite tensor monoids.

(vi)

(vii)

If Q C Q' and A admits a Q’-commutativity gadget, then A admits a Q-commutativity
gadget.

If @ C @Q and A admits an oracular (Q’-commutativity gadget, then A admits an
oracular ()-commutativity gadget.

If Q C Q" and A admits a robust )’-commutativity gadget, then A admits a robust
Q-commutativity gadget.

If @ C Q' and A admits a robust oracular ()’-commutativity gadget, then A admits a
robust oracular @)-commutativity gadget.

If A admits Q-commutativity gadget, then A admits an oracular Q)-commutativity
gadget.

If A admits a robust ()-commutativity gadget, then A admits a robust oracular
Q-commutativity gadget.

If A admits an algebraic commutativity gadget, then A admits a robust Q-commutativity
gadget for all finite Q).
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(viii) If A admits an oracular algebraic commutativity gadget, then A admits a robust
oracular ()-commutativity gadget for all finite Q).

(ix) A admits a ga-commutativity gadget iff A admits a robust ga-commutativity gadget
iff A admits a robust g-commutativity gadget.

(x) A admits an oracular ga-commutativity gadget iff A admits a robust oracular ga-
commutativity gadget iff A admits a robust oracular g-commutativity gadget.

(xi) A admits a co-commutativity gadget iff A admits a robust co-commutativity gadget.

(xii) A admits an oracular co-commutativity gadget iff A admits a robust oracular co-
commutativity gadget.

The results of this theorem are summarised in Fig. 4.2

Proof. (i) to (iv) follow as the commutativity gadget constructed in Lemma 4.3.3 has
deterministic morphisms 7,4, and every ()-morphism is a )-morphism. (v) and (vi) follow
as the commutativity gadgets constructed in Theorems 4.3.1 and 4.3.11 satisfy the conditions
of Lemma 4.3.13. (vii) and (viii) follow using Lemma 4.3.7 to note that a commutative
quantum polymorphism algebra implies Q-stable commutativity. (ix) and (x) follow by
using Lemma 4.3.8 to equate ¢-stable commutativity and ga-stable commutativity, and
using Lemma 4.3.9 to equate g-stable commutativity and commutativity under Connes-
embeddable representations. Finally, (xi) and (xii) follow by Lemma 4.3.10. [ |

4.4 Polymorphism algebras of the complete graphs

In this section, we study the entangled polymorphisms of the complete graphs K, for n > 3.
This gives an example of how quantum polymorphisms relate to the classical ones, and will
be useful in a few applications, beginning in the following section.

Before studying the quantum case, we mention the classical case, which will motivate
our analysis. It is known that the endomorphisms of a complete graph are the permutations,
and that the polymorphisms take the form of a projection down to one of the components,
followed by a permutation. That is, the polymorphisms f : Kf — K, have the form
f =oom, where 1; : K¥ — K, is the canonical projection 7;(z) = x; and o : K,, — K, is
a permutation. As such, it follows that the commutative algebra Mor(K*, K,,) is generated
by the projections pgq(0 © T;) = 0y(z;)q- To realise the bijection mor(KF, K,,) = S5* at
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the level of the algebra, let z, @ € K” such that x; = 2} but z; # ', for all j # i, and
consider II; = Y, pgaPw o- Then, we have that II;,(o o 7j) = ¢;;, which gives that II; is
independent of the choice of @, # satisfying v; = 2} <= j =i for all j, and that {II; }ic(y)
forms a resolution of identity. By construction, IT; Mor(K* K,) admits the coproduct
A(f)(oomj,Tomy) =0;,f(00oTom), giving that II; Mor(K*, K,,) = C(S,,).

Theorem 4.4.1. For n > 3, mort(K* K,,) is isomorphic to (S;7)"* in the following way:
there exists a central PVM {IL;}¥_, in Mor* (K%, K,,) such that for each i, the C*-algebra

I, Mort(K* K,,) = End*(K,) = S

n

via the *-homomorphism extending II;pz, — Pz, .q-

In the following we always assume n > 3.

Lemma 4.4.2. Let @, ..., x, € K¥ be such that z;; # zy; for all i # '. Then, for all
a € Ky, payat -+ Paa=11in Mor™ (KF K,).

Proof. Since @; ~ g x; for all i # j by hypothesis, we have that ps; psz;,« = 0. As such, the
Da;,a are orthogonal projections, giving pg, o + ... + Pa, o < 1. Summing over a gives

71221221%“1321:”7

and hence the inequalities must all be equalities. [

Lemma 4.4.3. Let x, @ € K such that z; # 2/ for all i. Fix S C [k] and define y, v/ € K*
as y; = x; and y; =z} if ¢ € §, and y; = 2} and y; = x; otherwise. Then, for all a € K,
Paa + Para = Pya + Py .o in Mor™ (K, K,).

Proof. There exist @, ..., x, € KF such that x;; # x,; for all i # ', and z;; # z;, ;. Then,
by Lemma 4.4.2, we have that pyq + Pa o + Dasa + -+ - + Pape = 1 and pyq + py .o + Daga +
...+ Da,.o = 1. Putting these together gives the wanted result. [ |

Lemma 4.4.4. For all z,y € KF and a € K,,, p,, and p,, commute in Mor"(K*, K,,).

Proof. Consider first the case that x; # y; for all i. Then, as © ~g»r Y, PraPya = 0, and
hence they commute by the defining relations of Mor*(K* K,). In the other case, let
S={i|x; =y} # 3. Now, let @,y € K* such that 2} =y} # x; for i € S, and 7, = y;
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and y, = x; for i ¢ S. Hence x, @, y, ¥ satisfy the conditions of Lemma 4.4.3, and hence
Paa + Pata = Pya + Py o Hence, we find that

[pa:,aapy,a] = [pw,aap:c,a +pw',a - py’,a] = _[pa:,aapy'a]-

In particular, this tells us that [psa,py..) does not depend on y; for i ¢ S. Let z € KF be
such that z; = x; = y; for all i € S, and z; # z; and z; # y; for all i ¢ S. Therefore,

[px,aapy,a] = [pm,aapz,a] - _[pz,aapw,a] = _[pz,aapy,a] = _[p:c,aapy,a]a
giving that [pg.q, Pya) = 0. [ |

Lemma 4.4.5. Let S C [k] and define Ilg = 3 ,c k., ParaPya for some @, y € K¥ such that
r; =1y; < 1 €S. Then,

(i) IIs does not depend on the choice of x, y satisfying z; =y, <= i € S;
(ii) IIg is a projection;

)

)
(iii) Ilg is central;
(iv) Hgpsq does not depend on x; for i ¢ S; and
)

(V For T g S, HS = HT + HS\T-

Proof. (i) Let &,y € KF such that ¥, = §; <= i € S Define o,y € K" such that
=yl # x;,&; forallt € S, and z}, = y; and y, = x; for all i ¢ S. Then,

HS = Z Pr.aPya = Z pm,a(pw,a +pa:’,a - py’,a) =1- Z PraPy a
aeK, aceKy, acK,

Next, let @',y € KF such that =/ = ¢} and y = z; for all i € S, and =/ =y # z;, 7,
for all i ¢ S. Then,

HS =1- Z (py’,a +py”,a _pa:",a)py',a = Z Pz’ aPy a-
acEKy aceKy

Then, let #”,y"” € K* such that 2/ = y” # y;,4; for all i € S, and 2" = y, and
y!" =z for all i ¢ S. Then,

HS - Z pm”ﬂ(pml/’“ +pm’”,a - py”',fl) =1- Z Pz aPy" a-
aEKn (ZGKn

123



By construction, @’ is arbitrary such that z/ # z;, Z; for all i, and y"” is arbitrary
" 2 y;,y; for all i. As such, we can reverse the process to get

such that y;
Ho=1— Y Poralyra= D PaaPpa:
aeKn (IEKn

giving the wanted independence.

As pg, and p,, commute by Lemma 4.4.4, p .py.q is a projection. Further, if a # o/,
(PzaPya) PraPya) = PyaPzaPzaPya =0,

so Ilg is a sum of orthogonal projections, and hence it is a projection.

We have that paalls = pzaPyae = PyaPaa = Hspaa-

Let z, @ € K" such that z; = 2} for all i € S. Then, let y € K* such that y; = z; for
all i € S and y; # x;, 2} for all i ¢ S. Then,

HSpa:,a = Pz,aPy,a = HSpy,a = HSp:I:’,a-

Let &,y € K* such that »; = y; <= i € T. Define ¢/, 2 2 € K such that
v =z #x;and z; = z; fori € T, y, = z; = x; and 2} = y; for i € S\T, and
Y, = 2zl # x;,y; and z; = y; for i ¢ S. By construction, Lemma 4.4.3 implies that
Dya +py’,a = Pza t Pz, and

1_[T = Z PraPya = Z p:l:,a<pz,a +sz,a - py/,a) = HS - 1_[S\T- |
aeKn aEKn

Proof of Theorem 4.4.1. Let 1I; = Ilg;, as defined in Lemma 4.4.5. Via Lemma 4.4.5
(ii) and (iii) these are central projections; and via Lemma 4.4.5 (v), 1 = Iy = II; +
gy = .- = i + ... + 11, so we get a PVM as wanted. Now, fix i € [k], and let
¢ : End*(K,) — II;Mor" (K, K,) be the *-homomorphism defined on the generators
O(Pr.a) = ipg, for & with x; = 2. First, due to Lemma 4.4.5 (iv), this is well-defined
on the generators. To see that it extends to a *-homomorphism, it suffices to see that it
satisfies the relations. First, since II; is a central projection, Il;p,, is a projection. Next,

Z(p(pa:,a) = ZHipw,a =1L = 90(1>

Finally, for all z # y, there exists some @, y such that x; = z, y; = y, and z; # y; for all j.

Then

©(Pra)p(Pya) = iPgaPya = 0.
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So ¢ is a x-homomorphism.

For the other direction, let v : Mor*(K* K,) — End"(K,) be the *-homomorphism
defined on the generators as ¥(pgq) = P, q- To see that it is in fact a *-homomorphism, we
verify the relations: p,, , is a projection;

Zw(pw,a) = prwz = 17

and if z; # y; for all j, then

w(pw,a)w(py,a) = Pz;,aPy;,a = 0.

Also, since ¢(IL;) = Y, Pu; aPaia = 1, 9 restricts to a x-homomorphism ¢ : IT; Mor* (KF, K,,) —
End*(K,). It is clear that ¢ = o1, giving the wanted isomorphism. [

Definition 4.4.6. Let f € mor(A, B). Define the character f : Mor® (4, B) — C on the
generators f(pPap) = 0f(a)p-

The map f — f induces the isomorphism R(o) = R o) of Lemma 3.2.9, so it is
well-defined. Recall that 7; : A* — A is the projection onto the i-th component.

Corollary 4.4.7. Let 7 be an irreducible representation of Mor* (K* K,,). Then, there
exists i € [k] and a representation 7’ of Aut™(K,) such that = = 7’ o #;.

Proof. Since 7 is irreducible, there exists a unique i € [k] such that «(II;) # 0 — else
7 is reducible into representations on the supp 7 (Il;). Now, let 7’ = mp, where ¢ is the
embedding into the i-th component from the proof of Theorem 4.4.1. To finish, we have
that

(1 0 7)(Paa) = (7 @ T)AKE 1 (poa) = Y Hilban) © 7' (Pra) = 3 Sam0 (o)
beK, beK,,

= ﬂgp(pl‘na) = 7T(Hipw,a) = 71-(paz(z)- [ |

4.5 Separations

In this section, we use the polymorphism characterisation of commutativity gadgets to
show separations between some of the different types of gadget. In Section 4.5.1, we show
that there exist relational structures admitting no commutativity gadget. In Section 4.5.2,
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we show that complete graphs, which admit an oracular algebraic commutativity gadget,
admit no non-oracular commutativity gadget. In Section 4.5.3, we use constructions based
on solution groups and complete graphs to separate ¢- and ga-commutativity gadgets, and
conditionally separate ga- and co-commutativity gadgets. The results of Sections 4.5.2
and 4.5.3 are summarised in Fig. 4.4.

4.5.1 Relational structures with no commutativity gadget

In this section, we work out a technique for showing that graphs have nonclassical quantum
endomorphisms, and use this to construct small examples of graphs admitting no commuta-
tivity gadget. To do so, we generalise a result of Schmidt [100], used to show that quantum
automorphism groups of graphs are nonclassical.

Theorem 4.5.1 (Schmidt criterion [106]). Let G be a graph and let o, 7 € aut(G)\{id}.

1. If o and 7 have disjoint supports, then aut*(G) # aut(G).

2. If o and 7 have disconnected supports, then aut®*(G) # aut(G).

We extend this by considering graph endomorphisms that are not permutations, which
will give rise to more general quantum endomorphisms.

Definition 4.5.2. Let X be a finite set and let f : X — X be a function. The support of
f is the set supp(f) = {z € X | f(x) # x}.

This agrees with the notion of support for permutations, but not the notion for real- or
complex-valued functions, where the support is the set of points that are not mapped to 0.
The results of [106] hold generally for permutations, but extending them to non-invertible
functions requires the use of an additional assumption.

Definition 4.5.3. Let f,g € end(G). We say f and g are weakly adjacency congruent
(WAQ) if, for all x € supp(f) and y € supp(g) such that  ~¢ y, it holds that f(z) ~g g(y).
This induces a relation on end(G), denoted f ~¢ g.

The WAC relation is a weaker form of the adjacency relation on the exponential graph
G%, where f ~qc g if ¥ ~¢ y implies f(z) ~¢ g(y). We work out some properties of the
WAC relation.
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Lemma 4.5.4. Let G be a graph.

(i)
(i)
(iii)

(iv)

The WAC relation is reflexive and symmetric.
For all f € end(G), idg ~¢ f.

Let f,g € end(G) with disjoint supports. Suppose that for all z ~¢ y such that
x,9(y) € supp(f) and y, f(z) € supp(g), it holds that f(z) ~¢ g(y). Then, f ~¢ g.

If f~¢g g, then fi =g ¢’ for all i,j € N.

Proof. (i) Let x,y € supp(f). If z ~¢ vy, then f(z) ~¢ f(y), since f is an endomorphism.

(ii)
(iii)

Hence f ~¢ f. Also, the definition of f =~ ¢ is symmetric, so it implies g ~¢ f.
idg ~¢ f vacuously, as the support of idg is empty.

Suppose that f and g satisfy the condition in the statement. Let x ~¢ y such that
z € supp(f) and y € supp(g). We need to show that f(z) ~¢ ¢g(y). Consider first
the case that g(y) is a fixed point of f. As the supports of f and g are disjoint,
we must have that z is a fixed point of g. As ¢ is an endomorphism, this implies
that g(y) ~¢ g(z) = x. Next, as f is an endomorphism, g(y) = f(9(y)) ~¢ f(x).
The case that f(z) is a fixed point of g follows by symmetry. Finally, the case that
g(y) € supp(f) and f(z) € supp(g) follows by hypothesis. Hence f ~¢ g.

Suppose, for a contradiction, that f ~g g but f* %5 ¢’ for some (4, j). Then, there
exist x ~g y such that z € supp(f), v € supp(g), and f'(z) =¢ ¢’(y). We may
assume that (i,7) is minimal in the sense that f* ~g ¢’ for all (#/,5') such that
(' <inj <) V(i <ing <j). We may also assume that f”(x) € supp(f) for
all i' < i, since if f¥(z) is a fixed point, then f(z) = f/*'(z) = ... = fi(x), so
we may replace 7 with . In the same way, we may assume ¢/’ (z) € supp(g) for all
J' < j. With this, since f"~! ~g ¢?~!, we have fi1(z) ~g ¢’ (y). Since we also have
fi71(x) € supp(f) and ¢’ *(y) € supp(g), this implies that fi(z) ~¢ ¢’(y), since f
and g are WAC, giving the wanted contradiction. [ |

Lemma 4.5.5. Suppose that f, g € end(G) with disjoint supports.

(i)
(i)

If f and g commute, then f =g g.

If f and ¢ have disconnected supports, then f ~q g.

In particular, (i) implies that a pair of permutations with disjoint supports are WAC.
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Proof. (i) Let z ~¢ y such that = € supp(f) and y € supp(g). Then, as the supports of
f and g are disjoint, x is a fixed point of g and y is a fixed point of f, giving g(x) =
and f(y) = y. Also, go f = fog is an endomorphism, so g(f(x)) ~¢ g(f(y)). Putting
these together with the commutation assumption gives

f(x) = f(g(z)) = g(f(x)) ~a 9(f(y) = 9(y)-

(ii) In this case, if x ~g y, we cannot simultaneously have = € supp(f) and y € supp(g).
Thus we vacuously get f ~q g. [

Proposition 4.5.6 (Schmidt criterion for endomorphisms). Suppose that f,g € end(G)
with nonempty supports.

(i) If f and g have disjoint supports and are WAC, then end?(G) € end(G).

(ii) If f and g have disconnected supports, then end’(G) € end(G).
Proof. For (i), consider the C*-algebra

C*(Zz*Zz) = <p0,P1,QO7Q1 31%2 :p: :Pi,Q? = C]Ek =qi,Po+P1=q +q = 1>-

Let ¢ : End*(G) — C*(Zy * Z3) be the *-homomorphism defined on the generators as
©(Pa,y) = 0oy(Po + qo — 1) + 65(2),yP1 + Og(a),yq1- We want to show that this is a well-defined
+-homomorphism by showing that the ¢(p,,) satisfy the relations of End*(G). If z is a
fixed point of f, the ©(psy) = 62400 + Og(2),yq1, Which is a projection. On the other hand, if
x is not a fixed point of f, then it must be a fixed point of g, s0 Y(psy) = 62yP0 + O f(@)yD1-
Also,

> 0Pay) =@o+@—1)+p+q =1
yeG

So {p(psy) tyea is @ PVM for each x. For the remaining relations, let x ~¢ 2" and y ~¢ v'.
We need to show that ¢(ps.,)¢(par,) = 0. Since f and g are endomorphisms, f(z) ~¢ f(z')
and g(x) ~¢g g(z'). First, suppose that = and «’ are fixed points of f. Then,

@(px,y)¢(px’,y’> = <5m y4q0 + 5 yq1)(5ac ' qo + 5 ),y (h) — 5:v, 533 ' 4o + 5 5 (z"),y g1 = 0

asx ~¢g o’ and g(r) ~g g(x’) but y =g y'. Next, if x, 2" € supp(f), then they are fixed points
of g, so we have by symmetry that ¢(p,,)@(ps,) = 0. Lastly, suppose that = € supp(f)
and 2’ is a fixed point of f (the case that z is a fixed point of f and 2’ € supp(f) will follow
by symmetry). Then,

Qp(px,y)gp(px’,y’) = 5x,y5:n’,y’pOQO + 5x,y59( 1,y Poqd1 + 5f 6$ ' P140 + 5f 5 g(z ’),y’p1Q1-
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The first term is 0 as & ~¢ 2’ but y =g y'. The second term is 0 as z = g(z) ~¢ g(2’), and
similarly for the third term as f(z) ~¢ f(2’) = 2’. Finally, for the final term, if 2’ is also a
fixed point of g, then it is 0 for the same reason as the third term; else 2’ € supp(g), so by
WAC property, f(z) ~¢ g(z'). Hence ©(psy)(par ) = 0, so ¢ is a *-homomorphism.

Composing ¢ with a x-homomorphism to a finite-dimensional C*-algebra gives an
element of end?(G). Since the supports of f and g are disjoint and nonempty, there exist
distinct & € supp(f) and y € supp(g). Then, ©(ps @) = po and ©(Pyg)) = Go- By
composing with the representation extending py — [0)0] and gy — |+)}+|, we get a
non-classical quantum endomorphism.

For (ii), we want to show that ¢ defined in the same way on End°"(G) also extends to a
«-homomorphism. Due to Lemma 4.5.5(ii), f and g with disconnected supports are WAC, so
all the relations but the commutativity relations hold by the proof of (i). To show these, let
x ~¢g x and let y,y' € G. First, if z, 2" € supp(f), ¢(Dzy), ¢(D2 ) € span{po, p1} so they
commute. Similarly, if  and 2’ are fixed points of f, the ¢(p,., ), P(Pary) € span{qo, ¢1},
so they commute. Finally, in the case that x € supp(f) and 2’ is a fixed point of f, we
know that 2’ must also be a fixed point of g, as it is adjacent to an element of supp(f).
As such, 2’ is a fixed point of both f and g¢, so ¢(py ) = 4, which is central. Hence,
¢ : End’t(G) — C*(Zy*Zs) is a *-homomorphism, and we can find that end®?(G) # end®(Q)
by the same argument as for (i). |

Ezample 4.5.7. The diamond graph is the graph D defined by V(D) = [4] and
E(D) = {{1’ 2}’ {2’ 3}7 {37 4}7 {47 1}a {2’ 4}} .

See also Fig. 4.3. Consider the maps f, g : [4] — [4] defined as

fo 1 2 3 4 (1 2 3 4

1214 9=\3 2 3 4/

It is easy to check that these are endomorphisms of D with disconnected supports. Hence
by Proposition 4.5.6 and Theorem 4.3.1, D has no oracular or non-oracular commutativity

gadget. This gives an example of a relational structure with alphabet size 4 with no
commutativity gadgets.

Example 4.5.7 shows that there is a relational structure with NP-complete CSP on
an alphabet of size 4 that does not admit an oracular g-commutativity gadget. Is this
a minimal example? Due to [19], every NP-complete relational structure with alphabet
size 2 has an oracular commutativity gadget. However, the situation in the intermediate
case of alphabet size 3 is not clear. Since the only non-bipartite graph on 3 vertices is the
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3
Figure 4.3: The diamond graph D

triangle K3, every graph with NP-complete CSP on 3 vertices has both a commutativity
gadget and an oracular commutativity gadget — the other graphs on three vertices are
bipartite, for which the classical and quantum CSPs are equivalent and in P [33]. Hence,
Example 4.5.7 is a minimal example among graphs, but not necessarily among all relational
structures.

4.5.2 Oracular and non-oracular gadgets

In this section, we show a strong separation between oracular and non-oracular commuta-
tivity gadgets. More precisely, we exhibit a relational structure with an oracular algebraic
commutativity gadget but not even a g-commutativity gadget.

Proposition 4.5.8. For n > 4, the complete graph K, does not admit a g-commutativity
gadget.

By Theorem 4.3.14, this implies that K, does not admit a @-commutativity gadget
or robust @)-commutativity gadget for any () O ¢, or an algebraic commutativity gadget.
However, due to Theorem 4.2.1, we know that K, admits an oracular algebraic commutativity
gadget.

Proof. By definition, aut™(K,) = S;. It is a standard result in the theory of quantum
groups that C(S;7) is noncommutative for n > 4 [119]. Further, we can explicitly show
that in fact End™ (K,,) has a finite-dimensional noncommutative representation. It is clear
that the following map extends to a noncommutative representation 7 : End* (K,) —
B(C?): m(pop) = m(p11) = [0X0], w(po,1) = m(pro) = [IX1], 7(p22) = m(pss) = [+)+],
7(pe3) = m(ps2) = |—X—|, and 7(p; ;) = 0;; otherwise. As such end?(K,) € end(K,,), so
by Theorem 4.3.1, there is no ¢g-commutativity gadget for K. [ |

130



oalg 0co oqa 0q

qga q

Figure 4.4: Separations between commutativity gadget classes; robust commutativity gadgets
are not shown in this figure, due to the equivalences in Theorem 4.3.14. The separation
between oracular and non-oracular commutativity gadgets is due to Proposition 4.5.8, and
the remaining separations are due to Theorem 4.5.9. The dashed line indicates a separation
relying the existence of a non-hyperlinear group.

4.5.3 Separations based on solution groups

In this section, we show the following result, which relies on the full characterisation of the
quantum polymorphisms of the complete graph studied in Section 4.4.

Theorem 4.5.9. There exists a relational structure that admits a g-commutativity gadget
but no ga-commutativity gadget.

If there exists a non-hyperlinear group, then there exists a relational structure that
admits a ga-commutativity gadget but no co-commutativity gadget.

Here we make use of the solution group presentation of the entangled homomorphism
algebras corresponding to linear relational structures, introduced in [12]. Recall that LIN
is the boolean structure over opn = {Lp, | n € N,be€ {0,1}} with relations L%;an =
{a€Zy|a+...+a, =0} We call a relational structure A linear if it is over opx.

The solution group of A is the finitely-presented group I'(A) with generators z,
for a € A and J subject to the relations z2 = 1 for all a € A, J*> = 1, x,J = Jx, for

all a € A, and x4, - 2,, = J® and Ta;Ta;, = Ta;Tq; if @ € Lén and i,j € [n]. For linear
relational structures Mor®" (A, LIN) & C*T'(A)/{({J + 1)), the full group C*-algebra modulo
the relation J = —1, via the *-homomorphism pg, — 5(1 + (—1)°z,).

A linear relational structure is homogeneous if L{!, = @ for all n, and for a given linear
relational structure A, its homogenisation is the homogeneous linear relational structure
Ap with domain ®(Ay) = ©(A) and relations Lé ¥ = L{, U L{,. The homogeneous
solution group of A is the quotient group I'y (A) = I'(A)/{(J)). Then, I'(An) = T'y(A) X Zs,
so if A is homogeneous Mor®* (A, LIN) & C*T'(A).
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The separation relies on prior work of Slofstra that constructed solution groups with no
noncommutative finite-dimensional or Connes-embeddable representations (i.e. representa-
tions with image embedding into R*).

Theorem 4.5.10 ([109, 110]). There exists a linear relational structure A such that I'(A)
is noncommutative and hyperlinear, and J — 1 in every finite-dimensional representation.

If there exists a non-hyperlinear group, then there exists a linear relational structure A
such that I'(A) is noncommutative and J + 1 in every Connes-embeddable representation.

We begin by extending these results to get solution groups with no non-trivial finite-
dimensional or Connes-embeddable representations. A similar construction has been inde-
pendently developed in [59].

Lemma 4.5.11. There exists a homogeneous linear relational structure A with two
distinguished elements ay, as € A such that 'y (A) is hyperlinear, [z,,, Ta,] # 1, [a,, Ta,)? =
1, and Ty (A)/{[xe,, Tay])) is trivial.

In particular, we have that the subgroup generated by z,, and z,, is isomorphic to
the dihedral group D,. Note that when referring to group elements, the commutator [, -]

represents the group commutator [x,y] = xyxty~L.

Proof. Let A be the linear relational structure defined as follows: ®(A) is the set of order-
two elements of the alternating group As, Lé3 is the set of tuples (a, b, ¢) such that abc =1
in A;,! and R = & for all the remaining relations. Now, due to [53, Remark 6.9], Tz (A) is
isomorphic to the unique perfect central extension of A; by Zs; thus it is finite and therefore
hyperlinear. Also, the map ¢ : ['y(A) — A7, z, — a is a surjective group homomorphism.

Next, let a; = (12)(34) and as = (23)(56). In A7, [a1,a2] = (14)(23) which is a
nontrivial order-two element. By construction z,,z,,7,, is an order-two element, whose
image under the homomorphism ¢ : I'y(A) — A7 is ajasa; = (13)(24). As such, there
exists z € ker¢ such that z,,%,,T4, = Ta,a.0,2- But, squaring both sides gives that
1 = (24, %0y%a,)* = @2 ,,,, 2> = 2°, as the kernel is central. But since ker ¢ = Zs, we must
have z = 1 and thus z,, 24, T4, = Tajasa,- SiNCE a = a2, b = ajasay, and ¢ = ajasaias are
all order-two elements of A7 satisfying abc = 1, we have that z,zpx. = 1 in I'g(A). This
implies that

Te = TpTaq = TayTayTayTay = [Tays Lag),

!Note that the two conditions together imply that the subgroup (a,b,c) C A7 is abelian: if abc = 1 and
a,b, c have order 2, then ab=c"! =c= (ab)~! =b"la"! = ba.
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which is therefore a non-identity order-two element of Iy (A).

It remains to show that the normal subgroup generated by z. is the whole of I'y(A).
Consider the subgroup H = ((z.)) ker ¢. Since A7 = I'y(A)/ker ¢ is simple, H/ ker ¢ is
either trivial or isomorphic to A;. The first case would imply that z. € ker ¢, which is
impossible as it has order two. As such, the second case must hold, giving that H = 'y (A).
If (z.)) Nker ¢ = {1}, then 'y (A)/{(x.)) = ker ¢. Since ker ¢ is abelian and 'y (A) is perfect,
this is a contradiction. This implies that ker ¢ C ((z.)), and hence (z.) = H =T'y(A). B

Lemma 4.5.12. Let A be a linear relational structure. Then, there exists a homogeneous
linear relational structure B such that ['(A) = 'y (B).

Proof. Define B as follows. Let ©(B) = D(A) U {j}, for every a € L{, put ain L, for

every a € L, put (a1,...,a,,j) in L, ., and for every a € A put (a, j,a,j) in L. Then
it is clear that x, — z, and J +— z; induces an isomorphism I'(A) — 'y (B). [

Lemma 4.5.13. There exists a homogeneous linear relational structure A with distinguished
elements a # j € A such that I'y(A) is hyperlinear, z, # 1 in 'y (A), and 'y (A)/{(x;)) is
trivial.

Proof. Let B be the linear relational structure corresponding to the Mermin-Peres magic
square [88, 101], i.e. D(B) = [9], and relations

Ly ={(1,2,3),(4,5,6),(7,8,9),(1,4,7),(2,5,8)}

and Ly = {(3,6,9)}. We know I'(B) is finite, and therefore hyperlinear, and that [y, z5] =
[g, z4] = J. Let B’ be the homogeneous linear relational structure such that I'(B) = T'y (B’)
constructed in Lemma 4.5.12. So, in 'y (B’), [z1,25] = [22, 24] = x;. Now, let A; and A,
be two distinct copies of the relational structure from Lemma 4.5.11 with distinguished
elements a1, a2 € Ay and asy, ass € Ay. Take A to be the homogeneous linear relational
structure with domain D(A4) = D (B )UD(A;)UD(A,) and relations R4 = RF'U R U R,
except for R = Lo where L, = L¥, U Liyu LOAE U {(a11, 1), (a12,5), (ag1,2), (aze,4)}. Let
the distinguished element a = 1.

By construction, I'g(A) is the amalgamated free product of I'y (B’), 'y (A1), and 'y (As)
over the dihedral groups Dy = (x1,25) = (X4, Tayp) and Dy = (29, 24) = (Tayy, Tagy)-
Since we know that I'y(B’), 'y (A4;), and I'g(As) are hyperlinear, we have that I'y(A) is
hyperlinear. This also implies that z, = 21 # 1, and that [z,,,, Ta,,] = [71,25] = z; and
[Tagys Tayy] = [T2,24] = x; in T'y(A). Now, we take the quotient by the relation z; = 1.
Since [Zay,, Tay,] = 4, we take the quotient of I'y(A;) by [Zay,, Tay,]- By Lemma 4.5.11,
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this implies that the image of I'y(A;) in I'y(A)/{(x;)) is trivial, and hence x4, = x4, = 1,
which gives 21 = x5 = 1. Proceeding identically with 'y (Ay), we also get zo = 24 = 1.
Now, the relations of I'(B) imply that x3 = x129 = 1, 16 = 2425 = 1, 17 = 124 = 1,
Ty = Tox5 = 1, and xg = x3xex; = 1. Therefore I'y(A)/{(x;)) is trivial. |

Lemma 4.5.14. Let A be a linear relational structure. Then, there exists a linear relational
structure A’ such that there is a subset S C ©(A) such that {z, | a € S} generates I'(A4’),
foralla € S, x, # 1 or J in I'(A’), and there is an embedding I'(A) < T'(A’) such that
J — J. Further, if T'(A) is hyperlinear, so is I'(4’).

Proof. Let A’ be the linear relational structure with domain ®(A’) = D(A)UD(A) x [2] and
relations R4 = R*, except for R = L3, where we take L{s = LU {(a, (a,1), (a,2)) | a € A}.
This means that I'(A’) is constructed from the I'(A) by splitting each x, into the product
T(a,1)%(a,2), Where we know x(, 1y and x(q2) commute. Since I'(A) C I'(A’), this immediately
gives a natural embedding. Next, we take S = ©(A) x [2]. It is clear that {z,|a € S}
generates I['(A’); and for each a, x(,1) is free except that it it has order 2 and commutes
with x4, and hence we must have that neither z(,,1) nor x(42) = 7(,1)7, are trivial.

To finish, we need to show that if I'(A) is hyperlinear, so is I'(A’). For any a € A,
adding x(,,1) and z(,,9) can be seen as taking the amalgamated free product of I'(A) with a
power of Z, corresponding to (J, ¥(q,1), (a,2))- If 2o =1 or J in I'(A), then it corresponds
to amalgamating with Z32 over Z, = (.J); else, it corresponds to amalgamating with Z3 over

Z5 = (J,xg) = (J, 201 %(z))- As amalgamated free products over finite abelian groups
preserve hyperlinearity, we get the wanted result. |

Lemma 4.5.15. Let A be a linear relational structure such that J # 1 in I'(A). Then,
there exists a homogeneous linear relational structure B with a distinguished element j € B
such that there exists an embedding I'(A) — I'y(B) such that J — z;, and 'y (B)/{(x;))
is trivial. Further, if I'(A) is hyperlinear, so is I'y(B).

Proof. Let A" be the linear relational structure and let S C ©(A’) be as constructed
from A in Lemma 4.5.14. Let A” be the homogeneous linear relational structure such
that T'(A") = I'y(A”) constructed in Lemma 4.5.12. For each a € S, let A, be a copy
of the linear relational structure from Lemma 4.5.13 with distinguished elements «, #
Jjo € A,. Now, define B as the homogeneous linear relational structure with domain
D(B) = D(A") U ,es D(A,), and relations RP = RA" U U,cq R except for R = Lo
where LF, = L'y UU,es (L3 U {(a 0u), (j,ja)}).-

Now, I'y(B) is the amalgamated free product of I'y(A”) and the I'y(A,) over the
subgroups 73 = (x,,1;) = (%a,,T),),since since z,, # 1 and z, # 1 for all a € S by
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Lemma 4.5.13 and Lemma 4.5.14, respectively. By construction, if I'(A) is hyperlinear, so
is 'y (B). Next, we can take ¢ to be the homomorphism I'(A) — 'y (B) extending z, — z,
for all @ € A, and J — z;, which is an injection [77].

Next, consider the quotient of I'yy(B) by the relation x; = 1. Since z;, = 1 in the image
of 'y (A,), we have that that image is trivial by Lemma 4.5.13. In particular, z,, =z, =1
for all a € S, so I'g(B) is trivial. [

The following two theorems construct the solution groups with no nontrivial finite
dimensional or Connes-embeddable representations.

Theorem 4.5.16. There exists a homogeneous linear relational structure A such that
'y (A) is noncommutative and hyperlinear but 'y (A) is trivial under any finite-dimensional
representation.

Proof. Let Ay be the linear relational structure such that I'(A4y) is noncommutative and
hyperlinear, and J + 1 in every finite-dimensional representation from Theorem 4.5.10. Next,
let A be the relational structure constructed from Ay in Lemma 4.5.15. Suppose 7 is a finite-
dimensional representation of 'y (A). Then, 7 o ¢ is a finite-dimensional representation of
['(Ap). Therefore, m(x;) = 1. As such, 7 factors through to a representation of I'yy(A)/{(z;))-
But we know, this quotient is trivial, so 7 is trivial. |

Theorem 4.5.17. Suppose there exists a non-hyperlinear group. Then, there exists a
homogeneous linear relational structure A such that I'y(A) is noncommutative but I'g(A)
is trivial under any Connes-embeddable representation.

Proof. We proceed in the same way as in Theorem 4.5.16 starting from the relational
structure Ay such that I'(A4p) is noncommutative and J +— 1 in every Connes-embeddable
representation from Theorem 4.5.10. [ |

Before passing to the proof of the main theorem of this section, we establish the
connection between the solution groups studied above and polymorphisms.

Definition 4.5.18. Let A be a relational structure. We define the completion of A to be the
relational structure Ax with domain ®(Ax) = ©(A) and relations R(Ax) = R(A) U{E},
where F = {(a,b) € A% | a # b} is the (arity-2) edge relation of the complete graph.

Lemma 4.5.19. Let A be a relational structure with |A] > 3. Then, the quantum
polymorphism space of the completion is mor® (A%, Ax) = end™ (Ag)"*.
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Proof. Let n = |A|. We can see Mort (A% Af) as the quotient of Mor™ (K*, K,,) by the
additional relations coming from A; and similarly for End™ (Ag) with regards to End™ (K,,).
Recall the isomorphisms implied by Theorem 4.4.1: ¥ : Mor* (K* K,,) — End ™ (K,)®* and
® : End™(K,,)®* — Mor*(KF, K,,) defined on the generators as ¥(pyo) = prya® - - D Dy
and @((prq)i) = ;psq where (p,0)i =08 ... 808 p,, ®0& ... 50, for p,, in the i-th
component, and « is such that z; = 2. Also, let ¢; : Mor™ (K* K,) — Mort (A% Ag) and
Lo End*(K,)® — End" (Ag)®* be the quotient maps. First, we show that 1, ¥ satisfies
the additional relations of Mor™ (A%, Ax). In fact, let R € R(A), z1,..., o, € R,and a ¢ R.
Then,

= (Perrar D -+ © Payyar) (pzlar(R)vaar(R) D... DDy, ar(R)faar(R))

= (pxll,al te .pxlar(R)vaar(R)) @ st @ (pxklyal o .pxkar(R)7aar(R)) = 07
as Pujiar Doy an(rytary = 0 111 End*(Ag). Therefore, ¥ induces a *-homomorphism U
Mor™ (A% Ag) — End™ (Ag)®k.

For the other direction, we want to show that +1® respects the additional relations of
End™ (Ag)®*. In fact, let i € [k], R € R(A), ¢ € R, and a ¢ R. Then, letting z;; = z; for
all i € [k,

L1®<<pxl7al)i> T Ll@((pmar(R)’aar(R))i) = Hipmlval T Hipmar(R)faar(R)
= Hi(pwl,al o 'pwar(R),aar(m) =0.

Therefore, ® induces a *-homomorphism ® : End* (Ax)®* — Mor™ (A}, Ax). To finish,
note that ® = W~ which follows since ® = w1, [

Next, we make use of a graph encoding of the homomorphism structure of a pair of
relational structures, from [58].

Definition 4.5.20. Let A and B be o-structures. G(A, B) is the bipartite coloured graph
with vertex set

{(a,b) |la€ A, b€ B}U {(R,a,b) | RE0,ac R*, bc R®: a; =a; = b; = b;},
edges (a,b) ~ga,p) (R, a,b) iff there exists there exists ¢ € [ar(R)] such that a; = a

and b; = b, and unary colour relations C, = {(a,b) | b€ B} for all a € A and C(pq =
{(R,a,b) | b€ RP} for all R € 0 and a € R*.
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For linear constraint systems, the completion of the graph encoding has quantum
transformations given by the solution group.

Theorem 4.5.21. Let A be a linear relational structure. Then end™(G(A,LIN)g) =
mor®* (Ay, LIN).

Recall that Ag is the homogenisation of A, where all relations are mapped to homoge-
neous relations.

Proof. First, note that, in End"(G(A, LIN)), due to the unary relations on G(A,LIN),
Papy @) = 0if a # a, prap, .oy = 01 (R,a) # (R, d), and pup) (ras =
P(R,ab),(ab) = 0 always. Then, define puy)y = Pap)(ap) A P(Rap)b = P(Rab),(Rab):
These generate End ™" (G(A, LIN) k) subject to the relations S ez, Plab)y = dobezs Plab) b =

W eRLN P(R,a,b)b = 2-beRLN D(R,a,b),0' = 1, and P(ap) wP(r,ap), = 0 if there exists i € [ar(R)]
such that a; = a and for all such i, b; = b but b} # b'. First, note that the first two relations

are P(a,0),0 + P(a,0),1 = P(a,1),0 T Pa,1),1 = P(a,0),0 T P(a,1),0 = P(a,0),1 T P(a,1),1 = 1. This implies
that p,0),0 = Pa,1),1 and p,0)1 = P(a,1),0- Next, we have that

P(R,a,b),b¥ = p(ai,bi),b;p(aj,bj),b;.p(R,a,b),b’ = p(aj,bj),b;.p(ai,bi),b;p(R,a,b),b’a

SO [p(%bi)’b;,p(aj7bj)7b;]p(R,a7b)7b/ = 0. But, since LIN is boolean, this implies that for all ¢, €

Lo, [p(ai,bi),c,p(aj,bj)ﬁ/]p(R,a’b)’b, =0, so we can sum over b’ and get [p(ai,bi),c,p(aj,bj)vc,] = 0. By
the relations on the p(q),, this gives in fact that [p, p).c, P, p)] = 0 for all b,b', ¢, ¢’ € Z,.
Then, we have that

p(Rvavb)7b/ = p(alvbl)vbll o .p(aar(R)vbar(R))vb p(R7avb)7b/ = p(a17b1)7b/1 o .p(aar(R)vbar(R))vb

/ / .
ar(R) ar(R)

In particular, this implies that pr a.b),5 = P(R,a,0),6+ -

Now, define the map ¢ : End™ (G (A, LIN) ) — Mor®" (Ay, LIN) on the generators by
Sp(p(a,b),b’) = Da b+ and go(p(R,a,b),b’) = pal,b1+b’1 .o 'paar(R)vbar(R)er;r(R)' To see that this extends
to a *-homomorphism, it remains to see that the relations of Mor™ (G(4, LIN)x) remain
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satisfied. In fact, the ¢ (p(p)) and ©(p(r,a,p),p) are projections;

> ePany) = Y Papiv =1,

b/GZQ bIGZQ
Z s0(19(&1)),17’) = Z Papiy = 1,
beZ2 bEZo
Z gp(p(R,a,b),b/> = Z pal:b1+b/1 o .paar(R)vbar(R)+b;r(R) = Z pal’bl o .paar(R)vbar(R) = 17
b € RLIN b € RLIN bEZar(R)

2

Z gp(p(Rvaab)vbl) = Z pa17b1+b/1 o .paar(R)vbar(R)"'bgr(R) = Z pa17b1 o .paar(R)vbar(R) = 1’
be RLIN be RLIN beZar(R)

>
and for @ € R4, b, b’ € RMN and v # V],
Qp(p(ai,bi),b’)@(p(R,a,b),b’) = Paibi+b'Parbi+b] """ Paar(g) bar(r)+bar(ry
= Day bitb Pag,bi+b,Par b6, Page(ry bar(r) Fbary = O-
Next, define the map 1 : Mor®" (A, LIN) — End" (G(A4, LIN) ) on the generators by

Y (Pap) = P(a0)p- Again, to see that this extends to a *-homomorphism, it suffices to see
that the relations of Mor®* (Ag, LIN) remain satisfied. In fact, the 1(p,;) are projectors;

Z ¢<pa,b) = Z P(a,0),b = 17

beZs beZo
and for @ € R4¥ and b ¢ RN,
V(Parbr) W (Paery bariry) = Plar,0)b1 ** Plane(ry 0) barcry = O
as D pe RUN D(ar,0),b1 * " Plaar(ry ) bar(ry = 2-beRUN P(R,a,0),b = L; and if @ € R4, we have that
[V(Paip)s ¥ (Pay )] = [Plas,0),00 Play,0)00] = 0.
Finally, to finish the proof, note that ¢ = 1~! since they are inverses on the generators.
|

Now we can pass the the proof of the main theorem of this section.

Proof of Theorem 4.5.9. Let A be the homogeneous linear relational structure constructed
in Theorem 4.5.16. Let G = G(A,LIN)k. Then, by Lemma 4.5.19 and Theorem 4.5.21
Mor™(G*, G) = End™ (G)®* = Mor®" (A, LIN)®* = C*(T'(A)*). Now due to Theorem 4.5.16,
every *-representation of Mor™ (G¥, G) into an element of ¢ is trivial, but there is a non-
commutative x-representation into an element of qa.

For the second part, we proceed the same way using the homogeneous linear relational
structure constructed in Theorem 4.5.17. [ |
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4.6 Complexity of deciding the existence of a commu-
tativity gadget

In this section, we lower-bound the hardness of deciding if a relational structure admits
certain types of commutativity gadget.

Theorem 4.6.1. (i) The problem of deciding if a given relational structure admits a
g-commutativity gadget is undecidable.

(ii) The problem of deciding if a given relational structure admits a ga-commutativity
gadget is undecidable.

(iii) The problem of deciding if a given relational structure admits a co-commutativity
gadget is coRE-hard.

(iv) The problem of deciding if a given relational structure admits an algebraic commuta-
tivity gadget is coRE-hard.

To show this, we make use of the hardness results for linear system games due to
Slofstra [109, 110], as well as the reductions of Section 4.5.3.

Theorem 4.6.2 ([109, 110]). Given a linear relational structure A as input it is

(i) Undecidable to decide if there exists a finite-dimensional representation of I'(A) where
J is non-trivial.

(ii) Undecidable to decide if there exists a Connes-embeddable representation of I'(A)
where J is non-trivial.

(iii) coRE-complete to decide if J is non-trivial in I'(A).

Proof of Theorem 4.6.1. For (i), we make use of Theorem 4.6.2(i). Let A be a linear
relational structure. Then, in the same way as Theorem 4.5.16, there exists a homogeneous
linear relational structure B such that ['(A) embeds into Iy (B) and every finite-dimensional
representation of ['y(B) is trivial iff J + 1 in every finite-dimensional representation of
I'(A). The forward implication follows from the fact that the construction of Lemma 4.5.15
allows any finite-dimensional representation of I'(A) where J 4 1 to be lifted to a nontrivial
finite-dimensional representation of 'y (B), as it is based on solution groups with faithful
finite-dimensional representations. Next, as in the proof of Theorem 4.5.9, there exists a
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relational structure G = G(B,LIN)g such that Mor™ (G*, G) = C*(I'y(B)*). Therefore,
every finite-dimensional representation of Mor™(G¥, G) is abelian iff J + 1 in every finite-
dimensional representation of I'(A). Due to Theorem 4.3.1, G admits a g-commutativity
gadget iff J +— 1 in every finite-dimensional representation of I'(A). Due to Theorem 4.6.2,
it is undecidable to decide the latter, so it is undecidable to decide if a relational structure
admits a g-commutativity gadget.

(ii) follows in the same way from Theorem 4.6.2(ii); and (iv) follows in the same way
from Theorem 4.6.2(iii). Since relations in group algebras hold if and only if they hold for
every co-representation, (iii) is equivalent to (iv). |
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Chapter 5

Reductions beyond commutativity
gadgets

The reduction between CSPs based on minion homomorphisms of Theorem 2.10.2 has
been extended to gapless entangled CSPs in [35]. In this chapter, we extend this further
to capture the gapped case, and use this reduction to show hardness of entangled CSPs
that do not admit commutativity gadgets. In Section 5.1, we introduce minions, and
define a dual notion called a cominion, for entangled polymorphisms. In Section 5.2, we
give a proof of the gapless reduction between CSPs implied by a minion homomorphism.
In Section 5.3, we prove a gapped reduction implied by a stable analogue of a minion
homomorphism. In Section 5.4, we show that cominion homomorphisms imply stable minion
homomorphisms. In Section 5.5, we use minion homomorphism-based reductions to show
hardness for some CSPs which do not admit commutativity gadgets. Finally, in Section 5.6,
we use minion homomorphisms to show the equivalence of entangled CSPs in the oracular
constraint-constraint and constraint-variable frameworks.

5.1 Entangled polymorphism minions

In this section, we show that entangled polymorphisms admit a minion structure.

Definition 5.1.1. Let A be a o-structure, and let () be a tensor monoid. The Q-
polymorphism minion of A is the minion pol?(A) with levels pol?(A), = mor®(A”, A)
and minor operations defined via ¢/ (Paa) = @(Paor, @) for 7 : [n] — [m] and ¢ € pol?(A),.
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The oracular @-polymorphism minion of A is the minion poloQ(A) defined in the
same way based on the morphism spaces mor®@ (A", A).

Lemma 5.1.2. pol?(A) and pol®?(A) are well-defined as minions.
The proof of this lemma requires that the minor operations send representations to

representations. To do this in a clean way, we introduce a dual notion of a minion, in the
spirit of Section 3.2.2, and defer the proof to the end of this section.

Definition 5.1.3. A C*-cominion .# is a collection of C*-algebras .#,, called the
levels, for n € N such that for every function 7 : [n] — [m] there exists a *-homomorphism
o, 0 My — My, called a minor homomorphism, satisfying ®iq = id, and for 7 : [n] — [m)]
and 7' : [m| — [k], Pr 0 P = Doy

A C*-cominion is a contravariant functor from a skeleton category of sets (with sets
in bijection identified) to the category of C*-algebras with morphisms given by the *-
homomorphisms. Relaxing the C*-algebra condition to a semi-pre-C*-algebra condition
gives a semi-pre-C*-cominion.

Definition 5.1.4. Given a C*-cominion .# and a tensor monoid (), the Q-minion of .#Z
is the minion .Z% with levels

MO = {p: My, — M |7 is a x-homomorphism and M € Q},
and minor operations ¢/, = @ o ®.

Lemma 5.1.5. .#¢ is well-defined as a minion.

Proof. First, for 7 : [n] — [m], ®, : M, — M, and thus for o € A2, po &, € M.
Next, since ®iq = id, ¢/iq = ¢ 0id = . Finally, for 7 : [n] — [m] and 7’ : [m] — [K],

((p/ﬂ)/ﬂ'/ =@/ 0 Q= @ o Cr0d = @ o Qrror = P /nlom- u

Before passing to the particular case of entangled polymorphisms, we show the following
useful result about minion homomorphisms.

Lemma 5.1.6. Let .#Z and .4 be C*-cominions, and let ) be a tensor monoid. Suppose
there are *-homomorphisms =,, : 4, — .#, for all n € N that intertwine the ®,. Then,
there exists a minion homomorphism ¢ : #9 — A9,
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We call the sequence of maps above a cominion homomorphism = : .#Z — .4 (note
the change in the direction of the arrow).

Proof. For ¢ € <2, define &,(p) = p o Z,,. Then, this induces a minion homomorphism
since, for 7 : [n] — [m],

fm(gO/ﬂ-) :SOO(I)WOEm:woanoq)wzgn(gp)/ﬂ” u

Definition 5.1.7. Let A be a o-structure. The polymorphism cominion of A is the
C*-cominion Pol™(A) with levels Pol™(A), = Mor™ (A", A) and minor homomorphisms
defined via ®;(paa) = Paora for m: [n] = [m], a € A™, and a € A.

The oracular polymorphism cominion of A is the C*-cominion Pol®"(A) defined
identically based on the C*-algebras Mor®* (A", A).

Lemma 5.1.8. Pol"(A) and Pol°"(A) are well-defined as C*-cominions.

Proof. First, we show the non-oracular case. For 7 : [n] — [m], we need to see that @, is a
x-homomorphism, that is it preserves the relations of Mor®(A™, A). First, it is direct to
see that for any @ € A™, {®(paa) taca = {Paor.ataca is a PVM in Mor™ (A", A). Next, let
R € o, and writing k = ar(R), let (a4, ..., a;) € R and (a4, ..., ar) ¢ R*. Since inclusion
in the relations of cartesian products of relational structures is decided componentwise,
we have that (ajom,...,a,0om) € RY". As such, we get that ®;(Da,.a,) *** Pr(Paya) =
Pajor,ar * * * Pagoma, = 0, 50 @ is a *-homomorphism. Next, it is easy to see that ®;q = id.
To finish this case, note that

((I)Tr o q)ﬂ'/)<pa,a) = (I)Tr(paow’,a) = Paon’om,a = (I)Tr’o7r<pa,a)7

which extends to the whole of Mor™(A™, A) by the *-homomorphism property.

To show the oracular case, it suffices to show that ®, also preserves the additional
commutation relation of Mor®" (A™, A). In fact, if @ and a’ appear in the same relation of
A™ then aom and a o 7" appear in the same relation of A", so for any a,a’ € A,

[q)w (pa,a)u (I)Tr<pa’,a’)] - [paOW,aapa’ow,a’] = 0. |

Proof of Lemma 5.1.2. Tt suffices to note that pol?(A) = Pol™(A4)? and pol®?(A)
Pol®"(A)?, and use Lemma 5.1.5.
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5.2 Gapless reduction

In this section, we give a proof that minion homomorphisms between the associate poly-
morphism minions imply reductions between gapless CSPs.

Lemma 5.2.1. Let A be a o-structure, and B and Y be 7-structures. Let X be the

o-structure constructed in Theorem 2.10.2. Then, there exists a x-homomorphism ¢ :
Mor’* (X, A) — Mor®* (Y, B).

Proof. Recall that X = X/ ~ where Xo = [ |,cy A° P Uperyery AR” and the equivalence
relation is given by (y;, a) ~ (R y, ao ;). Now, define ® via ®(pj(y,a)l.a) = ZbeB: a(b)=a Py.b
and @ (pi(r,y,a),a) = 2beRE: a(b)=a Py,b, Where we recall that py, = py, b, - pyar(R)7bar(R) First,
note that ® is well-defined on the generators, since for R € 7, y € RY, and a € A®B)

(I)(p[(R,y,aom)],a> - Z Py,b = Z Pyb = Z Py b = (D(p[(yi,a)],a)~
beERB: a(b;)=a beBar(R): a(b;)=a beB: a(b)=a

To extend ® to a *x-homomorphism, it remains to show that it satisfies the relations of
Mor®* (X, A). Since they are sums of orthogonal projectors, ®(pj(.a).0) 20d P(P[(Rr,y.a),a) 2T
projectors — note that for y € RY, p, 4 is a projector in Mor®" (Y, B) (but not necessarily
in Mor™ (Y, B)). Next,

> P(pyaa) = D Pys =1

acA beB
> P(Piryata) = D Pyy=1.
acA beRB
Now, let S € o and € SX, and let a ¢ S4. Write n = ar(S). Either x; = [(y, a;)] for
B
(ar,...,a,) € S or z; = [(R,y, a)] for (ay,...,a,) € SA™ , for all i. In the first case,
P(Prra1) - P(Papan) = Z Pyby = Pypn = Z Py =0,
b, bn€B beB
a;(b;))=a; ai(b)=a;

as the sum is empty, given that a;(b) = a; for all i would imply that a € S“. In the second
case,

q)(pzl,m) T q)(pfcman) = Z Pyby - Pybp, = Z Pyb = 0
b1,...,bn€RB beRB
a;(b;)=a; a;(b)=ai

as the sum is empty as above, given that a;(b) = a; for all i would imply that a € S*. For
the final relations, let S € 0, x € S¥, and a,d’ € A. Since ®(p,,,.) and ®(p,, ) are in the
span of the same PVM in both of the cases (as considered above), they must commute. W
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Corollary 5.2.2 ([38]). Let A, B, X,Y,® be as above and let () be a min-tensor monoid.
If there exists a @Q-morphism ¢ € mor®?(Y, B), then mor°?(X, A) and mor%(X, A) are
nonempty.

Proof. We have that ¢ o ® € mor®?(X, A) and, taking ¢ : Mor™ (X, 4) — Mor®" (X, A) to
be the quotient map, we have that ¢ o ® o ¢ € mor?(X, A). [ |

Lemma 5.2.3 ([38]). Let A, B, X,Y, @ be as above. Supposing that there exists a minion
homomorphism ¢ : pol®?(A) — pol°?(B), if mor®?(X, A) is nonempty, then mor*?(Y, B) is
nonempty.

Identically, supposing that there exists a minion homomorphism € : pol?(A) — pol°?(B),
if mor?(X, A) is nonempty, then mor°?(Y, B) is nonempty.

Proof. We show the oracular case. The non-oracular case is identical, as the proof does not
depend significantly on the internal structure of the minions.

First, note that since X is constructed as a disjoint union of powers of A, we have
for each y € Y a x-homomorphism ®, : Mor®"(A®®B) A) — Mor" (X, A) given by
D, (Paa) = Ply.a).a; and for all R € 7, y € RY a *-homomorphism @y, : Mor®" (A% A) —
Mor®" (X, A) given by ®r y(pau) = P((Ry,a)q- Taking m; : R® — D(B) to be the projection
onto the i-th component, the cominion structure of Pol°" (A) gives rise to a *-homomorphism
D, - Mor® (A2B)] A) — Mor® (AR” | A). Tt is easy to see that ®p, 0 &, = ,,, since

(Pry © Pr;)(Paa) = PR y.aom)a = Plyia)a = Py; (Paa)-

Now, let ¢ : Mor®" (X, A) = M € @ be a *-homomorphism. We have Q-polymorphisms
@ o ®, € mor?(AP) A) and ¢ o By, € mor*?(AR” A). The minion homomorphism
can act on these polymorphisms to give £(p o ®,) € mor®?(B®®) B) and &(p o ®g,) €
moroQ(BRB, B). Note that these must all be homomorphisms into the same space. By
taking N > |RP|,|D(B)|, there exist surjective maps 7 : [N] — D(B) and 7y : [N] — RZ,
and thus using the cominion structure & o(p) = {n © @ and & s = En 0 P, Hence, they
have the same codomain, which we denote N' € Q. Now, we define the *-homomorphism
¢’ : Mor®" (Y, B) — N on the generators as ¢'(p,) = £(¢ 0 D) (pidys), where idg € B2E)
is the identity map. To see that this gives an element of mor®?(Y, B), it suffices to see that
it satisfies the relations of Mor?* (Y, B). First, since £(p o @) is a *-homomorphism and
{Piagpteen is a PVM in Mor®™ (B®®), B), {¢/(pys) }eep is a PVM in V. Next, let R € 7
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and y € RY, and write n = ar(R). If b ¢ RP, then

@' (Pyrbn) ' (Pynbn) = E(0 0 Py) (Pidg pr) - -+ E(0 0 Py, ) (Pids b))
= 5(%0 © CI)R,y)((I)m (pidB,bl)) - &(po (DR,y)((PTFn (pidB,bn))
= (9o Pry)(Pryy) (90 0 Pry) (Prop,) =0

as ®p, is a x-homomorphism and (m,...,m,) € RB™. Finally, for i,j € [n] and b,V € B,
we find in the same way that

(o @y )(Pidpy)]
(¢ 0 Pry)(Pr, )] = 0. |

[Qpl(pymb)v Spl(pyjab,)] = [6(90 © (I)yixpidza,b)?
= [£(p 0 PRry) (Pr; ),

Theorem 5.2.4. Let A be a o-structure and B be a 7-structure, and let () be a tensor
monoid. If there exists a minion homomorphism pol°?(A) — pol°?(B), then there exist
polynomial-time reductions from CSPY, (B),, to CSP%, (A),, and from *CSP%, (B); to
*CSPY (A)1.1.

ocv

§
§

If there exists a minion homomorphism pol® (A) — pol°?(B), then there exist polynomial-
time reductions from CSP%, (B)1, to CSP? (A);, and from °*CSPY, (B);; to °CSP% (A), ;.

ocv ocv

Proof. We show the reduction from *CSP% (B);; to °CSPZ, (A)11. The other cases are

ocv ocv

analogous. Let X be an instance of eCSPg?w(B)M. Let Y be the o-structure constructed
from X in Theorem 2.10.2. It is clear that this instance can be constructed in polynomial
time (in fact, in logspace [38]). Then, using Corollary 5.2.2 and Lemma 5.2.3 there exists

¢ € mor’?(X, B) if and only if there exists ¢’ € mor®@(Y, A). [

With an additional technical condition, we can extend the proof to succinctly-presented
entangled CSPs.

Definition 5.2.5. Let R C D" be a relation and 4, j € [n] be distinct. Write Xp; ; for the
graph with vertex set D and edges a ~ b if there exist a, b € R such that a; = a, b; = b,
and a; = b;.

A relational structure A is well-connected if, for every relation R € fR(A) and
i,j € ar(R)] distinct, either X, ; or X, is connected.

It is easy to see that 3SAT, 3LIN, and K, for n > 3 are well-connected.
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Theorem 5.2.6. Let A be a o-structure and B be a 7-structure that is well-connected, and
let @ be a tensor monoid. If there exists a minion homomorphism pol®@(A4) — pol°?(B),
then there exist polynomial-time reductions from MIPY, (B);; to MIPY, (A);; and from
*MIPY, (B)11 to °MIPY, (A)1;.

ocv ocv

If there exists a minion homomorphism pol®(A) — pol°?(B), then there exist polynomial-
time reductions from MIP%, (B);; to MIP? (A);, and from *MIP%, (B);; to °MIP% (A), ;.

As noted above, 3SAT is well-connected, so a minion homomorphism to 3SAT is
sufficient to show RE-hardness of the gapless problem. Also, note that Theorem 5.2.4 gives
exponential-time reductions directly, without the assumption of being well-connected.

Proof. We show the reduction from *MIP?, (B);; to °MIPY, (A); ;. The other cases are

ocu ocv

analogous. Let M be an instance of *MIP%, (B);;. Let M’ be a Turing machine that
samples the constraints of the o-structure constructed from X (M) in Theorem 2.10.2.
This Turing machine can be made efficient by first sampling a constraint (R, y) using M,
and then, with probability %, sampling a uniformly random constraint (S, z) from AR®
and outputting (S, ([(R, y, 1), ..., [(R, ¥, Tax(s))])); and, with probability %, sampling a
uniformly random i € ar(R) and a uniformly random constraint (S, z) from A®®) and
outputting (S, ([(ys, 1)), - - -, [(¥is Tax(s))]))- To not give the players information about the
sampling process, we need to choose the right representative of the equivalence classes to
send: if (R,y, a) = (R,y,d o)), we send (y;, @) instead. Due to the hypothesis that B
is well-connected, this choice is unique unless a is constant, in which case we just send
one of the entries (without loss of generality, we may assume the connectivity graph /
Gaifman graph of X (M) is connected, which implies (y, ') ~ (v/, @) for all y, ). Then,
using Corollary 5.2.2 and Lemma 5.2.3 there exists ¢ € mor®?(X (M), B) if and only if
there exists ¢’ € mor?(X (M’), A). |

5.3 Gap-preserving reduction

In this section, we extend the results of the previous section to gapped CSPs. In Section 5.3.1,
we define a weighted-algebra version of a cominion and study the example of this structure
coming from polymorphisms. In Section 5.3.2, we use weighted cominions to study a
stable notion of minion homomorphism. In Section 5.3.3, we show that stable minion

homomorphisms of the entangled polymorphism minions imply reductions between gapped
CSPs.
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5.3.1 Weighted cominions

Definition 5.3.1. A weighted cominion &/ is a sequence of weighted algebras (A, i)
such that {A,}, is a semi-pre-C*-cominion (with respect to the sum-of-squares cone on the
semi-pre-C*-algebras).

The examples of weighted cominions we consider arise from the weighted algebras of
entangled polymorphisms.

Definition 5.3.2. Let A be a o-structure. The weighted polymorphism cominion
of A is Pol"(A) = {Mor,°(A", A)},, with minor homomorphisms ®, : Mor"?(A™, A) —
Mor™? (A", A) for 7 : [n] — [m] given on the generators as @, (psa) = Paor.a-

The oracular weighted polymorphism cominion of A is Pol””(A) = {Mor; (A", A) }»
with minor homomorphisms @, : Mor®(A™, A) — Mor® (A", A) for 7 : [n] — [m] given
on the generators as @, (pau) = Paor.a a0d Pr(Praae) = DR, (a10m,....0r (my07) 0

Lemma 5.3.3. Pol”(A) and Pol"(A) are well-defined as weighted cominions.

Proof. We show the non-oracular case; the oracular case is essentially identical. Let 7 : [n] —
[m]. Then, for every a € A™, {®x(pa.a)taca is a PVM, so @, extends to a *-homomorphism.
In an identical way to Lemma 5.1.8, we see that Pol"(A) is a cominion. [

Weighted cominions can be used to study approximate representations of an associated
C*-cominion.
Definition 5.3.4. We say that a weighted cominion &/ = {(A,, y,)}» approximates

a C*-cominion . if C}(A,/{(supp u,))) = A, and the quotient maps g, : A, — 4,
induced by the isomorphisms induce a cominion homomorphism .# — {A,},.

We apply this definition in the context of polymorphism minions.

Lemma 5.3.5. Pol°(A) and Pol™(A) approximate Pol°*(A) and Pol*(A), respectively.

Proof. First, we show the non-oracular case. Due to Lemma 3.2.2, C (Mor"?(A™, A) /{(SUpp fnou)) =
Mor™ (A", A) for all n. Also, we see that (¢, © ®x)(Paa) = Paora = (Pr © ¢1)(Paa), S0 the
quotient maps induce a cominion homomorphism.

~Y

Now, we show the oracular case. Again due to Lemma 3.2.2, C*(Mor® (A", A)/{(supp tocv.u))
Mor®* (A", A) for all n. To finish, the quotient maps induce a cominion homomorphism as
(Qn © q)7r>(pa,a) = Paorr,a = ((I)w o Qn)(pa,a) and (Qn o q)ﬂ)(q)ﬁa,a) = Pajor,ar ** Pany(ryom,tar(ry —
(q)fr o Qn)(q)R,a,a)- .
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5.3.2 Stable minion homomorphisms

Now, we study morphisms of weighted cominions. Recall that a tensor monoid is finite if it
consists of finite von Neumann algebras.

Definition 5.3.6. We say a finite tensor monoid is measured if every element is associated
with a finite-dimensional tracial state, which are compatible in the sense the state of M Q@N
is the tensor of the states of M and N.

A finite tensor monoid consisting of factors is always measured. The tensor monoids
d, ¢, q, qa, and co are all finite, and may be treated as measured. Note that for these
tensor monoids, the choice of tracial state on the factors is unique, but there are multiple
choices of tracial state on the remaining algebras — however, for our purposes, the choice
is immaterial.

Definition 5.3.7. Let &/ = {(An, pn)}n and B = {(B,,, vn)}n be weighted cominions,
and let @) be a finite measured tensor monoid. Fix a generating set S,, for 3,. A stable
(?-minion homomorphism ¢ : &/ — % is a sequence of maps &, on the x-representations
on A, over @) to the s-representations of B,, over () such that

(i) for all e > 0 and 7 : [n] — [m], there exists 6 > 0 such that, for any *-representation
o Ay = (M, tr) € Q, if def(trop) < § and def(trop o @) < 4§, then ||&,(¢ o
D) (z) — (nlp) 0 @r) ()|t < € for all x € S,,, where &,(p) : B, — (N, tr'); and

(ii) for all e > 0 and n € N, there exists § > 0 such that, for any *-representation
o A, = (M tr) € Q, if def(trop) < §, then def(tr’ of,(¢)) < e, where &, () :
B, — (N, tr).

It is implicit in (i) that &, (¢ o @) and &,(¢) have the same codomain.

Lemma 5.3.8. If B, is finitely-generated for all n, the stable )-minion homomorphism
property of £ is independent of the choice of finite generating set of B,,.

Proof. Suppose S, = {x1,...,2x} and S/, = {y1,...,yr} are two finite generating sets
of B,,. We aim to show that, if £ is a stable )-minion homomorphism with respect to S,,,
it is also a stable @-minion homomorphism with respect to S/,. Let € > 0, 7 : [n] — [m],
and § > 0 to be determined later. Fix a *-homomorphism ¢ : A, — (M, tr) € @ such
that def(trop) < §. Note that there exist noncommutative x-polynomials f; such that
yi = fi(x1, ..., 2K). We expand each f; as a linear combination of monomials f; = >y, ¢; y M
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for some ¢; py € C. Let N; = Yy |cim| and N = max; N;, let D be the maximum degree of
the f;, and let C' = max{l, max,eg, ||| }. Then, writing A = &,,,(p 0 ®,) — &,(p) 0 D,

1§m (0 0 @) (1) = (§n(2) © D) (W)l < 3 lernal MM (21, -, 26)) -

Now, consider a monomial M (x1,...,7x) = f - - 2;* where e; € {1, *}. We have that

d
INM (21, . 2)) e < 37 CH M@)o < dC max||A (@) e
j=1

Therefore,

1€m (9 0 ) (y:) — (&n(0) © @) (i) | < DCPTIN max(|§n (9 0 Pr)(2) = (a(p) © Pr) (@) e

Choosing § such that def(trop) < § implies that ||, (¢ o @) (x) — (§u(p) 0 Pr) ()]t <
Heo-tw gives the wanted result. (]

To finish this section, we show that stable minion homomorphisms are in fact a general-
isation of minion homomorphisms in the usual sense.

Lemma 5.3.9. Let .# and .4 C*-cominions approximated by weighted cominions .27 and
A, respectively. Let () be a finite measured tensor monoid. If there exists a stable ()-minion
homomorphism ¢ : &7 — 8, then there exists a minion homomorphism .#9 — 49,

Proof. Define a minion homomorphism & : .#9 — 4@ as follows. Let o : 4, — (M, tr) €
Q. Then, pogq, is a *-representation of A, giving &,(¢0q,) : B, — (N, tr'). Since tr opog, is
a tracial state on A4,, with defect 0, tr’ o, (poq,) is a tracial state with defect 0 on B,,. Using

the universal property of the universal C*-algebra, &,(¢ o ¢,) induces a *-homomorphism
Ny — N € @Q, which we take to be & (¢).

Let 7 : [n] — [m]. Then, as the defect is 0,

fm(gp od,o0 Qm) = fm((P O (@no (I)fr) = fn(tr op o Qn) od,.

Thus, using again the universal property, &, (¢ o @) = & (¢) o . |
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5.3.3 Proof of the gap-preserving reduction

Theorem 5.3.10. Let () be a finite measured tensor monoid. Let A be a o-structure and
B,Y be t-structures, Let m be a probability distribution on the constraints of Y. Let X be
the o-structure constructed in Theorem 2.10.2. Suppose that there exists a ()-stable minion
homomorphism ¢ : Pol*¥(A) — Pol°*(B). Then, there exists a probability distribution 7’
on the constraints of X such that, for any € > 0, there exists 6 > 0 (depending only on A,
B, =, and ¢) such that, for any tracial state 7 on Mor2" (X, A) over @, if def(7) < J, then
there exists a tracial state 7/ on Mor?™ (Y, B) over () such that def(7’) <e.

Proof. Define the probability distribution 7" as follows. Let C' = > g¢, |SA©(B)| be the

B
number of constraints in A°®), and for each R € 7, let O = Y gc, |SAR | be the number

of constraints in AR”. For y € Y, let n(y) = % ReryeRY, 7;&?&%), which is the probability
i€lar(R)]:yi=y

of sending Bob y. For S € 0 and x € S¥, let

m(Ry) . .
7T/(S, IIZ) — W%C;R Ti = [(Rv Y, a’Z)]
% Ti = [(ya a’l)]
Now, let € > 0, and fix 6 > 0 to be determined later. Let 7 be a tracial state on Mory" (X, A)
over () such that def(7) < 4. Let ¢ : Mory/" (X, A) — (M, tr) € @ be the GNS repre-
sentation of 7. Analogously to the gapless case, let the embedding *-homomorphisms
®, : Mor?(A2B) | A) — Mor®"(X, A) and @, : Mor®(AR” | A) — Mor%"(X, A), and we

71.l

have that ®p, 0 &, = ®,,. It is also direct to see that

def(r) = > (R, y) def(T0 Ppry) + > ) def( 0 ).

ReT,yeRY yey

Now, applying the minion homomorphism, &(p o ®,) : Mor?(B*®) B) — (N, tr') € Q
and &(p o ®g,) : Mor®(BR” B) — (N, tr') € Q — we may take the codomain to be
the same for all *-homomorphisms in the same way as for the gapless case. Let §,, be the
maximal convex modulus function such that for a x-representation n of Mory ™ (A™, A) over
Q, def(tr' of(n)) < & (def(tron)). Note that §; > d > .... Let also d; be the maximum
convex modulus function such for a x-representation 1 of Mory™(A™ A) over @, ||£(n o
D, )(poy) — (M) 0 Pr) (o) |2 < 67 (max{def(tr on), def(trono ®,)}). Let A the pointwise
minimum of 6 p|, d|zs| for all R € 7, and d,, for the projections ; : RB — D(B). Therefore
def(tr’ of(po®,)) < A~ (def(tropod,)), def(tr’ of(poPr,)) < A~ (def(tropoPp,)), and
1€(p 0y, ) (Poy) — (§( 0 PRy) 0 Pr,) (Pop) 7 < AT (max{def(tropoDpy), def(tropody,)}).
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Now, we define the *-homomorphism ¢’ : Mor?® (Y, B) — N on the generators as ¢ (py) =
£(0 0 @) (piags) and @ (Prys) = (0 © Pry) (PR (m....muy),b)- This is well-defined as
idg € B°®) and (m,... s Tar(R)) € RBRB; and this is a x-homomorphism as the images of
the generating PVMs are themselves PVMs. It remains to bound the defect of 7/ = tr’ oy’.
We have that

(R, y)
def(7) = ) '(R) 1€(0 © @Ry) (PR (m1...iman)b) (1 — E(0 0 By ) (Piag ) e
ReT,yeRY a

beRPB jicar(R)

As in the gapless case, we want to replace {(p o @y, ) (Piag.p;) by £(0 0 PR y) (P ;). Doing so,
we find that

def(r') <2

Z ﬂ-(R7 y) < ||®Ra(ﬂ-1 77777 71Far(R))7b(1 - pﬂ'iabi) %I‘l o{(@od‘)&y) )
ar<R) +H§(¢ © (I)yi)<pid3,b) - (5(90 © (I)RJJ) o (I)Wi)<pid3,b) ”%r’

ReT,yeRY
beRPB jicar(R)

<2 Y 7(R,y)Crdef(tr’ of(p o Dpy))

ReT,yeRY
7(R, y)|RP
vo Y TR ) ) — (€00 Brg) o B ) (prans) I
RGT,yERY ar(R)
icar(R)
<2 > (R, y)CrA™(def(tropo Pp,))
ReT,yeRY
B
+2 > 7T(R%$>|R|Afl(lrnau}s:{clef(tr opo®p,), def(tropo d,)})
ReT,yeRY ar(R)
i€ar(R)
<2 maX(C’R)A_1< > w(R,y)def(tropo qDR,y))
R ReT,yeRY

R
+2max [RP|ATH Y T y) (def(trop o ®g,) + def(trop o (IDyi))
R Rer,yeRY ar(R)
i€ar(R)

< 2(ml%x(C'R) + max |RE|)A™(2def(7)).

Taking 6 = %A( gives the wanted result. [ |

€
2(maxg(CRr)+maxpg |RB|)>

Theorem 5.3.11. Let @ be a finite measured tensor monoid. Let A be a o-structure and
B,Y be 1-structures, Let m be a probability distribution on the constraints of Y. Let X be
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the o-structure constructed in Theorem 2.10.2. Suppose that there exists a ()-stable minion
homomorphism & : Pol"’(A) — Pol®”(B). Then, there exists a probability distribution 7’
on the constraints of X such that, for any € > 0, there exists 6 > 0 (depending only on A,
B, &, and ¢) such that, for any tracial state 7 on Morl? (X, A) over @, if def(7) < 4, then
there exists a tracial state 7/ on Mor?™ (Y, B) over () such that def(7') <e.

Proof. Noting that the proof of the previous theorem does not actually make use of the
structure of the defect of Mor?”(X, A), the exact same proof holds here. |

Theorem 5.3.12. Let A be a o-structure and B be a 7-structure that is well-connected,
let () be a finite measured tensor monoid, and let s < 1. If there exists a -stable
minion homomorphism Pol®”(A) — Pol®”(B), then there exists s’ < 1 such that there are
polyngmial—time reductions from MIP?, (B),, to MIP%, (A); . and from *MIPY, (B), to
*MIPY, (A)..

ocv

If there exists a Q-stable minion homomorphism Pol™(A) — Pol®”(B), then there exists
s' < 1 such that there are polynomial-time reductions from MIP%, (B);, to MIP (A), 4
and from ®MIP%, (B);, to °MIPY (A), .

We also have the gapped analogue of the reduction in the non-succinct case, Theo-
rem 5.2.4, where the property that B is well-connected can be dropped.

Proof. As in Theorem 5.2.6, we show the reduction from *MIP¥ (B)1,5 to *MIPY (A)1s.

ocv ocv

The other cases are analogous. Let M be an instance of ®MIP% (B)1,s- Construct M’ in the

same way as in Theorem 5.2.6. Completeness follows in the same way using Corollary 5.2.2.

For soundness, we take ¢ =1 — s, and let s = 1 — 9, where ¢ is from Theorem 5.3.10. Then
soundness follows immediately from that theorem. [ |

5.4 Stable minion homomorphisms from cominion ho-
momorphisms

In this section, we show that a cominion homomorphism can be lifted to a stable minion
homomorphism. This will be useful in showing gapped reductions based on Theorem 5.3.12.

Lemma 5.4.1. Let & = {(A,, ptn)},, and Z = {(B,,v,)}, be weighted cominions that
satisfy the following properties:
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(i) A, and B, are freely generated by finite-order unitaries w1, . .., Un i, and V1, . .., Un. L.,
respectively;

(ii) for # : [n] — [m], the minor homomorphisms satisfy ®(unr) = U k) and
@ (Vimk) = VUngr k) for some functions fr : [Ky,]| = [Ky] and gx : [Ly] — [Ln)].

Let .# and .4 be the C*-cominions approximated by 7 and %, respectively. Let V,,, € A,
for all k € [L,], and suppose that the map v, x + V,,x induces a cominion homomorphism
= : .M — A. Then there is a @)-stable minion homomorphism & — 2% for all finite
measured tensor monoids Q).

Note that the weighted polymorphism cominions satisfy properties (i) and (ii).

Proof. Write e, for the order of v, ;. Let ¢ : A, — (M, tr) € Q. First, we will define
£n(), by taking &,(¢) (v, k) to be the nearest order-e, , unitary to ¢(V, k). Clearly, &,(¢p) :
B, — (M, tr) is a *-homomorphism.

First we show the following claim, which we will use a few times: there exist ), , > 0 and
for all 6y > 0 there exists C7, ; s > 0 such that for any *-homomorphism ¢ : A, — (M, tr) €

Q, llo(Vik) = &a(@) (0a) [If: < Crpdo + 501/ det (tr o). Since o, = C(An/ {(Supp 1)),
Vok is an order-e, ), unitary in .#,. Hence, R = (V;, Vo1 — 1)% + |VneZk — 1] is in the

infinitesimal ideal of A,,/{(supp ). Then, there exists p € A, /{(supp p,)) positive such
that dp — R = p. To get the relation in A,, we know there exist 71, ...,y € supp i, and
a;,b; € A, such that 6o — R =p+ ZiNzl a;r;b;. Now, using Lemma 3.1.14, we know that

* €n, 2
1o (Vo) = &a(@) 0 1% < (ennlIVarll™ + 21V Vi = Ulewop + Vi = Uliro)
<262, (IWVakll™* + 22 (V2 Vok = Uleap + Vit = 17eess)
=262, ([[Vail* + 2)%(tr o) (R)

— 262 (Vi +2)° (ao _ (tro)(p) — Z(trw)(ambz’)>

i=1

N
< 26k (IVasell ™ +2)%00 + 2e5 , (IVael ™ +2)* D_llbiaal 7l o

i=1
2 en k 2 2 enk 2 a [bsai|

< 2ep 1 ([[Vagll ™ +2)%00 + 2ep , ([[Va ]| +2)* Y~ —=—==1/def(trop).
i=1 \/ :un(rz)
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Taking Cy, = 2€; 1 (|[Viel|* +2)* and G, 5, = 2€p 1 ([[Vae |+ +2)* Y ||Zia(”) prOves

n\Ti

the claim.

Next, we show property (i). Let ¢ > 0 and 7 : [n] — [m]. Let ¢ > 0. Suppose that
def(trogp) < 6 and def(trop o ®,) < ¢, to which we will assign a value later. We want
to bound ||&,,(p 0 D) (Vi) — (En(®) © @) (Vi) || by 2. Let dy > 0, to be determined
later. From the claim above, we know that ||, (¢ © Pr)(vmi) — (Pr( mk))”tr < Chido +

C';n,k,&) \/def(tr oY o (I)ﬂ)7 and that ||£n(90) (Un,gw (k)) - SO(Vn,gw ) ||tr S Cn L9 (k 50 _I_C?/"L7gw(l€),50 \/5
Hence, since @, (Vi k) = Vng. (k)

1€m (0 © ) (U k) — (En() © D) (Um) |5
< 3”(1)7T(Vm,k> Vingn(k ||tro&p + 3(Cm k+ Cn g (k )50 + 3( ko T OT/L,gﬂ-(k‘),(So) def(tr o).

Since the map vy, — Vj, 1 extends to a cominion homomorphism and .4, = C(A,/{(supp i),
O (Vi) = Vigre) in A,. This implies that ®(V,,x) — Vi g,k is in the infinitesimal
ideal of A, /{{supp ). Fix §; > 0, to which we will assign a value later. There exists

p € A,/ {(supp p,)) positive such that 8; — [ (Vi) — Vigr)|> = p- In A,,, this means that
there are rq,...,7ry € supp u, and a;,b; € A, such that 01 — [P (Viur) — Vag.in)* —p =
Zfil a;r;b;. This implies as above

N
[P (Vi) = Vonga(ilieop = 01 — (trop)(p) — > (trop)(a;rib;)
=1
N
<01+ ) llbiaillllrilleo,

i=1

N . .
<5 +y el et (tr o).
1=1 v, un(rz)

Let Dys, = SN, Abesl - putting everything together, |[&m(p 0 ®5)(vm k) — (&u(p) o

\V Un(rz) (
D) (Vo) I < 301 + 3(Con e + Clagiy )00 + (3C7 5, + 3Cn,g, (k)60 + Disy) V. To finish, we
2

take 09 = miny, 57 ’ 0 = e and § = mink< ¢? > .

e
Crk+Ch g (k) 9 3(3Cn, gr (k)60 T Dk,61)

Now, we show property (ii). Let € > 0. Suppose that def(trop) < §, to which we will

assign a value later. Fix also dg > 0, to be determined later. Using the first claim, we have
that [[o(Vik) — &(@) (ng) [z < Crkdo + Cl j 5,1/ def (tr o). Let the upper bound be ¢,

and let g = maxy ;. Next, note that every element of B,, can be seen as a noncommutative
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polynomial in the generators vy, ;. This gives the expression

def(troga(e)) = > va()Ir(6n(@)(vna), - -, &al@) (Vnz,)) Il

TeBn

Now, fix some r € suppv,. We can expand r = Y ;;cpy M, where the sum is over the
monomials and ¢y, € C. Let N, = Y,/ |em| and D, the maximal degree of the monomials
with nonzero coefficients. Then

7 (&n (@) (n1), - - &nl@) (Wn,L ) e = Ir(e(Vaa), - - @(Vap,)) e
< lrEnl@)(vna), - &nl@)(vnr,)) = 7(@(Van), - @(Var,)) e
S Z |CM|||M(€H(90)(U71,1)7 s afn(w)(men)) - M(@(Vn,l)a s 790(Vn,Ln))||tr-

For a monomial M (xy,...,xL,) = Tk, -+ Tg,,
IM(&n (@) (0n1), -5 €n(@)(0n,1,)) = M(@(Via)s - o (Vina))llor

d d
Zan (Un i) — (Vo <> Ver < D,\/zo,
i=1 =1

giving [(6u(2) (n)s - -+ &) 0, e < IF@(Vard)s - -, (Vi) s+, Dy /2. Taking
the square, [[1(€0(9) (vn1):- - -+ &u(@) O DIE < 20r(p(Vi)s - Vo, )2 + 2N2D2e,
SO

def (tr o€, (¢ Z r(Va,- .., nLn)Htrogo—i_2Zyn (r)N2D?e.
eBy reBy,

To finish, since v, — V, ) extends to a *-homomorphism .4, — .#,, we have that
r(Vad, .oy Var,) is 0 in A, = Ci(A,/{(supp p,))). Hence, it is in the infinitesimal ideal of
A, /{(supp ). Fix 61 > 0, to be determined later. There exists p, € A, /{(supp j,,)) positive

such that 61 — [r(V,,1, ..., Vn,Ln)]2 =p,. In An, this means that there exist s,1,..., 8, €
supp p, and a,;, b.; € A, such that |r(V,1,...,V, Ln)| = 0 —pr+3 M Qr;Sribri. Identically
as above,

M, M,
||T(Vn,17 ceey Vn,Ln)“gro@ S 61 + Z(tl‘ O@) (ar,isr,ibr,i) S (51 + ZHbr,iar,iH Hsr,throap
i=1 i=1

HbMaMH

<
+Z 14/ Nn(sm)
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Now, we can put it all together. Let Cy = max; C,; and C; = maxy Cg7k750, so that

0 < Cobo 4+ C1V0. Let Cy = 25, Un(r), Cs = 25, e, vn(r) T2 H and Cy =
23 e, Vn(r)N2D?2. Then, we have that def(tr o, (¢)) < Ca6; + Cs5v/6 4+ Cy(Cody + C1V/3).

2
To get the wanted result, it suffices to take.50 = ﬁ’ 01 = %, and § = (W) . Note
that 0y and 6; only depend on the properties of v, and the V,, ;, but 6 may depend on the
choice of g, ;. [ |

5.5 Examples of reductions without commutativity
gadgets

In this section, we give some examples of entangled CSPs whose hardness can be ascertained
via reductions from minion homomorphisms, but not using commutativity gadgets. In
Section 5.5.1, we show the hardness of (non-oracular) entangled graph colouring; and in
Section 5.5.2, we show hardness of entangled homomorphism to the diamond graph.

5.5.1 Hardness of entangled colouring
Theorem 5.5.1. There exists a cominion homomorphism Pol™(K,,) — Pol®" (3SAT).

Proof. Due to [19], we know that 3SAT admits an oracular algebraic commutativity gadget.
Therefore, Theorem 4.3.4 implies that Pol®"(3SAT) = Pol(3SAT). Further, from the
classical theory, pol(3SAT) consists only of the projection maps 7% : {0,1}¥ — {0,1}.
Then, Mor®" (3SAT*, 3SAT) is generated by the functions f* : {z% ... 7F} — C defined
as ff(n}F) = 6. Define = : Mor®" (3SAT* 3SAT) — Mor®" (K*, K,,) with respect to this
generating set as Zy(fF) = I1¥, where I1¥ is as defined in Theorem 4.4.1, with the superscript
k added for clarity. Since {II¥*}*_, is a central PVM, = is clearly a *-homomorphism.
To show Z is a cominion homomorphism, it remains to show that it intertwines the
minor operations. In fact, noting that in Mor®"(3SAT*  3SAT), p,,. corresponds to the
function pg . (7F) = Opk(a)a = Oasar We have that paa = Yict): ai=a fk. In Mor™(KF, K,,),
¥ = S ock, PraPya, for any @, y € K¥ that agree only on the i-th entry. Let 7 : [m] — [k].
We aim to show that =,, o @, = ®, o =, which we do by showing it on the generators pqq.
On the left hand side

Em(q)ﬂ(pa,a)) = Em(paow,a) = Z Em(fzm) = ' Z Hzm = H?Zzow)*l(a)a

i€[m]: ar=a i€[m]:ary=a
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and on the right hand side

q)w(Ek(pa,a)) - Z (I)W<Hf) - Z Z pmiommpyiow,w

i€(k]:a;=a i€[k]: a;=a x€Kn

where x;, y; € K" agree only at the i-th position. We know that >°.ck, PaoraDyomy =
Hﬁm,l(i), and therefore that ®,(Zx(pa.)) = 117} “1(g) AS well, as wanted. [ |

(aom)

Corollary 5.5.2. Let n > 3. There exists s < 1 such that MIP? (K, ), s and *MIP? (K,)1 s
are RE-complete via polynomial-time reductions from the halting problem; and MIP;. (K,,)1 s
is coRE-complete via a polynomial-time reduction from the cohalting problem.

Proof. The proof follows immediately by applying Lemma 5.4.1 to get ¢- and co-stable
minion homomorphisms, and then Theorem 5.3.12 to get a reduction from oracular entangled
3SAT. Hardness of 3SAT follows by applying Theorem 4.1.6 using the commutativity gadget
of [19]. |

5.5.2 Hardness of homomorphism to the diamond graph

Lemma 5.5.3. Let A and B be o-structures that are homomorphism equivalent, 7.e.
there exist homomorphisms f : A — B and g : B — A. Then, there exist cominion
homomorphisms = : Pol°*(A) — Pol°*(B) and = : Pol*(A) — Pol*(B).

Proof. We show the oracular case; the non-oracular case is identical. Let Z,, : Mor®* (B", B) —
Mor®* (A", A) be defined on the generators as Z,(pes) = Yac-1(t) Py(b)a» Where g(b) =
(g(b1), ..., g(by)). Ey is a *-homomorphism as =, = f o idpjorot (5n,3) 09°" (Where we recall
that the notation * from Definition 4.4.6 maps classical homomorphisms to characters). It
remains to show that it intertwines the minor homomorphisms. Let 7 : [n] — [m]. Then

En(Pr(pos)) = Xact—1(0) Py(bor),a ad (S0 (Pos)) = Xaes—1(b) Py(b)or,a- But for each i € [n],
g(bom); = g(brs)) = (g(b) o 7);, giving the wanted equality. |

Lemma 5.5.4. Let D be the diamond graph (see Fig. 4.3). There exist cominion homo-
morphisms Pol®" (D) — Pol®" (K3) and Pol™ (D) — Pol®" (K3).

Proof. D is homomorphism equivalent to K3, so there exist cominion homomorphisms
Pol®" (D) — Pol®"(K3) and Pol™ (D) — Pol*(K3). Note also that Pol™ (K3) = Pol°t (K3)
as pol™ (K3) = pol(K3), so the second homomorphism is in fact Pol* (D) — Pol°t(K3). B

This implies the same hardness results as in the previous section.
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5.6 Equivalence of the constraint-variable and constraint-
constraint frameworks

In this section, we show the equivalence between the oracular constraint-constraint and
constraint-variable frameworks for entangled CSPs. In Sections 5.6.1 and 5.6.2 we show the
two directions of the implication.

5.6.1 Reduction from constraint-variable to constraint-constraint

Definition 5.6.1. The oracular constraint-constraint weighted polymorphism co-
minion of A is Pol”“(A) = {Mory™(A", A) },, with minor homomorphisms @, : Mor®“(A™, A) —
Mor”“(A", A) for 7 : [n] — [m] given on the generators as ®,(Praq4) = Pr (aor,.., Gan(R) )0

Lemma 5.6.2. Pol”°(A) is well-defined as a weighted cominion and approximates Pol®"(A).

This is proved identically to Lemmata 5.3.3 and 5.3.5.

Theorem 5.6.3. Let () be a finite measured tensor monoid. Let A be a o-structure and
B,Y be 1-structures, Let m be a probability distribution on the constraints of Y. Let X be
the o-structure constructed in Theorem 2.10.2. Suppose that there exists a (J-stable minion
homomorphism £ : Pol”“(A) — Pol®”(B). Then, there exists a (connected) probability
distribution 7’ on pairs of constraints of X such that, for any ¢ > 0, there exists 6 > 0
(depending only on A, B, &, and ¢) such that, for any tracial state 7 on Mor2°(X, A) over
Q, if def(7) < 4, then there exists a tracial state 77 on Mor?™ (Y, B) over @ such that
def(7') <e.

Proof. Define the probability distribution 7' as follows. Let C' = g, |S4°| be the
number of constraints in A2(®), and for each R € 7, let Cr = Ygc, |SA™ | be the number of

constraints in AR Write m(y) = 3 ReryeRY 7;&?%). For §,5' € o, x € 5%, and 2 € 5",
i€lar(R)]:yi=y

let

e w= (R y, @) A7) =[(R,y, )]
7'((S, ), (S, @) ={ *Cr ' ’
(S, 2), (5", 2)) {’;8’3 zi = [(y, @) Az = [(y, af)].

As it is uniform on the pairs of constraints coming from the same copy of A2®) or AR
this probability distribution is connected. Let 7 be a tracial state on Mory“(X, A) over @
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such that def(7) < 0. Analogously to the gapless case, let the embedding *-homomorphisms
D, - Mor®(A2B)] A) — Mor%“(X, A) and ®p,, : Mor®(AR” A) — Mor?(X, A), and we
have that ® , 0 &, = ®,,. It is also direct to see that

def(r) = 3 U;y)def @Ry+z Y) def(r o By).

Rer,yeRY yey

As in Theorem 5.3.11, the proof does not make use of the structure of the defect on A, so
the result follows in the same way as in Theorem 5.3.10. [ |

Theorem 5.6.4. Let A be a o-structure and B be a 7-structure, let () be a finite measured
tensor monoid, and let s < 1. If there exists a ()-stable minion homomorphism Pol®“(A) —
Pol®”(B), then there exists s’ < 1 such that there are polynomial-time reductions from
CSP%,(B)1 to CSPY_(A);y and from *CSPY, (B),, to °*CSP? _(A),y; and if B is well-

connected, from MIPY, (B), , to MIP?_(A), ¢ and from ®MIPY, (B), , to °MIP?_(A), .

ocv occ

The proof follows in the same way as Theorem 5.3.12.

Corollary 5.6.5. Let A be a a-structure, let 0 < s <1, and let () be a tensor monoid.
Then, there exists 0 < ¢’ < 1 such that s’ =1 <= s =1 for which there are polynomial
time reductions from CSP?CU(A)M to CSP?CC(A)l ¢ and °CSPY (A),, to °CSPY_(A).y;
and if A is well-connected, from MIPY A)p s to MIPY¥ A); ¢ and and °MIP% (A)1s to

*MIPY, (A); 4.

occ

ocv ( occ (

This corollary implies that the oracular constraint-variable form of a CSP has complexity
at most that of the oracular constraint-constraint form.

Proof. Since both Pol®(A) and Pol*“(A) approximate Pol’"(A), we have by Lemma 5.4.1
that there is a @-stable minion homomorphism Pol®“(A) — Pol°*®(A). Hence, Theorem 5.6.4
gives us the wanted reductions. |

5.6.2 Reduction from constraint-constraint to constraint-variable

Lemma 5.6.6 (Lemma II1.7 in [19]). Let X and A be o-structures and let 7 be a symmetric
probability distribution on pairs of constraints of X. Let 7'(R, &) = Y gc, yesx T((R, x), (S, y))
and let L = maxge, ar(R). Then, there exists a 4L-homomorphism a : Mor?“(X, A) —
Mor2” (X, A).
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Theorem 5.6.7. Let A be a a—structure, let 0 < s <1, and let @) be a tensor monoid. Then,
there exists 0 < s’ < 1 such that s =1 <= s =1 for which there are polynomlal time
reductions from CSP%_(A); , to P2, (A)y., °CSPY (A), s to °CSPY, (A)1.y, MIPY, (A),,

to MIP%, (A),.«, and °MIPY _(A), , to “MIP%, (A); ...

This theorem implies that the oracular constraint-constraint form of a CSP has com-
plexity at most that of the oracular constraint-variable form.
Proof. We show that reductlon MIP% (A);, to MIP%, (A), . The others are essentially
identical. Let s’ =1 — <=*. Suppose M is an instance of MIPOQCC(A)LS, which corresponds to
a o-structure X (M) and a probability distribution 7,; on pairs of constraints of X (M). Let
M’ be the probabilistic Turing machine that samples from a probability distribution 7y
on the constraints of X (M) by sampling a pair of constraints from 7, and sampling one
uniformly at random. We claim M +— M’ is the wanted reduction. Clearly, the mapping is
polynomial-time. Next, if M is a yes instance, then inf, def(7) = 0, where the infimum is
over tracial states on Moroi\j (X(M), A) over Q. Since C;;(Mory* (X (M), A)/{troce,mr))) =
C(Mory™ (X (M), A)/{(#tocox,,))) by connectedness of the distribution, this implies that
the infimum of the defects of the tracial states on Mory™ (X (M), A) over @ is also 0.

Hence M’ is a yes instance of MIPOCU(A)l s. Now, suppose that M is a no instance. Then
inf, def(7) > 1 — s, where the infimum is over tracial states on Mory* (X (M), A) over Q.
Then, using Lemma 5.6.6, for every tracial state 7 on Mory™ (X (M), A) T o« is a tracial
state on Mor? (X (M), A) satisfying def(7 o o) < 4L def(7). Taking infima, we find that
inf; def(7) > 7%, where the infimum is over tracial states on Mor™® (X (M), A) over Q.

Ay |

Hence M’ is a no instance of MIPOCU(
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Chapter 6

Hardness of binary games

In this chapter, we show that nonlocal games where each of the players answer a single bit
(binary nonlocal games) capture the full complexity of MIP*, even for a family of games
qualitatively very close to XOR games. In Section 6.1, we review the NP-hardness proof
of classical XOR games, which we will adapt in the quantum setting. In Section 6.2, we
introduce XOR games, the class of binary games for which we show hardness. In Sections 6.3
and 6.4, we show hardness for the gapless and gapped tilted XOR game problems, respectively.
In Section 6.5, we discuss the implications for hardness of approximation.

6.1 Classical hardness of XOR games

The NP-completeness of approximating the classical values of XOR games is ascertained
in [72] via a gadget reduction from 3LIN games.

Recall that solving linear equations over the boolean field {0, 1} with n variables per
equation is the CSP with associated boolean relational structure nLIN with relations
LN = {aeZy|ay+...+a, =0} for b € {0,1}. It was shown by Hastad that, for
all ¢ > 0, CSP{ (SLIN)PE’% 1o is NP-complete [72]. This is gives optimal hardness of

oCcv
approximation as there is always a strategy that wins with probability %. First, note that,
for any 3-linear system, at least half of the equations can be simultaneously satisfied. Then,
we take the strategy where Alice outputs the value of the assignment for all satisfied
equations, and the assignment with one bit flipped for all unsatisfied equations; and Bob
outputs the value of the assignment.
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XOR games can also be seen as CSPs. In fact, the problem of deciding if an XOR game
has classical value > ¢ or < s is exactly ;CSP? (2LIN). . The reduction from 3LIN to XOR
games essentially relies on the following game.

Definition 6.1.1. Let X, X; C {0, 1} be the sets of bit strings of even and odd parity,
respectively. Then, the cube game is the XOR game G” with question sets X = X, and
Y = X, and game matrix H,, = % fory = —x and H,, = —1—16 otherwise.

In [72], this game was originally phrased as a system of equations, but it is natural to
represent it as an XOR game. In this work, Hastad attributes the construction to G. Sorkin.

Lemma 6.1.2 ([72]). The value 1.(G”) = 3. If p(a,b|z,y) = Gug(z)0b ) iS an optimal
deterministic strategy, then g(011) + ¢(101) 4+ ¢g(110) = ¢(000). If a deterministic strategy
is not optimal, then its value is < %.

To finish this section, we sketch the reduction from 3LIN games to XOR games due
to [72]. Let X be a ogpn-structure and let 7 be a probability distribution on the constraints
of X. We construct an XOR game as follows. We replace each constraint of the form
(Los, z) by a copy of the bipartite cube game, identifying the variables 1, 2, and x5 in
the equation with 011, 101, and 110 in the cube, respectively. For constraints of the form
(L13, ), we do the same except we flip the sign of the relations involving 000 — this is
equivalent to flipping the parity of the variable 000 in those cubes. We also identify all the
variables corresponding to 000 between the cubes. Since the value of an assignment to an
ooriN-structure is invariant under negation, we may assume that, for any classical strategy,
the variable 000 is assigned value 0.

Now, if (X, 7) is a yes instance of CSP;,, (3LIN), _ <3 4, there exists a classical assignment

where 1 —0O(e) of the equations are satisfied, which implies that 1 —O(¢e) of the cubes may be
won with probability %. Hence the value of the new game is > % — O(e). Conversely, suppose
(X, ) is such that the XOR game constructed as above has value > % + ¢ — to ascertain
soundness of the reduction, it suffices to see that the classical value of G,e, (X, 3LIN, )
is > % + O(e). Since the value of the cube when the corresponding 3-linear equation is
not satisfied is at most }—g, the lower bound in the winning probability implies that at
least % + O(e) of the equations are satisfied. For a satisfied equation, the value of the
corresponding term in the LCS game is 1, and for an unsatisfied equation, we can choose a
strategy where, by making Alice answer consistently on 2 of the 3 variables, the value is %

Putting these together, we find a strategy for the original 3LIN instance with value % +0(e).
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6.2 Tilted XOR games

In this section, we define tilted XOR games and study some of their properties. In Sec-
tion 6.2.1, we introduce tilted XOR games and their associated decision problems. In
Section 6.2.2, we define the tilted bipartite cube game, which we use in proof of hardness of
tilted XOR games.

6.2.1 Definitions and basic properties

Definition 6.2.1. A tilted XOR game is a nonlocal game G = (X,Y, A, B, i, V') where
A =B ={0,1} and X contains a distinguished element L, and there exists a function
f: X xY — {0,1} such that

Onf(ly — T=1

V(a,blz,y) =
Oatb,f(zy)  €lse.
This corresponds to an XOR game with some additional questions where only Bob is
asked for a bit; however, it can also be thought of an an XOR game with the additional
condition that, whenever x =1, the extra condition that a = 0 must be met.

By swapping the roles of Alice and Bob, we can see that the variant of tilted XOR
games where Bob receives the distinguished question is completely equivalent. One may
further generalise tilted XOR games to a two-sided variant where both Alice and Bob
may receive the distinguished question. However, we do not make use of this variant in this
work.

We can express the value of a quantum strategy p(a,b|z,y) = (Y|PF ® Qi) for G
using the associated quantum correlation matrix C, , = (Y|4, ® B,|¢) with A, = B§ — Pf
and B, = Qf — QY. Without loss of generality, we may suppose that A, = I, since Alice’s
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answer on the distinguished question does not affect the value. Then, the value of p is

w(G,p) = > m(Ly) (V@ Q%)) + > m(z,y) (V[ Py @ Q)

yey ceX\{L}yey
a,b€{0,1}: atb=F(z,y)

= ; dow(Lyy) (WAL @ (I+ (=) By)|)

yey
LY www) X WU (CA) @ (0 (- B,y
zeX\{L}yeY ae{0,1}
s X () (e g) (614, @ Byl

rzeX,yeYy

As for an XOR game, let the game matrix be H,, = (—1)/@¥7(z,y) and the bias of a
correlation matrix b(G,C) = Y, cx yey HoyCoy-

Definition 6.2.2. The XOR relaxation of a tilted XOR game G is the XOR game Gxogr
with the same distribution and predicate Vxor(a,b|z,y) = 0atb f(wy), i-€. the distinguished
question L is treated as a usual question in an XOR game.

Lemma 6.2.3. Let G be a tilted XOR game. Then, tv.(Gxor) = 10.(G) and w,(Gxor) >
w0y (G).

Note that for the two-sided variant, we can only guarantee w.(Gxor) > 1.(G) in general,
as for the quantum value.

Proof. For the upper bound, note that via the representation of the tilted XOR game bias
in terms of correlation matrices, every strategy for G corresponds to a strategy for Gxor
where Alice always outputs 0 on question L. Thus the classical strategies for G form a
subset of the classical strategies for Gxpor, and the quantum strategies for G form a subset
of the quantum strategies for Gxpg, giving the upper bounds.

For the reverse inequality in the classical case, let p(a, b|x,y) = 0g(z),a0n(y),» De an optimal
classical strategy for Gxogr. Then, define the classical strategy p’ for G via the functions
9'(x) = g(x)+g(L) and K (y) = h(y)+g(L). Since ¢'(x) +1'(y) = g(x)+h(y) and ¢'(L) =0,
this is a strategy for G with the same value as the value of p for Gxpgr. So, the optimal
classical value of G upper bounds the optimal classical value of Gxpg. [ |

As for XOR games, tilted XOR games fit within the framework of constraint system
games. In the same way as XOR games correspond to linear systems with two variables per
equation, tilted XOR games correspond to linear systems with one or two variables per
equation.
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Lemma 6.2.4. Let TXOR be the boolean relational structure with linear relations LIB(OR

and L Y% = {(0,0), (1,b)} for b € {0,1}. Then, for every tilted XOR game G, there exists
a relational structure Z and a probability distribution 7 on the constraints of Z such that
g (G) = w(Gro(Z, TXOR, m)). There is an analogous value-preserving mapping in the
converse direction.

This correspondence allows the computational problem of approximating the value of a
tilted XOR game to be phrased as an entangled CSP. We will see from the proof that the cor-
respondence maps between succinctly-presented tilted XOR games and succinctly-presented
relational structures efficiently as well. We are interested in the problems ,CSP% (TXOR),
and ;MIP% (TXOR)...

Proof. Let G = (X,Y,5,{0,1},{0,1}, 11, V) be a tilted XOR game (where we are also allow-
ing for side information). Then, we construct a orxor-structure Z by taking the domain to be
D(Z) = XUY and the relations to be Lfy = {(z,y) € X xY |z #L A3s: f(z,y,s) = b}
and L{, = {(L,y) | 3s: f(L,y,s) = b}; and let the probability distribution on the con-
straints to be m(Lyg, (7,Y)) = X f(a.y.5)=b (T, y) for z # L and otherwise m(Ly 1, (L,y)) =
25 F(Ly.s)=b M(L, y). Tt is clear that this mapping preserves the value.

For the converse, if we have a orxor-structure Z with probability distribution 7 on
the constraints, we construct a tilted XOR game with side information as follows. Let
G=(X,Y,5,{0,1},{0,1}, i, V) be the tilted XOR game where X = D(Z)U{L}; Y =D(Z);
S = OTXOR; ﬂ(xvya Lb,2) = 71-([’1),27 (.’L‘,y)) if @ #J— and M(J—vy7Lb7J-) = Zxﬂ-(Lban (l’,y));
and f(x,y, Lyo) = band f(L,y, Ly ) =0b. Since, for constraints L | , the winning condition
does not depend on Alice’s output, it follows that this mapping also preserves the value. W

It follows from the hardness of approximating the classical value of XOR games [72] and
Lemma 6.2.3 that for all € > 0, gCSP,";O(TXOR)%787%+E is NP-complete. Also, for ¢ > s,

CSP? (TXOR).s € RE as the problem consists of approximating the value of a nonlocal
game to constant precision.

6.2.2 The tilted bipartite cube game

In this section, we study the structure of a tilted XOR arising from the bipartite cube game,
which we will make use of as a gadget to reduce from CSP?_ (3LIN). This replaces the cube

ocv

game of Definition 6.1.1 in the classical reduction from 3LIN to XOR games.

Definition 6.2.5. The tilted bipartite cube game is the tilted XOR game G¥ with the
same data as G” from Definition 6.1.1 and distinguished variable 000.
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It is clear from the definition that Ggo » = G5, Also, it follows by Lemma 6.2.3 that
.(GY) = w.(G”) = 3. Now, we bound the quantum value of GV,

Lemma 6.2.6. The quantum value t,(G”) = 3.

Since m (GO) is sandwiched in between tv,(G”) and 1,(GY) = 2, the lemma implies
,(GY) = 2 as well.

Proof. Tt is clear that 1,(G”) > t.(G”) = 3. We use the dual SDP (2.5) discussed in
Section 2.12.2 to upper bound the quantum value of G~. Ordering the elements of X, as
(000,011,101,110) and the elements of X; as (111,100,010,001) the game matrix is

1 -1 -1 -1
I |-1 1 -1 -1
H=1%1-1 -1 1 -1
-1 -1 -1 1
Taking the square, we find that
4 0 00
1710 4 00 1
2 L _ L
=160 0 4 o) T
0 004
which implies that the eigenvalues of H are i1 Then, the eigenvalues of B = %{ }?T Ig } are

++ 1 . Therefore, 16[ > B, giving that a, = b, g is a feasible point for the dual SDP (2.5)
for GD giving an upper bound on the blas b (GD) < erXo 4z + 3 Yyex, by = 3. This

gives the upper bound on the value 1, (G”) < 1 —|— Sy = 4. |

6.3 Gapless hardness of tilted XOR games

In this section, we show hardness for the gapless entangled CSP associated to tilted XOR
games. In Section 6.3.1, we fully characterise the optimal strategies of the tilted bipartite
cube game, and use this in Section 6.3.2 to get the hardness reduction.
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Figure 6.1: Schematic representation of the tilted bipartite cube game G¥. The gray vertices
are questions to Alice and the white vertices are questions to Bob; the red double edges are
inequality relations and the blue single edges are equality relations.

6.3.1 Optimal strategies of the tilted bipartite cube game

Lemma 6.3.1. Let C,, = (1)|A, ® B,|t)) be an optimal quantum correlation matrix for G¥.
Suppose that the observables A, and B, are unitaries, and write H,, for the support of [¢)
on Alice’s system. Then, AOlla A1017 and AllO Commute, preserve H¢, and A011A101A110 =1
on Hy.

Proof. Since 1,(G”) = 1,(GY), C is an optimal quantum correlation matrix for G”. Let
lug) = (A, ® I)]y) and |v,) = (I ® By)|¢). As the inner products (u,|v,) are all real, we
can restrict to the real inner product space generated by |u,) and |v,) without changing the
value of the correlation. As such, it follows by Theorem 2.12.1 that 3 ,cx Hyylus) = £|vy)
and Y ey Hyylvy) = £lus), as the optimal row and column biases are a, = b, = § by
Lemma 6.2.6. Therefore,

S Hay(Ay @ 1)) = ;(1®By)|¢>,

reX
> Hey(18 B = (A © DY)
yey
Taking the square,
il = 5319 BRI = § X Hay(4 9 B)18) = (3 HuylAs 0 1) o).

Since for every |v) € H,, there exists |w) € Hp such that (1 ® (w|)|¢)) = |v), we have that
Aglv) =8 ey Hp (1 ® (w|By)|Y) € Hy. Hence A, preserves H,, and as A, is Hermitian,
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A, also preserves H,j As such, we restrict to Hy in the following. Then, (3, H, ,A ) 6 T
Writing e; for the canonical basis vectors in {0,1}3, we have for any y € {0, 1}3 of odd
parity that

(A—'y - Ay+61 - Ay+62 - Ay+63)2 = 47

as |H,,| = . Since C' is a quantum correlation matrix for the tilted XOR game GV, we

may assume that that Aggp = 1. Writing A; = Ag11, As = Ajp1, and A3 = Aqqp, we get the
four relations

(I—A —Ay—A3)? =4

(=1 + Ay — Ay — A3)* = 4,

) =4

) =4

Adding the first two relations gives

(1= A1) = (Ag + A3))* + (=(1 = Ay) — (Ag + 43))?
(1= A0 + (A2 + 49)°)

(1= 241+ 1414 AgAs + A4y + 1)

(4 —2A; + {Ay, A3}),

(
2
2
2

which can be rearranged to give {As, A3} = 2A4;. By symmetry of the relations, we get
the other anticommutation relations {4, Ao} = 2A3 and {A;, A3} = 2A,. Consider the
following;:

4A; = {As, 243}
= {4z, {A1, Ao}}
— Ap(ArAs + AsAy) + (A1 Ay + Ay Ar) A
— 2(ArAy Ay + Ay).

Rearranging, we find Ay A1 As — A; = 0, and then multiplying by Ay gives the commutation
relation [A, As] = 0. In the same way, we find the other commutation relations [A;, A3] =
[As, A3] = 0. Hence, Alice’s observables commute. To finish the proof, we see using the
commutation and anticommutation relations that

Ay Ay Ay = ;Al{AQ,Ag} —A2=1. n
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6.3.2 Reduction from 3LIN

Theorem 6.3.2. The problems ;CSP{ (TXOR)s s and ;CSP],,(TXOR)s s are undecidable.

13 13

It follows that the succinct versions of these problems are also undecidable. This gives
the first complexity-theoretic separation between XOR games and tilted XOR games: the
analogues of these problems for XOR games, ;CSP],(2LIN). . and §CSP},(2LIN). . with
1>¢c> %, are contained in PSPACE. This is due to the fact that these problems correspond
to the exact feasibility of a semidefinite program, which is a special case of the existential

theory of the reals, known to be decidable in PSPACE [35].

The proof of the theorem follows by a reduction from gapless entangled 3LIN, whose
undecidability was shown in [109]. The following theorem is identical to Theorem 4.6.2(i),
but phrased in the CSP notation rather than solution group notation.

Theorem 6.3.3 ([109]). The problems ;CSP{,,(3LIN); ; and §CSP{,,(3LIN);; are unde-
cidable.

Proof of Theorem 6.3.2. We show the case of gCSPZO(TXOR)%% here; the other part of
the theorem is identical. Let (X, 7) be an instance of ;CSP{_ (3LIN);;. We construct a
tilted XOR game analogously to how the XOR game is constructed in the reduction of [72],
sketched in Section 6.1. We replace each constraint of the form (Lg 3, ) by a copy of the
tilted bipartite cube game, identifying the variables z1, x5, and x3 in the equation with 011,
101, and 110 in the cube, respectively. For constraints of the form (L 3, ), we do the same
except we flip the sign of the relations involving 000 — this is equivalent to flipping the
parity of the variable 000 in those cubes. We also identify all the variables corresponding to
000 between the cubes, and take this to be the distinguished variable. Call this instance Y.

First, suppose that (X, 7) is a yes instance. Then, by [13, 12], there exists a d-dimensional
operator solution to the linear system for some d € N — corresponding to a representation
of Mor®" (X, 3LIN). Explicitly, for each z € A, there exists a binary observable A,, such
that for all & € L'y, A, As,, and A, commute and satisfy A, Ay, Ay, = (—1)°. Now we
construct a strategy for the tilted XOR game corresponding to Y with winning probability %.
For the copy of the tilted bipartite cube game coming from the constraint (L, 3, ), assign
the observables A,,, A,,, A., to the vertices 011, 101, and 110 of the tilted cube game, and
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take as usual A, = 1. Also, we take Bob’s observables on this cube to be

1 _ _ _
Bogo = 5(—1 + Ay, + Ag, +As)

1 _ _ _
Bigo = §(+1 — Ay + Ay, + AL

1 _ _
Boyig = 5(4—1 + Ay, — Ay + Agy)
Az,

),

1 _ _
By = 5(4—1 + Ay + Asy —

where the complex conjugate is with respect to a choice of canonical basis. Finally, we

take the shared state to be the maximally-entangled state [¢)) = —=>>1_,|k) ® |k). Then,

the quantum correlation matrix of this strategy is C,, = (Y|4, ® B,|¢) = tr(A,B,). It is
direct to verify that this strategy wins with probability % on each cube, and thus wins with
probability % at the tilted XOR game of Y.

For soundness, suppose that a strategy for the tilted XOR game of Y wins with probability
> 3/4. Note that by Naimark dilation, we may assume that all of the observables are unitary.
Since the tilted XOR game is a probabilistic mixture of edge-disjoint tilted bipartite cube
games, it follows that the strategy achieves optimal winning probability 3/4 on each of these.
Therefore, by Lemma 6.3.1, for each constraint (L3, ), the corresponding observables A,
A,,, and A,, commute and satisfy A,, A,,A,, = (—=1)°. It follows that the observables give
a perfect strategy for G, (X, 3LIN, 7). [ |

6.4 Gapped hardness of tilted XOR games

In this section, we show hardness of the gapped entangled CSP associated to tilted XOR
games. In Section 6.4.1, we tighten the XOR game structure theorem of [108]. In Section 6.4.2,
we use this theorem to characterise near-optimal strategies for the tilted bipartite cube
game. In Section 6.4.3, we show the hardness reduction.

6.4.1 Improved XOR game structure theorem

In this section, we prove a tighter average-case version of Theorem 2.12.1 [108, Theorem
3.1] when there is a symmetry condition on the XOR game.
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Lemma 6.4.1. Let G be an XOR game such that the question sets |X| = |Y|, and suppose
that all the optimal row and column biases are equal a, = b, =: a.. Then, for any e-optimal
vector correlation matrix C,,, = (uz|vy),

D

zeX

> Hoylvy) — alug) C< 8(av 4 2b,(G))e.

yey

By symmetry, we also have that

D

yey

> Hyylug) — aluy) i < 8(ar+ 2b,(Q))e.

zeX

Note that the bipartite cube game satisfies the conditions of this lemma.

Proof. First, write n = |X| and 8 = b,(G); we know 8 = na. By definition, there exists
some &' < 2¢ such that 3, | H,, (ue|vy) = 8 — €. Then, we expand the left-hand side from
the lemma statement to get that

2 2
walon) = ol = 35(0 = 20 % Hay {ueloy) + | Hayle)] )
@ y
= 2y|Uy)
Now, we focus on bounding the last term. Following the argument of [108, Theorem 3.1}, let

|uj,) be the normalisation of 3>, H, ,|v,) (if >, Haylvy) = 0, we take |u},) to be an arbitrary
unit vector). Since

Z H@y |Uy =
x7y

the vector correlation C , = (u}|v,) is an e-optimal strategy as well, with bias 3 — & for
some ey < & < 2e. Then,

er|vy

T,y

2

=ylvy) — afuy) — aluy)

zyly)

)

—Z(a —20zZHmy ' vy) + 207 +

2

= aff + 2ae’y + Z(Z H,, (u|v,) — a> .
z Ny

eylvy) — aluy)
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As in the SDP formulation, write M for the 2n x 2n Gram matrix of the vectors |u!) and
|v,) over z and y, and let

2 |-H" al
We have that ez = Tr(SM), af > S >0, and || M| < Tr(M) < 2n. Then,

Z(ZHwy 2lvy) — O‘>2:4Z(SM):25,Q:

zeX
< 4||SM|3 = 4Tr(SM?*S)
< A[[S[IM] Te(SM)
< 4(a)(2n)e’y = 83el.

1 _
g la[ H

Putting it all together,

2
< —af + 20’ + (aff + 2ae’y + 85el)

ey|Vy) — alug)

< 8(c + 2B)e. m

6.4.2 Application to the tilted cube game

Now, we prove a robust version of the Lemma 6.3.1.

Proposition 6.4.2. Let C, , = (¢|A, ® B,|v) be an e-optimal quantum correlation matrix
for G¥ such that the observables are unitaries. Then,

H((AOHAIOIAHO 1) ® I) |1/;>H < 68v/13¢.

By symmetry, the same upper bound holds independent of the order of the observables.

Proof. Note that Alice’s observable Aggg = 1. Then, in the notation of Lemma 6.4.1, o = %
and S = 2, which implies that

2

wy(Ae © 1 |w>—1(1®3 )W) <;+2i>e:135. (6.1)
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Now, let |¢) = 3=, \/pila;) ®|b;) be the Schmidt decomposition of |), and take A : Hp — H 4
to be the operator A = 3=, \/pi |a;)(b;|. Then, AX* = 14 and A\*A = ¢, the marginals of |¢)
on H, and Hp, respectively. We can rewrite (6.1) in terms of the Frobenius norm as

2.

Y

2

< 13¢,
F

1 —
> HeyA = S)B,

where the complex conjugate is with respect to the basis {|b;)};. Writing h, , = 16H, ,, we
have |h,,| =1 and

< 2%.13e.

>

Y

2
S hayAuh — 2XB,,
- F

Next, we remove the dependence on B:

2
H (Z hx,yAQC) A 4N

2
< H (Z hm,yAm) A—23 h,,ANB,
F x T
S By As

> hyyAX — 2)B,

oS h, . ANB —4>\H
F H Ex: Y Y F

< Ey

+2
F

S hayAuh — 2XB,, S hayAuh — 2XB,,

F

<6

)
F

and therefore

by

Y

2

2
< 36 < 210 . 117e.
F Xy: F

2
(Z hx,yAx) A~ 4

Now, as in the proof of Lemma 6.3.1, let A; = Ag11, Ay = Aj01, and A3 = Aqq9. Then we
expand to see that

> heyAch — 2XB,

(0= A= Ap = Aa2A =4[]+ [ (~1 4+ AL~ Ay — Aa -4
+ (1= Ay + Ay — A5)*A - 4/\Hi + (=1 - Ar — Ay + A5)20 - 4/\Hi <210 117e.
Using the facts that

(1 — Al — A2 — A3)2 —|— (—1 —|— Al — A2 — A3)2 = 2(4 — 2A1 —|— {AQ,Ag})
(=1 — Ap 4+ Ay — A3)* + (=1 — Ay — Ay + A3)? = 2(4 + 24, — {4y, A3}),
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we find that

[{ Az, Ag}X — 24| = 1H(1—A1 Ay — Ag)PA+ (=1 4+ A — Ay — A3)*A — 8)\H
1= A A= A PA+ (C1- 41— A+ agPA -8
< 10— 4 -4 — a1 A= A AA -4
+iH< 1= Ay + Ay — APA— 4 4H(—1—Al—Az+A3)2/\—4>\Hi

< 28 117e.

By symmetry, the other anticommutation relations hold approximately as well, with the same
error. Next, let By = %(Bloo — Bo1o — Boo1 — Bm), By = %(Bom — Bioo — Bii1 — 3001>7

and Bg = %(Eo(n — Elll — EIOO - Pow). By COHStIUCtiOH, ”BzH S 2 and by Lemma 641,
SillAiX — AB;||% < 20 - 13e. Now, note that

1
A1A2A3 — [ = 5(141({142, Ag} _— 2A1) —|— Al [AQ, Ag])

- ;Al({Az, As} —24,) — iAlAQ({AQ, {Az, As}t} — 443)

1 1 1
= iAl({A% Az} —24A;) — §A1A2({A2, Ay —2A3) — ZAlA?({AZ’ Az} —2A1)As

Then, we can use this to bound

(A1 Aoy — DALy < Z1A4({As, A5}~ 240A15 + S 1A A ({4, A} — 245
+ 71414 ({42, As} — 241 AoA
< 1104 Ag} = 24005 + 511 (A2, Ar} = 245)2
- 1“ ({4, As} — 240)ABy||+ iH({AQ, As} = 2A1)(A) = ABy) |
in({AZ,As} 24N+ 3 ({4 A1} — 24 + [ A2h — A,

3
< (1 )24\/1175 +23V/13¢
= 68\/13 |

N
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Now, we show that the relation shown for near-optimal strategies for the tilted bipartite
cube game in Proposition 6.4.2 gives rise to operators that are near-perfect for a single
3LIN relation. This is necessary in the proof of soundness.

Lemma 6.4.3. Let p(a,b|z,y) = (¥|P* ® QY|1) be an s-optimal correlation for G such
that the players’ measurements are PVMs. Then, there exists a state |¢) € Hy ® H, that
depends only on |¢), and a POVM {Il4}eeq0133 € B(H4) such that
1
3 2 (M@ (P + P+ Pl)le) = 1= Ce,
ac{0,1}3
a1+az+a3=0

where C' = 301814.

Proof. We use the same notation as in Proposition 6.4.2, and note that Alice and Bob’s
observables are A, = By — P and B, = Qf — QY, respectively. Fix an orthonormal basis

{|k)}s, of Ha, and let |¢) = Su|k) @ o ?|k). Let I, = P3 P2 P1 P2 P3_ Write

az” a2” a1” a2” ag’

w==> S (g, ® (P. + P2 +P)e).

ac{0,1}3
a1+az+a3=0

We will lower bound this by upper bounding

1
ac{0,1}3 ac{0,1}?
a1+a2+a3=0 a1+az+az=1

First, we want to show that A; approximately commutes with w ?. Due to Lemma 6.4. 1,
|A;X — AB;||r < 8y/13¢. with the goal of removing B;, we first round it to an order- 2
unitary. We have

A1 = B?)||p < [|A2X — A\B;||p + | AAB; — AB?||p < 3||AiX — AB;||r < 24V13e.

Now, let C; = Sgn(éi), which is an order-2 unitary by construction. As in Lemma 3.1.14,
we have that

(1 - B})* = (Ci = Bi)*(Ci+ B;)* > (C; — By)?,
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s0 |MCs — By)||r < ||A(1 = B?)||r < 24v/13¢. Therefore, we can replace B; with C; and find
|AiX = ACi|[p < [|AIX = ABillr + [|IM(Ci — By)||» < 32V/13e.

To finish this step, we employ the Araki-Yamagami inequality [3], which gives a tight
modulus of continuity for the operator absolute value with respect to the Frobenius norm:

I1S] = 1T/l < V2IIS = Tl
Since |A*A;| = VAIA; = Apl*A; and [CiN*| = \JAC2As = o},

4w, =

WA = 0| = 1IN AL = 1CX e < VRIINA; — CiX | < 32V/26e.

Next, we show that the A; approximately commute. In fact, using the result of Proposi-
tion 6.4.2,

1A, Ao ? [l = [[(A1As — Ay AD) A
< [[(A1Az — A3)A||F + [[(A2A; — A3)A|
= [[(A3A142 — DA[|r + [[(A34241 — DA F
< 136v/13e.

By symmetry, this bound holds for the other two commutators as well. These commuta-
tion relations also apply to the PVM elements: ||[ P, 1/2] | < 16v/26¢ and ||[ P, P}] 1/2||F <
344/13¢. Now, we bound the terms of 1 — w one by one. First, note that, for any 1,

P! P2 P y{*P'

ai1” az2” ag

(9T, ® Pl |6) = Tr [P, vy = |

If i = 3,
|Pa PR PE, || < ||Pa PLES PR |+ |[1P2, i)
< 16v/26¢;
if i =2,

Pl P3 P2 1/2P2

a1~ az” az —a

PP PP |+ 1P

ai= az” az2” —az

Pl P2 P3 1/2P2

a1~ a2 as —a

< 16\/265 +34v/13e = 2(8V2 + 17)\/ £

1P PR,
I, s, P,

az?

az?
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and if 1 = 1,

2 p3 . 1/2 2 1/2 3
\PL PP PPL | < ||Ph PLui*PE PL, ||+ 16v/26¢
<||PLP2wY*PL, P3| +16V26z + 34v/13c
<||P2PLwi*PL, P3| +16V26z + 68v/13e
<||P2PL P, vi? P |, + 32v/26z + 68v/13e
= 4(8V2 +17)V13e.
For the final term,
Y@ty = Y T(PLPLELPLRL.)
O,E{O,l} 06{0,1}
a1+az+az=1 a1taz+az=1
1
T 32 > Te[(1+ (=1 As)(1+ (=1)™Az) (1 + (1) A)(1 + (=1) Az) (1 + (=1)* A3)1ba]
ac{0,1}
a1+az+az=1

= 312 Tr[(4 — 441 A2 A3 +4 — 442 A1 Az + 4 — 4A3A Ay + 4 — A3 As Ay A
= ;(||(A1A2A3 — DA + (24143 — 1)/\||§:>
< i(ﬁ&/@f =4-13-17% = 15028¢.
Putting everything together, we find the bound
1—w< i((w\/ﬁ)? +(2(8v2 + 17)V13e)” + (4(8v2 + 17)V13e)?) + 15028¢

4
=3 (66562 + 260(417 + 272V/2)e ) + 15028z
< 301814e. n

6.4.3 Proof of the reduction

In this section, we show the following theorem

Theorem 6.4.4. There exist 1 > ¢ > s > 3 such that ;MIP}, (TXOR),,, and {MIP? (TXOR).
are RE-complete, via polynomial-time reductions from the halting problem.
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This implies immediately that the non-succinct versions of the problems are also RE-
complete. From the proof, we may choose explicit values as ¢ = % — ¢ for any € > 0, and
s =3 —107% We prove the result via a reduction from 3LIN, in an analogous way to [72].

We rely on the following result.
Theorem 6.4.5 ([L12]). For all € > 0, gl\/[IPgLO(Z%LIN)1_57%JﬁE and gMIP} (3LIN); __ 1o,

7120
are RE-complete, via polynomial-time reductions from the halting problem.

We also need a converse of Lemma 6.4.3: operators satisfying a single 3LIN relation

near-perfectly induce a near-optimal strategy for the tilted bipartite cube game. This is
necessary for the proof of completeness.

Lemma 6.4.6. Let [¢)) € H4 ® Hp be a quantum state, and let {P}}qcq0,13 € B(Hp) for
u € {011,101, 110} and {I,}aeqo,133 € B(Ha) be PVMs satisfying

1

s X Wile (P + P+ PO 2 1<
ac{0,1}3

a1+€a{2+a};,:0

Then, there exist PVMs {Qu}acio1y € B(Ha) for u € {001,010,100,111} such that
pla, bz, y) = ($|Q} ® PrlY) is a 2e-optimal correlation for the tilted bipartite cube game.

Proof. Without loss of generality we may suppose that I, = 0 if a; + a3 + a3 = 1 — we can
change Alice’s PVM to one satisfying this condition without decreasing the value. Now write
I = > as.a3 aasas) I = > ar.a3 araas, and 1,10 = >a1,as Nayaza- Let A, = Py — Py and
C, = Iy — IIY for all uw € {011,101, 110}; let Agoo = I and Cohop = Cp11C101C110; and define
B, = %(Cw — Chie; — Cytey — Cyiey) for all v € Xy. Since the C, are commuting order-2
unitaries satisfying CgooCo11C101Ch10 = 1, the B, are also order-2 unitaries. Next, writing
C for the correlation matrix corresponding to p, note that

1
l—e=2 Y @meri)

ue{011,101,110}
ac{0,1}

:é S (1 + (W|C, ® Auleh)) — é(1+ (¥1Cono ® 1[¥)))

u€Xo

1 1 1
= 5 + 6 Z <¢|§(Bﬂu - Bu+e1 - Bu+€2 - BU-i-eg) ® Au|¢>

ueXp

1
-5 2 ()T i@ 1Y)
ac{0,1}3
1 4
=~ +-b(GY,0)

45
513 (I ®Iy) = 5+ 36(¢7,0).

1
6
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Hence, we can rearrange and find that b(GO, C)> < — %5, as wanted. [ |

1
2
Now we can pass to the proof of the main theorem.

Proof of Theorem 6.4.4. We show the case of {MIPY (TXOR),s here; the other part of the
theorem is identical. Let M be an instance of {MIP{_ (3LIN); . ;. We construct an instance
of ¢MIP],(TXOR)x o, where ¢’ and s’ will be specified later, similarly to Theorem 6.3.2,
by constructing a Turing machine M’ sampling constraints Y constructed from X (M). M’
samples a constraint (L, 3, ) from M, and then samples a uniformly random constraint
from the tilted bipartite cube game, identifying 011, 101, and 110 with z;, x5, and x3,

respectively; and flipping the signs of the edges adjacent to 000 if b = 1.

First, we show completeness. Suppose there exists a quantum correlation p such that
W(Goen (X (M), 3LIN, 751), p) > 1—e. Using Naimark dilation, we may assume it is projective.
Let 1 — &p, be the value on the constraint (L3, ). Then, by constructing a strategy p’ for
G using Lemma 6.4.6, the value of the corresponding cube is > % — geb@, and therefore

w(G,p) >3 —3e=".

Next, we show soundness. Suppose there exists a quantum correlation p for the game
Go(X (M”), TXOR, myy) such that w(Gy,o(X (M'), TXOR, mar),p) > 3—4. As above, we can
suppose the strategy is projective due to Naimark dilation. Then, via Lemma 6.4.3, there
exists a strategy p’ for Goe, (X (M), 3LIN, mys) such that w(Gye (X (M), 3LIN, mpr), p") >

1 —4-10%. Then, as we want s = 1 — 4 - 10°6, we take s’ = % —0= % — 41'1_055

Putting these together, the construction maps gMIP{_, (3LIN); . s, which is RE-complete
by Theorem 6.4.5, to gMIP} (TXOR)

3 383 1—s . .

4 874 4.10°

6.5 Hardness of approximation

In this section, we show that the best known techniques for approximating the classical
value of an XOR game based on the quantum value, due to [11], extend to approximation
algorithms for the quantum value of tilted XOR games. We also study the range of values

where Theorem 6.4.4 implies approximating the quantum value of a tilted XOR game is
hard.

Lemma 6.5.1. Let G be a tilted XOR game. Then, there exists a classical correlation p for
G such that 1(G,p) > 3.
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This also implies that ;CSP{, (TXOR)., and ;CSP? (TXOR), s with ¢ < 1 are trivial,
as every instance is a yes instance.

Proof. We define a classical correlation by sampling a random deterministic correlation
p(a, bz, y) = 64,9(2)0bn() for g and h uniformly random functions. Then, the bias is > 0,
giving that the value of the strategy is > % [ |

Lemma 6.5.2. Let v : [1/2,1] — [1/2,1] be a monotone increasing function such that
for all XOR games G, w,(G) < v(10.(G)). Then, if ¢ > v(s), there exist polynomial-time
algorithms to decide ;CSP! (TXOR)., and ,CSP;, (TXOR),,s.

We need only consider the v on the domain [1/2, 1] as 10.(G) > 5 by the previous lemma.

1
2
Proof. Consider the following algorithm:

1. On input G compute w,(Gxor) to precision 1 (c —~(s)).

2. If v,(Gxor) > ¢ (within the bounds of the precision), output YES and else output
NO.

Since t0,(Gxor) can be approximated by an SDP, this algorithm is polynomial-time in the
instance size and log(1/(c — v(s))). Now, if w,(G) > ¢, then t,(Gxor) > 10,(G) > ¢, so
the algorithm outputs YES correctly. On the other hand, if w,(G) < s, then, to.(Gxor) =
0.(G) < s, so using the assumption on v, w,(Gxor) < 7(s) < c. As such, the algorithm
outputs NO correctly.

The proof for the classical case proceeds identically. [ |

The next theorem provides an explicit form of the function v needed above.

Theorem 6.5.3 ([11]). There exists a monotone increasing function v : [1/2,1] — [1/2,1]
such that w,(G) < y(10.(G)) for all XOR games G, where

Ltr(r—3) $<z<
V(z) = {mz Yo <z <
sin? (g:z:) Yo < <1,

the point where the two line segments intersect, and v, ~ 1.1382 and ~, ~ 0.74202 are such
that such that v,x is tangent to sin%%x) at 0 < o < 1.

where k &~ 1.7822 is an upper bound on Grothendieck’s constant, vo = 2(:7’;) ~ 0.60730 is
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(a) Hardness of ;CSP;,,(TXOR).s, following  (b) Hardness of ;CSP% (TXOR)., following
from Lemmata 6.5.1, 6.5.2 and 6.5.4 and Theo- from Lemmata 6.5.1, 6.5.2 and 6.5.4 and Theo-
rem 6.5.3. rems 6.3.2, 6.4.4 and 6.5.3.

Figure 6.2: Hardness of tilted XOR games. The green region indicates problems solvable
in polynomial time, the red and purple regions indicate hard instances, the white region
indicates problems where the complexity is unknown, and the gray region indicates s > ¢
where the problem makes no sense. The RE-complete region is not to scale (though it is the
interior of a triangle with positive area).

On the other hand, the hardness results Theorems 6.3.2 and 6.4.4 give rise to a set of
completeness and soundness parameters where the games are hard to approximate.

Lemma 6.5.4. For any ¢ > s, the decision problem ,CSP! (TXOR).s reduces to the
problem ,CSP? (TXOR). ¢ for any (¢, s’) that is a convex combination of (c,s), (1,1)
and (1/2,1/2), as long as the weight of (¢, s) is nonzero. The same holds for the classical

problems.

Proof. The first reduction follows simply by taking a convex combination with the XOR
games with winning probability 1 and 1. |

The results of this section are illustrated in Fig. 6.2.
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Chapter 7

Approximation algorithms for
entangled CSPs

In this chapter, we develop approximation algorithms for entangled CSPs. In Section 7.1,
we introduce the optimisation problems we are interested in approximating. In Section 7.2,
we describe our approximation algorithm. In Section 7.3, we analyse the algorithm and
find its approximation ratio. In Section 7.4, we study a variant of the algorithm which
guarantees finite-dimensional strategies.

7.1 Graph colouring and Max-Cut problems

As noted in Section 2.11.2, the CSP of a o-structure A can be expressed as an optimisation
problem as follows. Given a o-structure X, maximise the number of constraints that may

be satisfied by a function f: ©(X) — D(A).

Definition 7.1.1. The optimisation problem corresponding to the relational structure K}
(the complete graph on k vertices) is called Max-k-Cut.

An instance of of Max-k-Cut is given by a graph G, and the optimal value of G is the
value of the nonlocal game G,,(G, K, n) under symmetric classical strategies, times the
number of edges.

The name Max-k-Cut arises from the fact that the optimisation corresponds to max-
imising the number of edges cut when splitting the graph into k parts.
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Definition 7.1.2. The entangled Max-k-Cut problem is the problem of, given a graph G,
maximising the value of G,,,(G, K, 1) (times the number of edges) under symmetric tracial
quantum strategies. This problem is denoted Max-k-Cut?.

Max-k-Cut? is the optimisation problem corresponding to the problem CSP? (Kj). s
The objective function for Max-k-Cut has a useful expression in terms of observables.

Lemma 7.1.3. Given a graph G, Max-k-Cut for this graph is the problem

k-1
maximise Z (1 — EZx x)
(@)

{i,j}€E(G
subject to zF =1, 2; € CVi € V(G).

Max-k-Cut? for GG is the problem

1 k—1
maximise ) <1 7 > X, X;>tr>

{i.}eB(G) s=0
subject to XX, = XF =1, X; ¢ B(CH) Vi e V(G), d €N,

where (-, ), is the inner product induced by the normalised trace.

Note that for simplicity our presentation here does not consider different weights on the
edges, but it can account for that by having multiple edges between pairs of vertices.

Proof. Given a PVM {Pi}*Z} we take its observable to be X; = P +wPi +...+w* 1P
where w is a primitive k-th root of unity. We have P! = %Z?:o w5 X! Then, the the term
corresponding to colouring edge {4, j} correctly can be expanded in terms of the observables
as

k—1 k—1

o ; 1
S tr(PIPY) =1- tr(P.P)) —1—— Z w ™) g ( XtXt)—l—%Ztr XD,
s#s! 5=0 s,tt'= t=0
which gives immediately the wanted expression. [

To finish this section, we note a surprising distinction between the classical and quantum
versions of Max-k-Cut. For any instance GG, the corresponding Max-2-Cut? optimisation
problem is an XOR game, whose value is easy to approximate (though as discussed in
Chapter 6, the classical hardness can be somewhat reinstated in the entangled setting).
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That gives an approximation algorithm with approximation ratio 1, in stark contrast with
classical setting, where the optimal approximation ratio is the Goemans-Williamson constant
~ 0.878, and this is tight assuming the unique games conjecture [30].

In this chapter, we study an approximation algorithm for Max-k-Cut?. In Table 7.1, we
compare the approximation ratios of our algorithm to the best known approximation ratios
for Max-k-Cut. Note that these values may be compared, as every classical strategy for a
nonlocal game is also a quantum strategy, and hence every approximation algorithm for
Max-k-Cut is also an approximation algorithm for Max-k-Cut?.

Max-k-Cut Classical Entangled
k=2 878 [67] 1 (114, 41]
k=3 .836 [60] .8649
k=4 857 [H4] .8642
k=5 876 [54] 8746
k=10 926 [51] 9195

Table 7.1: Approximation ratios for classical and entangled Max-k-Cut for various k. The
unattributed values are from our work.

Max-k-Cut is a special case of optimisation problems consisting of linear equality and
inequality relations in two variables.

Definition 7.1.4. Max-Lin(k) is the optimisation problem arising from the CSP of the
relational structure with domain Zj, and relations R—. = {(z,y) € Z} | x —y = ¢} and
R,.= {(z,y) € Z} | x — y # c}. The entangled analogue is Max-Lin(k)?.

Max-k-Cut corresponds to the special case of instances where all but the relation R
is empty. We will also apply our approximation algorithm to homogeneous Max-Lin(k),
or HMax-Lin(k), which is the special case where only the R_, and R are nonempty, i.e.
where the linear relations are all homogeneous.

Lemma 7.1.5. HMax-Lin(k) for an instance H with edge sets E— and E. corresponding
to relations R”; and RY, respectively, is the problem

1 k—1 1 k—1
maximise Z %Z I;sx; + Z (1 _ %Z x@sx3>
{i.jyeE= 7" s=0 {i,j}cE, s=0

subject to ¥ = 1 and 2; € CVi € V(G).
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HMax-Lin(k)? for this instance is the problem

k-1 k-1
maximise Y 12 (X7, X5 + > (1—2,2 X187X;>tr>

{i,j}eE= {i,j}eE, s=0

subject to X7 X; = XF =1, X; € B(C)Viec V(G), d€N.

The proof is identical to the proof of Lemma 7.1.3. Applying our algorithm to HMax-Lin(k)
gives the approximation ratios in Table 7.2.

HMax-Lin(k) || Classical Entangled
k=2 878 [07] L[]
k=3 7793 [00] 864
k=4 708 813
k=5 .629 738
k=10 383 475

Table 7.2: Approximation ratios for classical and entangled HMax-Lin(k) for various k. The
unattributed classical values are by applying the algorithm for Max-k-Cut to HMax-Lin(k),
and the unattributed entangled values are from our work.

7.2 An approximation algorithm

In this section, we present our approximation algorithm for Max-k-Cut?. It is modelled on
successful approximation algorithms for the classical analogues of the problem: an SDP
relaxation followed by a rounding step. In our case, the rounding takes two steps. The
first is a vector-to-unitary construction to express the SDP solution in terms of unitaries,
and the second is a unitary rounding to turn the unitaries into observables. These three
parts are presented in Sections 7.2.1 to 7.2.3, respectively, and the algorithm is presented
in Section 7.2.4

7.2.1 SDP relaxation
In this section, we construct an SDP relaxation of Max-k-Cut?. Since every classical strategy

for a nonlocal game is also a quantum strategy, Max-k-Cut? is a relaxation of Max-k-Cut.
As such any SDP relaxation of Max-k-Cut? is an SDP relaxation of Max-k-Cut.
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The SDP we consider the same as the relaxation studied in the classical setting in [66, 91].
This gives best known approximation algorithm for Max-3-Cut, but not for £ > 3. The
improvement for k > 4 is given by an SDP relaxation that seems harder to apply to the
quantum setting [54].

Lemma 7.2.1. The following SDP is given a relaxation of both Max-k-Cut and Max-k-Cut?
for an instance G.

k—1

maximise

(1-Xi;)
{ig}eB (@)
subject to X;; = 1Vi € V(G)
1 .
Xij > T Vi,j e V(G)
X e BRV), X >0.

Proof. To show that is SDP is in fact a relaxation of Max-k-Cut?, it suffices to see that
every feasible point of Max-k-Cut? gives rise to a feasible point of the SDP with the same
value. Let {X;}icv () be a feasible point, 4.e. a collection of order-k unitaries. Then, we take
Xij = ﬁ X, X %) First, we know that X is positive semidefinite as it is the Gram
matrix of the vectors (X;, X7,..., X}™") for i € V(G). Next, X;; = 15 S tr(X;°X7) =
1. We know from the proof of Lemma 7.1.3 that >-52§ (X7, X¢)i; > 0, and hence X; ; is real
and X;; > —ﬁ for all 4, 5. As such, X is a feasible point of the SDP. To finish, we see

that X has the same value as {X;};:

k—1 E—1 R S
{i.7}eE(G) {i,j}€B(Q) s=1
1 k—1
(i,/YEE(Q) 5=0

In an identical way, we get an SDP relaxation of HMax-Lin(k).

Lemma 7.2.2. The following SDP is given a relaxation of both HMax-Lin(k) and
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HMax-Lin(k)? for an instance H.

maximise 1 Z 1+ (k-1)X,;)+ k;l Z (1—-Xij)

{igteb= {ijteby
subject to X;; =1Vi e V(G)

1
S
X; k_1Vz,j€V(G)

] =

X e BRV) X >0.

7.2.2 Vector-to-unitary construction

A vector-to-unitary construction is a mapping from vectors to matrices that sends unit
vectors to unitaries. We make use of this to convert the solution X of the SDP relaxation
to a feasible point of Max-k-Cut?, by seeing X as the Gram matrix of some unit vectors
and mapping those to unitaries. For now, we will not worry about the order of the unitaries
— this will be achieved by the rounding step in the next section.

We make use of the vector-to-unitary construction used by Tsirelson [111] to show that
every vect strategy for an XOR nonlocal game, which can be seen as a feasible point of an
SDP relaxation, gives rise to a quantum strategy

Definition 7.2.3. A set of d Weyl-Brauer operators is a set of hermitian unitaries
o1,...,0q satisfying the anticommutation relations o,0; = —o;0; for all 7 # j.

A set of d Weyl-Brauer operators admits a representation in dimension 2°® by taking

=X®IQIQI® QI
=Y RIRIQIQ - ®1
05=2Q0XRIQI®--®1
o, =2ZQ9QYQIQI®---®1
05=2R7Z9XRIQ &1

where XY, Z are the Pauli matrices. In fact, any set of d Weyl-Brauer operators is unitarily
equivalent to this set.
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Definition 7.2.4. The Weyl-Brauer vector-to-unitary construction is the linear map
Uwp : RY — Myow defined as v+ v101 + 0209 + ... + 404, where o1, ..., 04 1s a set of d
Weyl-Brauer operators.

Lemma 7.2.5 ([L11]). Uwp is a vector-to-unitary construction into the hermitian matrices
satisfying

(Uws(v), Uwp(w))u = (v, w).

Proof. Since Uy g(v) is trivially hermitian for real v, and for unit vector v, it is unitary as

d
Uwp(v Z V;V;0,0; = vaaf + Z(viv] V;V;)00; = ZU =1.

ij=1 i=1 i<j
Finally, noting that tr(c,0;) = —tr(o;0;) = 0 for ¢ # j, we have that

d
(Uwp (), Uyp(w) = D viw;tr(o;o;) szwz = (v, w). [ |

4,j=1

As a consequence of the hardness of approximation of entangled k-colouring for k& > 2,
there cannot be an analogous vector-to-unitary construction U that maps real unit vectors to
order-k unitaries satisfying (v, w) = 15 71 (U(v)*, U(w)*)s,. Since perfect approximation
in this way is impossible, we need to make use of a rounding step.

7.2.3 Rounding unitaries

In the final step of our approximation algorithm, we round the unitaries constructed by the
Weyl-Brauer vector-to-unitary construction to order-k unitaries. For simplicity, we round to
the nearest order-k unitary. This unitary has a simple form, demonstrated by the following
lemma.

Lemma 7.2.6. Let  : S* — S be the function that maps the input to the nearest k-th
root of unity (with respect to complex modulus). Given a unitary U € Uy, the nearest
order-k unitary with respect to the little Frobenius norm ||-||; is Q& (U).

This is special case of the Hoffman-Wielandt theorem [74].
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Proof. Write W for a closest order-k unitary to U. Let U = >°, AP\ and W = Zle Wil
be the spectral decompositions. By unitarity, |[U — W||% = 2 — 2Re(U, W)y, and then
expanding

Re( ZRe (Nwh) tr(PAIT)

< Z max Re(\*w}) tr(Py),
h\ (3

since 3, tr(PAIL;) = tr(Py). On the other hand, we have that Re(A*Q;,(\)) = max; Re(\w}),
so since Qi (U) = Y\ Qr(N) Py,

Re(U, Q% (U)) = ZRe(A*Qk(/\)) tr(Py) = Zmax Re( A wp) tr(Py).
)

Hence, Re(U, W), < Re(U, Qx(U)), so we may take W = Qi (U). |

7.2.4 The algorithm

We present the approximation algorithm for Max-k-Cut?.

1 Solve the SDP relaxation of Lemma 7.2.1 to get X.

Extract unit vectors @; € RV(%) such that X, ; = (z;, x;).

3 Run the Weyl-Brauer vector-to-unitary construction to obtain unitary operators
X; = Uwp(x;) € Uy for some M.

Sample a unitary U from the Haar measure on Uy, .

Let X; = Qu(U(X; @ Iy)) be the closest order-k unitary to U(X; @ Iy).

Output the set of operators X; as the solution.

N

(<L BN

Algorithm 1: Approximation algorithm for Max-k-Cut?

We note two important aspects of the rounding that were not mentioned in Section 7.2.3.
First, we multiply the matrices constructed from the vector-to-unitary construction by a
Haar-random unitary. This serves to distribute the eigenvalues of the constructed unitary
evenly while preserving the inner products. Also, we increase the dimension of the unitary
before applying the Haar-random unitary and rounding. This step is important to allow
analysis of the algorithm based on free probability, which holds in the limit of infinite
dimension.
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We can also apply the same algorithm to HMax-Lin (k).

1 Solve the SDP relaxation of Lemma 7.2.2 to get X.

Extract unit vectors @; € RV(%) such that X, ; = (z;, x;).

3 Run the Weyl-Brauer vector-to-unitary construction to obtain unitary operators
X; = Uwp(x;) € Uy for some M.

4 Sample a unitary U from the Haar measure on Uy y.

5 Let X; = Qu(U(X; @ Iy)) be the closest order-k unitary to U(X; ® Iy).

6 Output the set of operators X; as the solution.

N

Algorithm 2: Approximation algorithm for HMax-Lin (k)4

7.3 Analysis of the algorithm

In this section, we analyse the algorithm described in the previous section. In Section 7.3.1,
we define the notion of a relative distribution, which underlies our technique. In Section 7.3.2,
we relate the relative distribution to the approximation ratio via an integral formula. In
Section 7.3.3, we apply the results of the previous two sections to our approximation
algorithm. In Section 7.3.4, we prove a technical lemma needed in the previous section.

7.3.1 Relative distribution

First, we formally define the relative distribution.

Definition 7.3.1. Let A, B € Uy. Let A=Y, eI, and B =¥, e IIp; be the spectral
decompositions of A and B. Define the weight measure wy 5 : Z([0,27)) — R>¢ as

wA,B<E) = Z <HA,37 HB,t>tr- (7.1)
st Y —¢sCE

Since the phases vy and ¢4 are considered as angles, the expression ¢, — ¢, € E is
modulo 27. It follows immediately from the definition that wy g is a well-defined measure,
since it can be simply expressed as positive linear combination of the Dirac delta measures
on [0,27) (Eq. 2.2)

wap =Y (i, Hpi)uly, s,

s,t
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Also, we can see the weight measure is a probability distribution since wa ([0,27)) =
Es,t(HA,37 HB,t> =1.

Definition 7.3.2. Let A, B € Uy and U ~ mn, the Haar measure. The relative distribu-
tion of (A, B) is the probability measure Ay 5 : Z([0,27)) — Rx( such that

AA,B(E> == /Z,{ wUA,UB(E)dU. (72)
d
Lemma 7.3.3. The relative distribution is a well-defined probability distribution.

Proof. First, to see that Ay p(F) is well-defined for all £, we need that U — wyapp(E) is
a measurable function. In fact, it is the composition of the multiplication U — (UA, U B),
which is continuous; the diagonalisation (X,Y) — ({¢s}, {¢1}, {IIx s}, {ly,}) where X =
o e"‘i’SHXﬁ and Y = >, ei’z’tﬂy’t, which is continuous almost everywhere; and the map
{os} At} (Tx s}, Uy }) = Yo 6. —wwerTxs, Iyy) e, which is measurable. Therefore,
the Haar integral [, wyaup(E£)dU is well-defined.

Next, since wyapp(E) > 0 for all U, Ay g(E) > 0. Also, Ay p is countably additive by
monotone convergence theorem. As such, Ay p is also a measure. Finally, A4 5([0,27)) =
Ju, wuaus([0,2m))dU = 1, so it is normalised, giving a distribution. [

Although w4 p is not absolutely continuous with respect to the Lebesgue measure A
on [0, 27), the relative distribution A, g in fact is. For any measurable subset £ C [0, 27),
if £/ has measure 0, the subset of U; whose eigenvalues are in E' must also have measure 0.
As such wya yp(E) # 0 with probability 0, so As g(E) = 0. Therefore the Radon-Nikodym

derivative pa, , = dAdj‘\’B exists — this is the PDF of the relative distribution.

Lemma 7.3.4. The characteristic function of the relative distribution is

Xansm) = [ U (UAB) U

Proof. First, we find the characteristic function of the weight measure:

XV.UA,B(TL) - Z(HA,S7 HB,t>trX5¢t,¢S (n> - Z<HA,S7 HB,t>trem(¢t_¢S)

s,t s,t

_ <Z ei"¢SHA,S, Z €imptHB,t> — <An, Bn>tr _ tr[Aian].
s t

tr
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This immediately gives, by integrating over the Haar measure, that the characteristic
function of the relative distribution is

Xaas(n) = / (U A)~(UB)"]dU.

To finish, we can simplify the expression using Haar invariance. We replace U by U A*
to get xa,p(n) = [tr[U"(UA*B)"|dU, as wanted. [

In order to motivate the theorem below, we can compute some of the values of the
characteristic function. First, note that xa, ;(—n) = xa, (n)" since Ay p is real-valued.
As such, we need only compute the values of the characteristic function for n > 0. Next,
it’s easy to calculate the characteristic function for small n. Letting C' = A*B and \ =

tr(C) = tr(A*B),
Xans (0) = [[Uwey]av = [av =1
Xans(l) = [0 UCIAU = [ tx(C)dU = X

Xans(2) = [w[URUCY] U = tr[C’ Jvcrrav| = ulcw(e) = X2

It is also feasible, though far less direct, to calculate the characteristic function at n = 3.
We get

tr(C?) + X3 — 2tr(C?)/d

d? —1 '
We see here that, unlike for smaller n, the value is not simply A". However, it does converge
there as d — 0o0. On the other hand, the distribution with characteristic function A" for n > 0
and (A*)~" for n < 0 is exactly the wrapped Cauchy distribution A, = W(arg A, —In|A|)
(see Section 2.5.3).

XA4 B (3> =\ +

Theorem 7.3.5 (Cauchy Law). Let A, B € Uy and let A = tr(A*B). In the limit of m — oo,
the relative distribution A gy, Ber, converges in distribution to Aj.

The proof makes use of techniques from free probability (Section 2.8).

Proof. Let A,, = A*B® I,,, and let U,, be a dm-dimensional Haar random unitary. Then,
by Theorem 2.8.1, we get U,,, A, — u,a (*-dist) where u and a are free. As such, for
every n > 0

XA AR, B&Im (n) — T(uin(ua)n)ﬂ
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Figure 7.1: PDF of the wrapped Cauchy distribution A, for a selection of values of .

as m — 0o. This is a mixed *-moment of u, a, so we can use freeness to compute it in terms
of the x-moments of u and a. To rewrite this in terms of free variables of expectation 0,
note that 7(a) = lim,, oo tr(4,,) = A\. Then

7((wa)"u™) = 7((u(a — X+ \)"u™") = Z{ }/\”_Ze’d’(u(a — N u(a— N)u™)

If the e; are not all 0, then the argument of 7 is a product of free variables each with
expectation 0, so that term does not contribute. That is, we get

7((ua)"u™") = A"r(1) + Z AnF > (W (@ —A) - u™ (@ — A)u~ 27)

N yeey N >O,Z nE<n

ESUNE S0 G I SR S

k=1 M yeeny nk>0,z nE<n

since 7(a — A) = 0 and 7(u") = 0 for all n # 0. This gives exactly the characteristic
function of the wrapped Cauchy distribution. Using Theorem 2.5.1, Aagr,, Bor,, converges
in distribution to Ay. [ |
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7.3.2 Integral formula

In this section, we make use of the relative distribution introduced in the previous section
to calculate the expected value of polynomials of rounded operators. We show that these
expected values can be expressed as an integral of a function, which we call the fidelity
function, depending only on the polynomial, with respect to the relative distribution
(Definition 7.3.2).

In the discussion below, for every k we work with noncommutative *-polynomials of
the form P(z,y) = X5 %) ¢;¢(2*)*y". In our applications, the variables z,y will always be
substituted with order-k unitaries. Because of this, we also assume that the indices s, ¢ in
s+ are considered modulo £, i.e. we let csyqr 06 = Csy for all integers a, b.

Definition 7.3.6. Let k£ € N. For a noncommutative *-polynomial of the form P(x,y) =
Yk Lo cse(z*)®y!, the fidelity function is the map fidy p : [0,27) — C defined as

2r F— .
fidi,p(0) = - / Z o U (69) 750 (1P, (7.3)

s,t=0

where € is the rounding to the closest k-th root of unity (Lemma 7.2.6), and the integral
is with respect to the Lebesgue measure over [0, 27).

When £k is clear from the context we let fidp = fid p.

Theorem 7.3.7. Let A, B € U; be two unitaries. For any noncommutative *-polynomial

P(z,y) = 2520 csu(2)y,
/ P(Qu(UA), Qu(UB))dU = / fidp(0)dA 45 (6). (7.4)

Proof. Let UA =32, ay,Py; and UB = }; By,;Qu,; be the spectral decompositions. This
gives that

/ P(Q(UA), (U B))dU = / Z ot (U A, Qu(UB)ndU

= chst/ﬁk o) " (Bu) (Pui; Quj)udU

1,J S,
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Using Haar invariance, we can multiply U by any ¢ € S*, which sends (v, 3;) to (Ca, (53;).
In particular, we can multiply by a randomly distributed phase, giving that

[ PO, 0 UBNAU = 5 [ 5 ey [ OuleFan) 0 5,) (P QuhdUd

,7,8,t

—/chtQ / Qi (e¥) Q¥ af; Bu,) do(Puy, Quj)endU

1,7,8,t

- /ZﬁdP(arg(a*U,iﬁU,j>><PU,z’7 Qu,j)udU.
i,J

Now, using the weight measure wya s (Definition 7.3.1), we can view the sum over the
eigenvalues as an integral with respect to this measure:

> fidp(arg(ag,;6v,))(Poi, Quy)er /ﬁdP Ydwy aup(0).

i?j

Finally, using the definition of the relative distribution (Definition 7.3.2), we get that
/ / fidp () dwya v (0)dU = / fidp(0)dAx y (6). n

Due to the results Section 7.3.1, we know that the relative distribution becomes a
wrapped Cauchy distribution in the limit of large dimension. In this case, we can exactly
compute the integral formula. First, we need a simpler expression of the fidelity function.

Lemma 7.3.8. The fidelity function defined in Definition 7.3.6 simplifies to

fidp (6 Z ' (1+ (W' = 1)(£0 - [ £6])). (7.5)
Its Fourier coefficients are fidp(0) = 27cp o and for n # 0,

- 2
fidp(n) = 2 sin? (ﬂn) Crn- (7.6)

mn? k

Proof. Consider the integral f,(0) = [Z™ Qu(e*) Qe #+9)tdip. This simplifies as

+2’r ,
fs1(0 Z/kﬂ kw )5 (e
—0 /Rt

- z ot / C () ()
3

= kése | Qk( Wt dep.

a‘\:u
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Now, Q (e ?+)t is a piecewise constant function (i.e. a step function), with the value chang-
ing at zg = 2*|£6| — 6 + Z. More precisely, on the interval ¢ € (=7, z¢], Q) (e'?T)! =
Qi (e0=8)) = wilz% and on its complement ¢ € (zg, 1 Qu(e S"Jrg) = (TR =

(|_2 9J+1)‘ Therefore, fs7t( ) = k‘(s57 w \~27r9J (,[L'e —I— % + w <E — ,ﬁlfg)) Puttlng the terms to-
gether,

ki s

ﬁdP o Z Cstfst 272 tLQ"eJ (%4‘(&) —1)(*—ZE9)>
st 0 =0

To find the Fourier coefficients, consider the Fourier coefficients of f;;. They are

N 2r T . z
Fir(0) = k /0 / " () dpd = 2k / " dp = 45,0,
Tk

Tk

and for n # 0

G-H,O) t —mOdgde

i+ [ [
[

BB Mﬂ =3

19 t —m(9 ) dgod@

QkSln(%) /7’“; e—inﬁdg kilwr(t—n)
%

n r=0
_J4R? o TSQ%), t=n (mod k),
0, otherwise.

Plugging these into f/iap(n) = % s cttftt( ) gives the wanted result. |

Proposition 7.3.9. For A € C with |[A| < 1 and P(z,y) = X, ¢s¢(2*)*y" we have

[ fidp(8)d2n(6) = coo + j 3 M

n=1

(Con—n A"+ Cpn(A)"). (7.7)

Proof. By Parseval’s theorem (Eq. 2.1),

/ﬁdp dA)\ - Zﬁdp XA,\( )

nGZ
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The characteristic function of the wrapped Cauchy distribution Ay is xa,(n) = A" for
n >0 and xa,(n) = (A\*)™" for n < 0. Using this and the previous lemma,

1 &2k ,/mn o\
[ B (@)dna®) = cop+ 5= > 2, 81n2(k> (Comon A + oA,
n=1
giving the result. [

7.3.3 Application to Max-k-Cut

Since the objective function of Max-k-Cut is >~(; vep () (1 — Ly mi_sxjf), we can find the

relevant fidelity function (Definition 7.3.6) by considering the noncommutative *-polynomial
Pi(z,y) = 1 S0 (@)°y".

Corollary 7.3.10 (of Lemma 7.3.8). For Py(z,y) = 1 S52}(2*)%y*, the fidelity function
ﬁdk = ﬁdk,Pk is

k 2T
1— 520 0<O0<TF

fidi(6) = {0 Mlh<2m—23 (7.8)

1—£2r—0) 2r—22<6<2r

Proof. First, fidi(0) = + ©5=3 w8 (1 + (' = 1)(£60 — [ 0] )) by Lemma 7.3.8.If | 0] #
0,k — 1, the terms all cancel and fid(6) = 0. Else, if [ 26| = 0, we have

fidy () — 22(1 T S )
t

Finally, if |426| = k — 1, we have

fidy (6) = ;Z@)_t FUmw (0 - (k= 1)) = £6—k+1

t

Putting these three cases together gives the result. [ |
To make use of the fidelity, we use the integral formula of Theorem 7.3.7 to get that
E(Pu(X:, X)) = /ﬁdk(e)dAX@IN,Xj@IN(@)-
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1.0,
\ \
—_— =
0.75 — k=
k=
0.5
0.25
0'00 T §7T

Figure 7.2: The fidelity function fidy for selected values of k.

Due to Theorem 7.3.5, the relative distribution Ax,ery x;01y tends to a wrapped Cauchy
distribution (in distribution). Further, since we increase the dimension of the X; while
preserving their x-moments (i.e. inner products of the form (X7, X¥)i,) by tensoring on the
identity X; — X; ® Iy for larger and larger N, we can assume that we are working in the
limit of large dimension, and hence replace the relative distribution by the wrapped Cauchy
distribution.

Corollary 7.3.11 (Of Proposition 7.3.9). For X real we have

1 2k >, sin? Wn/k) 1k , .\ e
/ fidi(6)dA(0) =+ + Z — -+ 5 Re[L() — Lis(e®)],  (79)
where Liy(x) = 3°° | Z; is the dilogarithm.

Proof. With ¢, ,, = %, for all n, in Proposition 7.3.9, the integral is expressed as the power
series

/ﬁdk(G)dA)\(H) = ]1 + fi i S’lnngk)(]i)\n " ]i()\*)n> le i sin ( )

The closed form in terms of dilogarithms can be found by expanding sin? (%) = ; Re [1 —e 22”}
in the series. u
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We need the following technical lemma.
Lemma 7.3.12. The function
1 -+ — £ Re|Liy(\) — Lis(Ae'T)]
1—A

=

Ae[-1,1] (7.10)

is increasing for all £ > 3.

The proof of the above is elementary but quite involved, so we defer it to Section 7.3.4.
Now, we can find the approximation ratio of our algorithm for Max-k-Cut?.

Theorem 7.3.13. The approximation ratio of Algorithm 1 in the case of Max-k-Cut? for
k > 3 tends to

1k , 1 , i
=7 ﬂRe{Lb(_k— 1) _LIQ(_k:— 1)] (7.11)

in the limit of large dimension N.

Computing this function gives the values presented in Table 7.1. We can alternatively
write this as the series
- 1 2k & sin®(mn/k)
ko w2 n?(l—k)n
Note the rapid convergence of this series due to the exponential term (1 — k)™ in the
denominator.

Proof. Let {X;} be the feasible solution of a Max-k-Cut? instance G created in Algorithm 1.
To calculate the expected value of our solution, by linearity of the expectation, we just

need to calculate I[-E(,lc (X, f(;)tr> for every i, . By Theorem 7.3.7 it holds that

VE(S0050)) = [ 8001, 0 (7.12)

Therefore the contribution to the solution by edge {7,j} is 1 — [ fidx(0)dAx, x,(6). So the
ratio of the value of the expected solution to the value of the SDP is at least the minimum
of

ko 1— [fid(0)dAx, x,(0)
k=1 1— (X, X))u
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over all edges {i,j}. Note that we can always exclude the edges for which (X;, X;)i, =1
from this analysis because the contribution of such edges to the SDP value is zero and the
numerator is always nonnegative.

Finally note that in all feasible solutions X; ; = (@, ;) to the SDP relaxation we have
(x;, z;) > —1. Thus in the worst case over all instances, the quantity above is never less

E—1°
than

, ko 1— [fidg(0)dAxy(0)
min
rel-41) k-1 1—A
XY (XY )=\

In the limit of large dimension, by Theorem 7.3.5, the relative distribution tends to the
wrapped Cauchy distribution. As such, using Corollary 7.3.11, the minimization becomes

k: 1 k £ 27
i 1— 2 — " RelLiy(\) — Lis(\e/T
Ael ) (k:—l)(l—A)( [ Re[Li>(A) — Liz(e ’“)D

Finally, using Lemma 7.3.12, the function we are minimizing over is increasing, and as such

the minimum is attained at A = _k%r [ |

The proof of the theorem generalizes to all homogeneous CSPs.

Theorem 7.3.14. The approximation ratio of Algorithm 2 for homogeneous NC-Max-Lin(k)
for k£ > 3, in the limit of large dimension, is the minimum of

1k , 1 , e
g Rellio( =) ~ L)

1+ 5 Re|Lip(\) — Lip(Ae'®))]
min ,

AE[-125.1) 1+ (k=1

and

over all A € [—:15,1)

The proof is the same as for Theorem 7.3.13 except that, in the case of equation
constraints, the ratio for a given A = (X;, X;)4, is
k[ fide(0)Ax, x,(0)d0 1+ %5 Re[Lis(\) — Liy(Ae'®)]
% )
1+ (k—1)A 1+ (k=1

which is not a monotone function, so the minimisation cannot be simplified in the same
way as NC-Max-k-Cut.

This theorem gives the results presented in Table 7.2.
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7.3.4 Minimising the ratio

Lemma 7.3.15. Let f: [—1,1] — R be a smooth function. If f(1) <1 and f is convex,
then g(z) := = f( ) is increasing.

Proof. Since f is smooth and convex, f”(z) > 0 for all z. Therefore, h(x) :== 1 — f(x) —
(1 — 2)f'(x) is decreasing, as its derivative h/(z) = —f'(z) + f'(z) — (1 — z)f"(z) =
—(1 —z)f"(z) < 0. Also, we have that (1) = 1 — f(1) > 0. Putting these together,

h(xz) > 0 for all x € [—1,1]. The derivative of g is ¢'(x) = _f/(x)(l(iggl_f(m)) - (1’1_(:;))2 > 0,

and as such ¢ is increasing.
Lemma 7.3.16. Let f: [-1,1] = R be f(z) = + + W—’ERe[Lig(x) - Lig(l’@i%)] for k > 3.
Then f(1) =

Proof. Consider the Fourier series of the function p(z) = 2(1 — ) on the interval [0, 1]. The
Fourier coefficients are

1 ; 1
p(n) = /0 z(1—z)e ™ dy = gt
for n # 0, and p(0) = &. Thus, z(1 —z) = — 5300, Cos(flimx) In partlcular as - € [0,1],
—3, Cos(i#/k) = WQ(% 1-— %) ) Using this and the fact that >0°, 25 = %2,
1 E &1 —cos(2an/k) 1 k[x* =2 1 w2
- S [N ) R,
U WQZ n? k:+7r2[6+k:< /{:) 6

Lemma 7.3.17. Let f:[—1,1] — R be as in the previous lemma. Then, f is convex.

Proof. Tt suffices to show that the second derivative of f is positive. Since the dilogarithm

has integral expression Lis(x) = — [ ln(l ~dt, the first derivative of f is

k1 x
=" “Inf1 -
2m2 x n( +C(1—x)2>’

f(r) = 5 Re

X

—In(1—2)+In(1 - xe’?)]

where C' := 4 sin? ( ) (0, 3]. Differentiating again,

.ﬂu>=¥;[1m<“+ca—xw>*Cxu—xxatZP+C@]

202



This is positive if and only if the multiple by 2r%z?/k, g(z) := —ln(l —i—Cﬁ) +

C (1—1)?((11—233)2 wor is. To show g¢ is positive, we need only show that it is positive at the
boundary and at any inflection point. At © = —1,

g(—1) = —ln(l - i) >0,

as C < 3s01—%< < 1. In the limit z — 1, —ln(l—l-Cﬁ) ~ 2In(l — z) and

C(l_x)(gc((lljxgc))2+cx) ~ ﬁ, so lim,_,; g(z) = 400. To find the values of g at the inflection

points, consider the derivative
() = Cx(22° 4+ Ca* 4 (2C — 6)x — C' +4)
g = I—22((1—22+Cx)?

the inflection points are at the values of = where ¢’'(x) = 0. First, we have a zero at z = 0, in
which case g(0) =0 > 0. I claim that ¢’ has no other zero in the interval [—1, 1], and hence
no other inflection points we must consider. In fact, the only zeros of ¢’ are the zeros of
q(x) = 22% 4+ Cz* 4+ (2C — 6)x — C' + 4. We can show that ¢ only has one real root at some
x < —1 by showing that it is positive at its inflection points, and that its concave inflection
point is at z = —1. To do so, ¢'(z) = 622 +2Cx+2C —6, which has roots —1 and 1—%. Thus,
the values of ¢ at its inflection points are ¢(—1) = —24+C — (2C —6) - C+4=8—-2C >0,
and ¢(1—C/3) = £(C? — 18C + 54) > 0 as its smallest nonzero root is 9—3+v/3 > 3 (seeing
C' as a variable). As such, the only inflection point of g in [—1, 1] is at = 0, where it is
positive, so g(z) > 0 for all z € [—1, 1], and so f is convex. |

Lemma 7.3.18 (Restatement of Lemma 7.3.12). The function
— 1= £ Re[Liy(\) — Lip(Ae'T)]
1—A

re-1,1]— (7.13)
is increasing for all k£ > 3.

Proof. Let f(z) = + %Re[Lig(x) — Lig(ﬁ@i%)] Then, using Lemma 7.3.15, if f(1) <1

and f is convex, we get that %Ef) is increasing. To get these two properties, we can use
Lemmas 7.3.16 and 7.3.17. [ |

7.4 Dimension-efficient algorithm

The implementation of the algorithm for entangled Max-k-Cut and HMax-Lin(k) introduced
in Section 7.2.4 is hindered by the fact that the known approximation ratio is only attained
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in the limit of large dimension, with no information on the rate of convergence. In this
section, we construct a variant of the algorithm that achieves the same approximation ratios
in dimension exponential in the instance size. In Section 7.4.1, we develop group-theoretic
methods which emulate the behaviour of the infinite-dimensional limit of the relative
distribution studied in the previous section, in finite dimension. In Section 7.4.2, we apply
this to a modification of the approximation algorithm.

7.4.1 Generalised Weyl-Brauer group and strong isometry
Lemma 7.4.1. Let H be a Hilbert space and let U : R? — Uy, v — Zle v;0; be a
linear map. U maps unit vectors to unitaries if and only if o; is a unitary for all ¢ and
ojoj = —ojo; for all i # j.

We call the property satisfied by the o; *-anticommutation.

Proof. First, suppose that the o; are x-anticommuting unitaries. We have for ¢ # j that

0,0; = 00;0,0; = —0;0;0;0; = —0;0;. Then,
U(v)*U(v) = vaja;‘aj = Zv?afal- + vaj(afaj +0j0i) = [|v]|?,
ij i i<j
U(v)U(v)" = vwioi0; =Y vioio; + Y vwi(oio) + oj0]) = ||v]|?,
irj i i<j
so U is a vector-to-unitary construction.
Conversely, if U is a vector-to-unitary construction, write e; = (0,...,0,1,0,...,0) for

the i-th canonical basis vector. We have first that U(e;) = o0y, so o; must be unitary for
all 7. Also, for any ¢ # 7,

2=U(e +¢€)'Ule + ) =0;0;+0;0; + 0,05 + 07,0,
giving that we must have ofo; + 0jo; = 0 as well. [ |

For more general vector-to-unitary constructions than the Weyl-Brauer construction of
Definition 7.2.4, we make use of a generalisation of the Weyl-Brauer operators.

Definition 7.4.2. The generalized Weyl-Brauer (GWB) group with n generators
is

GWB,, = (01,...,00,J : J?, (04, J], J(o; '0;)* Vi # j). (7.14)
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Any unitary representation of GWB,, sending J +— —1 gives a set of n operators
satisfying x-anticommutation relation. Conversely, any set of unitary operators satisfying
x-anticommutation provides a representation of the group.

Definition 7.4.3. Let 7 : GWB,, — B(H) be a unitary representation such that =(J) =
—1. The m-vector-to-unitary construction is the linear map U, : R — B(H), = —

> xm(oy).

We can study properties of general vector-to-unitary constructions by studying the
representation theory of GWB,,. The goal will be to construct representations m of GWB,,
such that the associated vector-to-unitary construction has the strong isometry property
(Ur(v)*, Uﬂ'(w)s>tr = (v, w)".

First, we work at the level of the group algebra, which allows to see that the strong
isometry property is in fact possible. However, we must first note that GWB,, has infinite
cardinality, which makes the analysis more involved: there is a a surjective homomorphism
GWB,, — Z such that J +— 0 and o; — 1. In order to get a handle on the structure of
GWB,,, we consider an alternate presentation. In this presentation, the x-anticommutation
relation o; laj = Jo; 1o, can be replaced by the standard anticommutation relation, and
hence we can reason about this group using intuition from Pauli matrices.

Lemma 7.4.4. The group GWB,, admits the presentation
GWBn = <p17 «evyPn—1,C, J: ‘]25 Jp7,27 [pz: J]? [67 J]? J(plp]>2 Vi 7é j> . (715)
The new generators are related to the original ones by ¢ = ¢y and p; = 0] '0i41.

We call this the Pauli presentation of GWB, because the generators p; could be
represented by Pauli matrices; consider the representation that sends ¢+ 1, J — —1 and
generators p; to pairwise anticommuting and anti-Hermitian Pauli matrices. In fact it is
possible to show that the subgroup P, = (p1,...,pn_1) is isomorphic to some subgroup of
index at most 2 of the Pauli group on [*51] qubits.

Proof. Let ¢ = 0y and p; = o7 '0;41. This is evidently a set of generators for GWB,,. It
suffices to rewrite the relations of GWB,, in terms of these generators. First, note that
the order relation J? = 1 remains the same, and the commutation relations [o;, J] = 1
become commutation with the new generators [c, J] = 1 and [p;, J] = 1. The final relations
J(o; o) =1,ifi=1,j > 1, become 1 = Jp?_; we get the same relation for j = 1,i > 1;
and for i,j # 1, 1 = J(epimip;lie™)? = ¢J(pimipj—1)*c', which is the last relation
J<pi71pj71)2 = 1. u
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The quotient by the subgroup (J) is the free product GWB,,/{.J) = Z x Z5~*. So, there
are no relations between ¢ and p; in GWB,,/(J). This also implies that ¢, p;, p; 'p; ¢ {1, J}
in GWB,, unless i = j. Finally, since the quotient has trivial centre, (.J) is the centre of
GWB,,.

The subgroup C' = (¢, J) is isomorphic to Z X Zs, and (J) is a subgroup of both C
and P,. So, by the definition of the amalgamated product (see Section 2.3.1), we arrive at
the characterisation

GWB,, = (Z X Zs) *2, P,
where the amalgamated product is over the subgroups Z, = (J).

Now, let A\ be the left regular representation of GWB,, on H = (?GWB,,. The group
von Neumann algebra L(GWB,,) of GWB,, is the SOT closure of A\(GWB,,) in B(H).

To construct a representation where J +— —1, we can take the quotient algebra
M = L(GWB,)/{(1+ J).

The element p = (1 + J)/2 is a projection in L(GWB,,). Since the ideals (1 + J)) = (p)),
we have that M = L(GWB,,)/((p)), and since p is central, we have M = (1 — p)L(GWB,,).

Definition 7.4.5. Let A : GWB,, — B((1 — p)H) be the representation induced by the left
regular representation. The infinite-dimensional vector-to-unitary construction is
the A-vector-to-unitary construction Us.

Write ; = A(o;) and ug, = Us(x). First, we see that the &; *-anticommute, and hence
Us is a vector-to-unitary construction by Lemma 7.4.1.

Since L(GWB,,) is the group von Neumann algebra of a discrete group, it has a tracial
state 7 that extends the canonical trace on the group algebra C[GWB,,]. The trace of any
group element other than the identity is 0. Now the algebra (1 — p)L(GWB,,) has a trace

T\(l—p)L(GWBn)
T(1-p)
where 7|(1_p)L(aws,) is the restriction of 7 to the compression (1 — p)L(GWB,,). Thus, on
M, this becomes the tracial state

Tm(a) = 27((1 = p)a) = 7((1 — J)a),

since 7(p) = 7(-5*) = 5, where a is the element of the quotient algebra with representative a.
The trace 7o gives rise to an inner product on M, which allows M to be completed to
the Hilbert space (M = (1 — p)H. We show that the infinite-dimensional vector-to-unitary

construction is an isometry with respect to this inner product.
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Lemma 7.4.6. For all vectors z, y € R",
Tm(Uzty) = (2, y) (7.16)

Proof. We can simply calculate the inner product using the Pauli presentation of GWB,,;:
writing po = 1,

Tm(uguy) = Y wym((L— T)oylog) = Y wym((1— J)pitipj-1) Zx,y, =
i,j=1 i,j=1
since p;pj_1 € {1, J} in the group GWB,, if and only if i = j. [

In fact, we have the stronger property characterising the inner products of powers of
the unitaries.

Proposition 7.4.7 (Strong isometry). For all vectors x, y € R" and m € N,
Tm((ug) uy') = (2, 9)™. (7.17)

Note that by traciality of the state and the fact that the vectors are real, we get that
Tam((u ) ul) = (a, y)I™! for all m € Z.
Proof. We calculate the inner product as in the previous lemma. Writing again py = 1, we
have

()l = > mnyn 2,y (L= D)ot 05 052 05,)
21 4eeeylim,
j17"'7jm

= Z Ti Yy - ‘ﬂfimyjmT((l - J)p;,}qc_l o 'piz—lc_lpi_ll—lpjl—lcpiz—l s ijm—l)

i1rim
jl?"'7jm

— _ m

- z TizYir * Lig Yiy = (x,y)
ilv-'vim

as, fOI' (7;17 s aZm) 7é (jb v ajm)v pi_ﬁ}flc_l te 'pizflc_lpi_llflpjlflcp]éfl Tt ijm*l §é {17 J}
owing to the fact that it is not identity in the quotient GWB,,/(J) since there are no
relations between the p; and ¢ there. [ |

207



Now, we extend these ideas to construct finite-dimensional representations, by adding
relations to GWB,, to obtain a finite group GWB! with order-k generators o;. We then
study the representation theory of GWBZ and give a vector-to-unitary construction that
preserves the strong isometry property up to order k.

We construct the group GWBZ in two steps. We first introduce an intermediate variant
of GWB,,.

Definition 7.4.8. Let f; ;; € Zy for i,j € {1,...,n— 1} and t € Zj, be such that f; ;o =0
and f; ;¢ = fji—¢ Define G}, ; as the group

(P1y- ey Pt Gy J?, Jp?, [P, J], [c, J], Jfiat [ps, c_tpjctD ) (7.18)

The difference between this and GWB,, is the addition of the order-k relation ¢* = e
and the commutation relations Jfst [pi, ¢ 'p;c'] = 1. We show that this group is finite
by introducing a normal form for its elements using the commutation relations in the
presentation. Let < denote the lexicographic order on Z x Zj. For a € Mp,_1)xz, (%), write

pa — H Cftpiai,tct,
(3,t)E[n—1]xZy,

where the terms are ordered with <. We also use the shorthand notation p;; = ¢ 'p;c’.

Lemma 7.4.9. Every element of G}, ; is of the form J°c*p® for some (b, s, ) € Zy X Zj, X
Mn—1)xz, (Z2).

We call J°c*p® the normal form of an element in G}, s

Proof. Elements of Gf; s are arbitrary products of terms of the form ¢ tp;ct and powers of
J and c. Since J commutes with everything we can always bring terms that are powers of
J to the beginning. Similarly, powers of ¢ can always be moved to the beginning because
(c7'pict)et = (¢ pictte). Finally, using the commutation relations of G ;, we have
[c*pic®, c'p;ct] = Jiit=s and therefore elements of the form ¢~ 'p;c! for all i and ¢, can
always be moved past each other, which changes the exponent of J. [ |

Since the index set Zy X Zj X Mp,_1)xz, (%) is of size 2k - 9251 we conclude that
‘Gﬁj’ < 2k - 2¢(=1 In fact, we can prove equality.

Lemma 7.4.10. |G% | = 2k - 28"~Y_In particular every element in G¥ ; has a unique
normal form.
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Proof. Let X be the set of all 2k - 2¥(*=1 normal form words Jc*p®. We let 7 be the action
of the group GZ ; on the set X defined on the generators so that

,H_J(chspa) — Jb—Q—lcspa’

7_(_C<chspo¢) — JszJrl a’

Wpi(JbCSpa) _ Jb"l‘ai,s“!‘z(j’wg(iys) aj,tfi,j,t—scs a+E¢,57
where F; ; is the standard basis matrix that is 1 at the entry (7, s) and 0 everywhere else.

To show that 7 indeed extends to an action of the group sz, s on X we need to show that
every relator in the presentation acts as the identity map on X. We can directly verify that

mp(Sep) = T
m () = Ty
Tp, 1 (SO p*) = 75, (S0 p®)
Ty (JPcEp®) = T r( TP p®)
Similarly we have
Ty (J°ep) = (ST ep®) = Jhep®.
Finally, a tedious but straightforward calculation verifies that

W[piﬁftpjct](t]bcspa) = Jb+5<7575)S(J',SJrf)fi,j,t+5(j,s+t)g(i,s)fj,i,ftCspa,

which is J*Hfiitc®p® | as desired, owing to our assumptions on the coefficients f; ;.

Let € = J%"p" € X denote the empty word and note that Jc*p™ = js.sa (€) are all
distinct words in X. Therefore distinct normal form words in X are also distinct as elements
of G ;. We conclude that |G ;| = |X]. [

For the rest of this discussion fix f; ; as follows:

1 i#jt=0,

1 i<jt=1,
iy = - 7.19
fm,t 1 iZj,t:—l, ( )

0 otherwise.

With this choice of f; ;;, we have that G}, ; is a quotient of GWB,,.

For every i € [n — 1] let r; == J*p;(c 'pic)(c2pic®) - - (" FVp;ch=1). Let H be the
subgroup generated by r1,...,7,_1.
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Lemma 7.4.11. H is a central subgroup, and thus is trivially normal in Gﬁ, f-

Proof. Using the commutation relations, we can write

JTZ‘J_I =T;
crrie =T pie) - (F pict Y = (e pic) -+ (¢ F ik =y
pjripj_l — J’f+5i¢j+5is.i+5j5ipi(C—lpic) e (C_(k_l)pick_l) =r;. ]

Definition 7.4.12. The order-k generalized Weyl-Brauer group with n generators
is the quotient group GWBL = G¥ | /H.

Since GWB,’?L is also a quotient of GWB,,, all the representation of GWBQ are also
representations of GWB,,.

In the same way as for GWB,,, GWBF can be presented in terms of generators o, = ¢
and 0,41 = cp; for i € [n — 1]. In particular, the relations ¢* = 1 hold in GWB?. This
follows by expressing the relation r;_; = 1 in terms of these generators.

Theorem 7.4.13. The group GWBF is finite of order 2k - 25-D"=1_ Further, the words
p* for o € Mp,_1)xz, (Z2) with a; 1 = 0, for all ¢ € [n — 1], are equal to 1 or J if and only
if a=0.

Note that in this theorem, the non-trivial words are chosen to not involve any of the
elements p; 1 due to the relation p; x_; = J* Ip;o- - p;j_o for all i € [n — 1].

Proof. Since GWB], = G¥ ,/H we have [GWBL| = |Gk | /|H|. We calculate |H|. First note
that from the commutation relations of G > we have

~(t-9) o

o pic®, cipidt] = ¢ lpis e
[ p; pic’] i 1 otherwise.

S {J ift —s=1k— 1(mod k),

Now a repeated application of these commutation relations gives that 7?2 = 1 for all
i € [n—1]. Therefore |H| < 2"~! as it is generated by n — 1 commuting generators of order
2. However by Lemma 7.4.10 we know that all the normal form words are distinct in G% ;.
Thus 172! for e; € {0,1} are all distinct, and thus |H| = 2"~!. This gives the result
IGWBL| = |Gk (|/|H| = 2k - 25D jon=1 = 2k . 2(k=D(n=1),

For the second statement, none of the p* considered are contained in H or JH, so they
are not equal to 1 or J in the quotient group GWBZ. [ |
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Corollary 7.4.14. There exists a finite-dimensional representation m of GWB? of dimension
k- 20=D0=D “where 7(J) = —1 and tr(m(p®)) = 0 for all nonzero o € My, 1)xz, (Z2) such
that o,y =0 for all ¢ € [n — 1].

Proof. The proof is similar to the infinite-dimensional case, except now the Hilbert space
H = ?’GWBF = C[GWBF] is finite-dimensional of dimension 2k - 2*~D* =1 and the von
Neumann group algebra is simply C[GWBF]. The group algebra C[GWB?] acts by left
multiplication on H, therefore it embeds into B(H). Let try denote the canonical normalised
trace on B(H).

Notice that ¢ = (1 — J)/2 is a projection with trace try(q) = 3. Therefore Hy = ¢H is a
subspace of dimension k - 2*=D*=1 Let 7 : CI[GWBF] — B(H,), be defined as 7(z) = qz.
Since ¢ is a central projection, it is easy to verify that 7 is a representation and that
m(J)= -1

1

Finally notice that try(m(z)) = 5trg((1 — J)z), so try, = 2try is a tracial state on

B(Hy). Now since p* ¢ {1, J} by Theorem 7.4.13, try, (7(p®)) = 0. m

For simplicity from here on we identify o; with its image under the representation m(o;).

Corollary 7.4.15 (Finite-dimensional strong isometry). Let m be as in the theorem. The
vector-to-unitary construction U, is strongly isometric up to order k, i.e. it satisfies

tr[Ux(2) Uz (y)°] = (z, 9)",

forall s=0,...,k—1and o,y € R".

Proof. Writing pg = 1, we can expand

tr[Ux(2) " Ux(y)’]

_ —1 -1 _—1

= D> TaYnTalp o Ty, tr((l —J)o;, -0y, 04 Ujl%"'ffjs>
P yeonis
j17"'7js

= > T YpTLYp Y tr((l - J)pgl_lc‘l---p;ilc‘lp;ilc‘lcpﬁ—1cpj2—1---cpjs—1>

ilv---vis

J1s--9])s

— Za: T IR ) tr (1_J) -1 -1 e -1 . e .

= i1Yj1 iz Yja isYjs Pi—1,0Pi,_1-1,1" " " Piy—1,5—1Pj1—1,s—1" " " Pjs—1,0 |5
j17"'7js
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where in the last line we used the shorthand notation p;; = ¢ p;c'. By Theorem 7.4.13
Pit10" Pit1s-1Pi—1s—1 " Pi—10 € {1, J}
if and only if (i1,...,%) = (j1,..., ). Thus

tr[Un (@) Un(9)’] = D @i yiy - 2%, = (% 9)". u

1yl

7.4.2 The algorithm and its analysis

Basing ourselves on the algebraic results of the previous section, we consider the following
algorithm for Max-k-Cut?.

1 Solve the SDP relaxation of Lemma 7.2.1 to get X.

2 Extract unit vectors @; € RV(%) such that X;; = (z;, x;).

3 Run the m - 20"~D"=1_dimensional m-vector-to-unitary construction given by the
representation of GWB;," from Corollary 7.4.14 to obtain unitary operators
Xi = Ux().

4 Sample a random phase ¢ € S*.

5 Let X; = Q% (CX;) be the closest order-k unitary to ¢Xj.

6 Output the set of operators X; as the solution.

Algorithm 3: Dimension-efficient approximation algorithm for Max-k-Cut?.

We can again analyse this algorithm by means of the relative distribution method
introduced in Section 7.3. In this case, the relative distribution is defined as follows.

Definition 7.4.16. Let «, y € R" be unit vectors and 7 be a representation of GWB,,. Define
the relative distribution induced by @, y, and 7 as the measure A7 : %([0,27)) — Rxg
such that

1 2m
=5r )y Werta()enuns () (E)db. (7.20)

where the weight measure w is defined in Definition 7.3.1.

First, note that since the distribution of the {(X;} is phase-invariant, the result of
Theorem 7.3.7 still holds for this algorithm. We restate it in this context.
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Lemma 7.4.17. Let x, y € R™ be unit vectors and 7 be a representation of GWB,,. For
any noncommutative *-polynomial P(z,y) = X5 1) ¢, (a)*y/,

1 . .
o [ PO U (@), e Un(w)))dU = [ £idp(0)dA7,(6), (7.21)
/7]- el
where fidp is as defined in Definition 7.3.6.

In Algorithm 1, the relative distribution approached the wrapped Cauchy in distri-
bution in the limit of large dimension. Here, the sense in which the relative distribution
approaches the wrapped Cauchy distribution is different. Due the strong isometry property
of GWB;', the relative distribution matches the wrapped Cauchy distribution exactly for
small moments.

Lemma 7.4.18. Let o,y € R", and let m be the representation of GWB," from Corol-
lary 7.4.14. Write A = (@, y). Then, the characteristic function of A7 satisfies xaz (k) =
Xa, (k) for k=—m,....,m.

Proof. First, as in Lemma 7.3.4, the characteristic function of the weight distribution is
XwA,B<k) = tr[A_kBk]. Therefore,

1 . )
Xag, (k) = o /tr[(e’er(w))_k(6'9Uw(y))k]d9 = tr[Un(2) "Ux()"].
To finish, note that xaz (—n) = xag, (1), and due to Corollary 7.4.15, for k = 0,...,m,
Xag, (k) = (z,9)* = xa, (k). u

Next, we need a lemma that will allow us to exclude the cases where the approximation
given by the low-order moments of the relative distribution is insufficient.

Lemma 7.4.19. There exists ¢ > 0 independent of & and m such that for all A = (z, y) >
1 — ¢, the approximation ratio
ko 1— [fid(0)AF,(0)do 1
kE—1 1—A -

for large enough m.
As noted in the proof below, we may take any ¢ < i and m > 4.
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Proof. We need to split the proof into a few cases, dependent on k. However, all the cases
have the same general idea. Since we know [ e™dA7T (6) = M for 1] < m, if we can lower
bound 1 — fidg(8) > 37" a; cos(16) for all 6, then, we get the lower bound on the ratio

kL= [d(0)dAL,0) kYt
k-1 1— )\ k-1 1-2\

As such, by maximising this near A = 1, we can find a lower bound satisfying the lemma.

First, consider the case k > 7. Consider the function f(6) = 3(1 — cos(36)). For k > 7,
it is easy to see that 1 — fid(0) > f(0) for all 6. Then, by the strong isometry property, we
know that since m > 3,

1 — [fdp(B)dAT () _ Lf2—e¥ — e 30GAT () 123 1
x, > x,y — _ 2 ]
1= = 1= sa—n gt tATN)

This is greater than or equal to 1 for all A\ > %, so we can take € = i.

Next, consider k = 5,6. We can take a similar function f() = 5(1 — cos(26)), which

lower bounds 1 — fid,(#) in these cases. This gives

1
2

k1 [fd(6)AT(0)do Eo1-X_ 6
y > N
f— = Z - 1=x 2100 T

WhiChiszlfor)\Z%,SOEZ%.

For k = 4, we can take the lower bound function f(6) = (v/2 — 3) — (v/2 — 1) cos(f) —

1
1 cos(26). Then, we have k1] 80N, 000 4(\/_— S+ iA), which is > 1 for A\ >

k—1 X = 3
6 — 41/2, so we can take ¢ = %

Finally, for k = 3, we can take the lower bound function f(0) = 2 — 3 cos(6) — 55 cos(20),
giving k il = fﬁdkkf o(0)0 %(% + %/\). Then, the approximation ratio is > 1 for A > %
Putting all the cases together, we can take ¢ = i for any m > 4. |

Theorem 7.4.20. The approximation ratio of Algorithm 3 in the case of NC-Max-k-Cut
for fixed k& > 3 is

1k , 1 , T 1
Lo e Rellin( g )~ ()| o) (7.22)
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Proof. As in Theorem 7.3.13, the approximation ratio is the minimum, over unit vectors
x,y € R" such that A = (z,y) € [-5,1), of

k1= [fd(0)A7,(0)d0 k1 — 3£ Y, fid(n)xag,(n)
k—1 1—A k—1 1—A ’

Note first that, using the previous lemma, for large enough m, there exists a neighbourhood
of 1, of radius € independent of m, where the approximation ratio is greater than 1. Hence,
we need only consider the minimisation of A on the interval [—ﬁ, 1 —¢). Next, due
to the order-m strong isometry property (Corollary 7.4.14), we have that for |n| < m,
Xag,(n) = Aml: for the other values of n, we have by definition that [Xaz,(n)] <1 and that

XAg,y(n) € R. As such, the difference

2 i Re(fﬁk(n))(m;y(n) — Al

Z ﬁak(”)x%y(”) - Z fﬁk(n))\ln'

nez nez n=m
=k 2mn
)
8k 1 8k [ 1 8k
< — — < — —dx =
_anmz_’ﬂ'/m—ll’Qx w(m —1)

Hence, due to Corollary 7.3.11, the ratio for any A is lower-bounded by

—~ . . 2
k 1- i ZnGZ ﬁdk(n)XAxy(n) > _k 1= % B 7% Re |:Ll2(/\) B L12(/\6 " )} - TI'Q(;l)ffl)
k=1 1— X = k1 DY
ool 1 — % Re[Lis()) — Lip(Ae'¥)] "
= k-1 1=\ T w2(k—1)(m—1)e"

Since this is simply the ratio in Theorem 7.3.13, up to additive constant, we can minimise
in the same way using Lemma 7.3.12 to get the wanted result. |

Although we do not analyse it here, it is also possible to extend this algorithm to all
HMax-Lin(k)?.
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Chapter 8

Discussion

In this thesis, we studied the behaviour of constraint satisfaction problems presented as
nonlocal games. First, we defined the various ways CSPs can embed into nonlocal games.
CSP games can be oracular or non-oracular, in the sense that the players may receive
constraints and variables, or just variables, respectively, as questions. Then, these games
naturally give rise to decision problems, where the winning probability of the game is
taken as representing the number of constraints satisfied. We generally restricted to tracial
correlations, which give a nice algebraic description for the strategies. We showed that,
assuming perfect completeness, it suffices to work with tracial correlations for all CSP
games.

First, we studied how to construct reductions between entangled CSPs. As a major
technical tool, we made use of commutativity gadgets, which allow all (local) classical
reductions to a given CSP to be quantised. Since there are a variety of different types
of entangled CSP, we required a variety of different types of commutativity gadget to
facilitate reductions between them. We fully characterised when commutativity gadgets
for a CSP in any framework exist, using the structure of the polymorphism algebra of the
associated relational structure. Using this characterisation, we were able to show a variety
of equivalences, in particular reducing each of the robust commutativity gadgets to one of
the exact cases. Conversely, we were able to show separations between some of the classes
of gadget. Finally, we showed that it is in general undecidable to decide if a relational
structure admits a non-oracular commutativity gadget.

Next, we studied reductions between CSPs that do not make use of commutativity
gadgets. We developed a theory of stable minion homomorphisms, which allowed the
strongest classical reduction between CSPs to be lifted to the setting of gapped entangled
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CSPs. This allowed us to show hardness of CSPs that do not admit commutativity gadgets.

We used these techniques to show that a selection of entangled CSPs are undecidable.
Notably, we showed that entangled k-colouring is undecidable for all £ > 3, in both the
oracular and non-oracular settings. The hardness of 3-colouring and oracular k-colouring can
be shown to be undecidable using commutativity gadgets. On the other hand, non-oracular
k-colouring does not admit a commutativity gadget, but we were able to show hardness
using a minion homomorphism-based reduction, by working out a full description of the
polymorphisms of the complete graphs.

For CSPs without perfect completeness, we showed that a simple variant of XOR games,
the tilted XOR games, suffice to capture the undecidability of the quantum value of nonlocal
games. This shows that binary nonlocal games are in general undecidable, despite being
decidable with perfect completeness. This also indicates how special the class of XOR
games is, as even the slight perturbation of asking some questions to only one of the players
immediately sends the complexity from polynomial-time to undecidable.

Finally, we studied approximation algorithms for entangled CSPs. Our main focus was
on approximation algorithms for entangled Max-k-Cut problems, which are the optimisation
analogues of k-colouring. We devised and analysed an algorithm inspired by the Goemans-
Williamson algorithm for Max-Cut. We showed that our algorithm improves on the classical
algorithm for entangled Max-3-Cut and Max-4-Cut. Our approach to the analysis makes
use of the relative distribution, which allows us to connect the value to a distribution
over random matrices, and hence make use of ideas from free probability to analyse the
performance of the algorithm.

8.1 Related work

A line of work has also investigated what happens to the classically polynomial-time solvable
CSPs with entanglement. Slofstra [109, 110] showed that gapless LIN is undecidable with
entanglement, which is a significant break with the classical setting, where it is easy. If
gapped entangled LIN were also undecidable, that would imply the existence of a non-
hyperlinear group; however, this seems infeasible to achieve via reductions from other CSPs,
as the entangled homomorphism algebra for a linear system game always admits a tracial
state if it is nontrivial [99]. Further, Atserias, Kolaitis, and Severini [12] show that this is the
only boolean CSP where a classically easy problem can become quantumly-hard, in a strong
way: for any classically-easy boolean CSP that is not LIN, an instance admits a quantum
assignment if and only if it admits a classical assignment. Hence the entangled CSP is
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solvable in polynomial time. Recently, Bulatov and Zivny [33] showed that this extends to
all classically-easy CSPs. If a CSP is bounded-width, meaning it cannot simulate linear
systems over some finite field in logspace, its entangled CSP is also solvable in polynomial
time. Further, they show that non-bounded width CSPs can simulate linear systems over
some finite field in the entangled setting as well. This indicates that easy CSPs becoming
hard in the entangled setting relies entirely on the hardness of linear systems.

The study of CSPs is intertwined with the study of unique games. A nonlocal game
is unique if for each one of Alice’s answers, exactly one of Bob’s answers is correct, and
vice versa. The unique games conjecture asks whether the classical value of unique games
is NP-hard to approximate for all gaps < 1, and has many significant consequences in
theoretical computer science [79, 80, |. Surprisingly, due to a result of Kempe, Regev,
and Toner [78], the unique games conjecture no longer holds in the entangled setting
— the quantum value of a unique game becomes easy to approximate beyond a certain
constant gap. Recent work of Mousavi and Spirig [90] has attempted to slightly modify
the definition of entangled unique games by restricting to locally-commuting strategies, in
order to reinstate a plausible unique games conjecture.

CSP nonlocal games are games with a question size that grows in the instance size, but
an answer size that stays constant. Conversely, Natarajan and Zhang [93] have shown that
nonlocal games with constant question size and growing answer size are also undecidable.
In recent work, Mancinska, Spaas, Spirig, and Vernooij [35] reduce this to the setting of
independent set games, where the players have to convince the referee that a graph has an
independent set of a given size. This is qualitatively similar to CSP games, as it corresponds
to a graph homomorphism from a fixed graph to a graph that varies with the instance.
However, it has the interesting property that the classical problem is solvable in polynomial
time but the entangled problem is undecidable.

8.2 Open questions

This work leaves many interesting questions still open. We present a few of them here.

e Do entangled CSPs satisfy a dichotomy theorem similar to classical CSPs?
The evidence in this work suggests that is the case, as we are able to lift the classical
reductions to quantum-sound reductions in many cases. Also, we know that there
is a dichotomy theorem in some restricted cases: for example, for oracular gapless
commuting-operator boolean CSPs, every problem is either coRE-complete or solvable
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in polynomial time [19, 33] — however the line between the easy and hard instances
shifts, as entangled LIN is hard. On the other hand, the fact that commutativity
gadgets may not exist hints that there may be cases where the reductions fail
quantumly.

Are there classically-hard CSPs that become easy with entanglement, even
with perfect completeness? The closest behaviour known to this is for XOR games,
but we know that both the classical and quantum problems with perfect completeness
are easy. We show that a class of games qualitatively close to XOR games captures
the full hardness of MIP*, indicating that XOR games may be a very special case.
Nevertheless, we show that despite being significantly harder in general, there are
CSPs that admit an approximation algorithm with better approximation ratio in the
entangled setting.

What is the minimal NP-complete CSP that does not admit a commuta-
tivity gadget? Due to [19], every NP-complete boolean CSP admits an oracular
commutativity gadget. We show that there exists a CSP with domain size 4 that admits
neither an oracular nor a non-oracular commutativity gadget. The only NP-complete
graph CSP with domain size 3 is 3-colouring, and that admits a commutativity gadget.
It remains open whether every NP-complete CSP on with alphabet size 3 admits a
commutativity gadget.

Can we separate or identify the remaining classes of commutativity gadget?
We have shown that robust quantum, quantum approximate, and commuting operator
commutativity gadgets are each equivalent to an exact gadget; we have separated
oracular from non-oracular gadgets; and we know that quantum gadgets are distinct,
and identically for quantum approximate gadgets under the assumption of a non-
hyperlinear group. It remains to separate algebraic gadgets from commuting operator
gadgets; and all the subclasses of oracular gadget from each other. It remains possible
that some of these classes of commutativity gadget could also be identified.

Is it also undecidable to decide the existence of an oracular commutativity
gadget? We showed that it is undecidable to decide the existence of any non-oracular
commutativity gadget, but our techniques rely on simplifying the structure of the
polymorphisms using the complete graph, which cannot be applied in the oracular
setting without making all the polymorphisms classical.

Is there a form of reduction based on the symmetries of relational structures
that captures hardness for all entangled CSPs? The strongest form of symmetry-
based reduction known to exist is the reduction based on minion homomorphisms.

219



For classical CSPs, this suffices to capture all the hard CSPs. However, we know that
this type of reduction is insufficient in the entangled setting, as 3LIN and 3SAT are
both hard but there is no minion homomorphism from the entangled polymorphisms
of 3LIN to those of 3SAT, because they are all classical.

What is the optimal approximation algorithm for entangled k-colouring?
We give an algorithm that improves on the classical approximation ratio for entangled
3- and 4-colouring. However, this algorithm is no longer an improvement over the
classical one for £ > 5, so it stands to reason that there may be an improvement to be
made at least there. On the other hand, we know entangled k-colouring is undecidable
for all £ > 3 with some gap, so this limits the possible approximation ratios.

220



References

1]

Samson Abramsky, Rui Soares Barbosa, Nadish de Silva, and Octavio Zapata. The
Quantum Monad on Relational Structures. In Kim G. Larsen, Hans L. Bodlaender,
and Jean-Francois Raskin, editors, /2nd International Symposium on Mathematical
Foundations of Computer Science (MFCS 2017), volume 83 of Leibniz International
Proceedings in Informatics (LIPIcs), pages 35:1-35:19, Dagstuhl, Germany, 2017.
Schloss Dagstuhl — Leibniz-Zentrum fir Informatik.

Antonio Acin, Serge Massar, and Stefano Pironio. Randomness versus nonlocality
and entanglement. Physical review letters, 108(10):100402, 2012.

Huzihiro Araki and Shigeru Yamagami. An inequality for Hilbert-Schmidt norm.
Communications in Mathematical Physics, 81(1):89-96, 1981.

P. K. Aravind. Quantum mysteries revisited again. American Journal of Physics,
72(10):1303-1307, 2004.

Alex Arkhipov. Extending and characterizing quantum magic games. arXiv preprint
arXiv:1209.53819, 2012.

Sanjeev Arora and Boaz Barak. Computational complexity: a modern approach.
Cambridge University Press, 2009.

Sanjeev Arora, Carsten Lund, Rajeev Motwani, Madhu Sudan, and Mario Szegedy.
Proof verification and the hardness of approximation problems. Journal of the ACM
(JACM), 45(3):501-555, 1998.

Sanjeev Arora and Shmuel Safra. Probabilistic checking of proofs: A new characteri-
zation of NP. Journal of the ACM (JACM), 45(1):70-122, 1998.

Vahid R. Asadi, Richard Cleve, Eric Culf, and Alex May. Linear gate bounds against
natural functions for position-verification. Quantum, 9:1604, 2025.

221



[10] Vahid R Asadi, Eric Culf, and Alex May. Rank lower bounds on non-local quantum
computation. In 16th Innovations in Theoretical Computer Science Conference (ITCS
2025), pages 11-1. Schloss Dagstuhl-Leibniz-Zentrum fiir Informatik, 2025.

[11] Alain Aspect, Jean Dalibard, and Gérard Roger. Experimental test of Bell’s inequalities
using time-varying analyzers. Physical review letters, 49(25):1804, 1982.

[12] Albert Atserias, Phokion G Kolaitis, and Simone Severini. Generalized satisfiability
problems via operator assignments. In International Symposium on Fundamentals of
Computation Theory, pages 56—68. Springer, 2017.

[13] Sheldon Axler. Measure, integration & real analysis. Springer, 2020.

[14] Laszlé Babai, Lance Fortnow, and Carsten Lund. Non-deterministic exponential time
has two-prover interactive protocols. Computational complexity, 1(1):3-40, 1991.

[15] Libor Barto, Jakub Bulin, Andrei Krokhin, and Jakub Oprsal. Algebraic approach to
promise constraint satisfaction. Journal of the ACM (JACM), 68(4):1-66, 2021.

[16] John S Bell. On the Einstein Podolsky Rosen paradox. Physics Physique Fizika,
1(3):195, 1964.

[17] Mihir Bellare, Oded Goldreich, and Madhu Sudan. Free bits, PCPs, and
nonapproximability—towards tight results. STAM Journal on Computing, 27(3):804—
915, 1998.

[18] Archishna Bhattacharyya, Anne Broadbent, and Eric Culf. The uncloneable bit exists.
arXiv preprint arXiv:2603.08916, 2026.

[19] Archishna Bhattacharyya and Eric Culf. Uncloneable encryption from decoupling.
Nature Physics, 22:315-318, 2026.

[20] Julien Bichon. Hopf-Galois objects and cogroupoids. Rev. Un. Mat. Argentina,
55(2):11-69, 2014.

[21] Bruce Blackadar. Operator algebras theory of C*-algebras and von Neumann al-
gebras. FEncyclopaedia of mathematical sciences, v. 122. Operator algebras and
non-commutative geometry ; 3. Springer, Berlin, 2006.

[22] V.G. Bodnarchuk, L.A. Kaluzhnin, V.N. Kotov, and B.A. Romov. Galois theory for
Post algebras. I. Cybernetics, 5(3):243-252, 1969.

222



23]

[24]

[25]

[31]

[32]

[33]

V.G. Bodnarchuk, L.A. Kaluzhnin, V.N. Kotov, and B.A. Romov. Galois theory for
Post algebras. II. Cybernetics, 5(5):531-539, 1969.

Max Born. Quantenmechanik der Stofivorgange. Zeitschrift fiir physik, 38(11):803-827,
1926.

Pierre Botteron, Anne Broadbent, Eric Culf, Ion Nechita, Clément Pellegrini, and
Denis Rochette. Towards unconditional uncloneable encryption. Quantum, 10:2157,
2026.

Brian Harold Brandsen and Charles Jean Joachain. Quantum Mechanics. Pearson,
Harlow, 2nd edition, 2000.

Michael Brannan, Eric Culf, and Matthijs Vernooij. Quantum expanders and property
(T) discrete quantum groups. Journal of Mathematical Physics, 67(3):032201, 2026.

Ola Bratteli and Derek W. Robinson. Operator Algebras and Quantum Statistical
Mechanics I1. Springer, Berlin, Heidelberg, 1st edition, 1981.

Anne Broadbent, Eric Culf, and Denis Rochette. Optimal untelegraphable encryption
and implications for uncloneable encryption. JACR Communications in Cryptology,
3(2), 2026.

Nathanial P. Brown and Narutaka Ozawa. C*-algebras and finite-dimensional approx-
imations. Graduate studies in mathematics, v. 83. American Mathematical Society,
Providence, R.I, 2008.

Harry Buhrman, Richard Cleve, John Watrous, and Ronald de Wolf. Quantum
fingerprinting. Physical review letters, 87(16):167902, 2001.

Andrei A. Bulatov. A dichotomy theorem for nonuniform CSPs. In 2017 IEEE 58th
Annual Symposium on Foundations of Computer Science (FOCS), pages 319-330.
IEEE, 2017.

Andrei A. Bulatov and Stanislav Zivny. Satisfiability of commutative vs. non-
commutative CSPs. In 52nd International Colloquium on Automata, Languages,
and Programming (ICALP 2025), pages 37-1. Schloss Dagstuhl-Leibniz-Zentrum fir
Informatik, 2025.

Peter J. Cameron, Ashley Montanaro, Michael W. Newman, Simone Severini, and
Andreas Winter. On the quantum chromatic number of a graph. Electronic Journal
of Combinatorics, 14(1):#R81, 2007.

223



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

John Canny. Some algebraic and geometric computations in PSPACE. In Proceedings
of the Twentieth Annual ACM Symposium on Theory of Computing, STOC ’88, page
460467, New York, NY, USA, 1988. Association for Computing Machinery.

Valerio Capraro, Martino Lupini, and Vladimir Pestov. Introduction to Sofic and
Hyperlinear Groups and Connes’ Embedding Conjecture, volume 2136 of Lecture Notes
in Mathematics. Springer Nature, Cham, 1st edition, 2015.

Hubie Chen and Benoit Larose. Asking the metaquestions in constraint tractability.
ACM Transactions on Computation Theory (TOCT), 9(3):1-27, 2017.

Lorenzo Ciardo, Gideo Joubert, and Antoine Mottet. Quantum polymorphisms and
commutativity gadgets. arXiv preprint arXiv:2511.23445, 2025.

John F Clauser, Michael A Horne, Abner Shimony, and Richard A Holt. Proposed
experiment to test local hidden-variable theories. Physical review letters, 23(15):880,
1969.

Richard Cleve, Eric Culf, and Aviv Taller. XOR games at full tilt: The hardness of
binary nonlocal games. arXiv preprint arXiv:2607.06876, 2026.

Richard Cleve, Peter Hoyer, Benjamin Toner, and John Watrous. Consequences
and limits of nonlocal strategies. In Proceedings. 19th IEEE Annual Conference on
Computational Complezity, 2004., pages 236—249, 2004.

Richard Cleve, Li Liu, and William Slofstra. Perfect commuting-operator strategies
for linear system games. Journal of Mathematical Physics, 58(1), 2017.

Richard Cleve and Rajat Mittal. Characterization of binary constraint system games.
In Automata, Languages, and Programming (ICALP 2014), pages 320-331. Springer,
2014.

Richard Cleve, William Slofstra, Falk Unger, and Sarvagya Upadhyay. Perfect parallel
repetition theorem for quantum XOR proof systems. Computational Complezity,
17(2):282-299, 2008.

Eric Culf. Almost perfect strategies for projection games are approximately tracial.
arXiv preprint arXi:2603.14746, 2026.

Eric Culf. The complexity of entangled graph colouring via polymorphisms, 2026. In
preparation.

224



[47]

[48]

[49]

[50]

Eric Culf, Josse van Dobben de Bruyn, Matthijs Vernooij, and Peter Zeman. Existence
and nonexistence of commutativity gadgets for entangled CSPs. arXiv preprint
arXiw:2509.07835, 2025.

Eric Culf, Josse van Dobben van Dobben de Bruyn, and Peter Zeman. Quantum
polymorphism characterisation of commutativity gadgets in all quantum models.
arXiv preprint arXi:2604.01408, 2026.

Eric Culf and Kieran Mastel. RE-completeness of entangled constraint satisfaction
problems. In 2025 IEEFE 66th Annual Symposium on Foundations of Computer Science
(FOCS), pages 2194-2230. IEEE, 2025.

Eric Culf, Kieran Mastel, Connor Paddock, and Taro Spirig. The quantum smooth
label cover problem is undecidable. In 53rd International Colloguium on Automata,
Languages, and Programming (ICALP 2026), pages 71-1. Schloss Dagstuhl-Leibniz-
Zentrum fiir Informatik, 2026.

Eric Culf and Arthur Mehta. New approaches to complexity via quantum graphs.
Quantum Information & Computation, 25(2025):453-487, 2025.

Eric Culf, Hamoon Mousavi, and Taro Spirig. Approximation algorithms for noncom-
mutative CSPs. In 202/ IEEE 65th Annual Symposium on Foundations of Computer
Science (FOCS), pages 920-929. IEEE, 2024.

Louis de Broglie. Waves and quanta. Nature, 112(2815):540-540, 1923.

Etienne de Klerk, Dmitrii V. Pasechnik, and Joost P. Warners. On approximate
graph colouring and MAX-k-CUT algorithms based on the #-function. Journal of
Combinatorial Optimization, 8:267-294, 2004.

Mikael de la Salle. Orthogonalization of positive operator valued measures. Comptes
Rendus. Mathématique, 360(G5):549-560, 2022.

Irit Dinur. The PCP theorem by gap amplification. Journal of the ACM (JACM),
54(3):12—es, 2007.

Irit Dinur, David Steurer, and Thomas Vidick. A parallel repetition theorem for
entangled projection games. computational complezity, 24(2):201-254, 2015.

Josse van Dobben de Bruyn, David E Roberson, and Simon Schmidt. Asymmetric

graphs with quantum symmetry. Proceedings of the London Mathematical Society,
131(5):e70098, 2025.

225



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Josse van Dobben de Bruyn, David E Roberson, and William Slofstra. Future work
(in preparation), 2026. Personal communication.

Yangjing Dong, Honghao Fu, Anand Natarajan, Minglong Qin, Haochen Xu, and
Penghui Yao. The computational advantage of MIP* vanishes in the presence of noise.
volume 72, pages 1-78. ACM New York, NY, 2025.

A. Einstein, B. Podolsky, and N. Rosen. Can quantum-mechanical description of
physical reality be considered complete? Phys. Rev., 47:777-780, May 1935.

Honghao Fu, Kieran Mastel, and Xingjian Zhang. Succinct perfect zero-knowledge
for MIP*. arXiv preprint arXiv:2503.04517, 2025.

Viktor Galliard and Stefan Wolf. Pseudo-telepathy, entanglement, and graph colorings.
In Proceedings IEEE International Symposium on Information Theory,, page 101.
IEEE, 2002.

David Geiger. Closed systems of functions and predicates. Pacific journal of mathe-
matics, 27(1):95-100, 1968.

Andrew Gleason. Measures on the closed subspaces of a Hilbert space. Indiana
University Mathematics Journal, 6(4):885-893, 1957.

Michel X Goemans and David Williamson. Approximation algorithms for MAX-3-
CUT and other problems via complex semidefinite programming. In Proceedings
of the thirty-third annual ACM symposium on Theory of computing, pages 443—-452,
2001.

Michel X. Goemans and David P. Williamson. Improved approximation algorithms for
maximum cut and satisfiability problems using semidefinite programming. J. ACM,
42(6):1115-1145, nov 1995.

Isaac Goldbring. Model theory of operator algebras. De Gruyter Series in Logic and
Its Applications Series ; v.11. Walter de Gruyter GmbH, Berlin/Boston, 1st edition,
2023.

Rudolf Haag. Local Quantum Physics: Fields, Particles, Algebras. Theoretical and
Mathematical Physics. Springer, Berlin, Heidelberg, 2nd edition, 2012.

Uffe Haagerup. The standard form of von Neumann algebras. Mathematica Scandi-
navica, 37(2):271-283, 1975.

226



[71] Uffe Haagerup. LP-spaces associated with an arbitrary von Neumann algebra. In

Algebres d’opérateurs et leurs applications en physique mathématique (Proc. Collog.,
Marseille, 1977), volume 274, pages 175-184, 1979.

[72] Johan Hastad. Some optimal inapproximability results. Journal of the ACM (JACM),

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]
[83]
[84]

48(4):798-859, 2001,

Teiko Heinosaari, Daniel Reitzner, and Peter Stano. Notes on joint measurability of
quantum observables. Foundations of Physics, 38:1133-1147, 2008.

A. J. Hoffman and H. W. Wielandt. The variation of the spectrum of a normal matrix.
Duke Mathematical Journal, 20(1):37 — 39, 1953.

Zhengfeng Ji. Binary constraint system games and locally commutative reductions.
arXiv preprint arXiv:1310.3794, 2013.

Zhengfeng Ji, Anand Natarajan, Thomas Vidick, John Wright, and Henry Yuen. MIP*
= RE. Communications of the ACM, 64(11):131-138, 2021.

Abraham Karrass and Donald Solitar. The subgroups of a free product of two groups
with an amalgamated subgroup. Transactions of the American Mathematical Society,
150(1):227-255, 1970.

Julia Kempe, Oded Regev, and Ben Toner. Unique games with entangled provers are
easy. SIAM Journal on Computing, 39(7):3207-3229, 2010.

Subhash Khot. On the power of unique 2-prover 1-round games. In Proceedings 17th
IEEE Annual Conference on Computational Complexity, pages 25—, 2002.

Subhash Khot, Guy Kindler, Elchanan Mossel, and Ryan O’Donnell. Optimal inap-
proximability results for MAX-CUT and other 2-variable CSPs? SIAM Journal on
Computing, 37(1):319-357, 2007.

Se-Jin Kim, Vern Paulsen, and Christopher Schathauser. A synchronous game for
binary constraint systems. Journal of Mathematical Physics, 59(3), 2018.

Stephen Cole Kleene. Introduction to metamathematics. 1952.
Jungiao Lin. MIP® = coRE. arXiv preprint arXivw:2510.07162, 2025.

Laura Mancinska and David E. Roberson. Quantum homomorphisms. Journal of
Combinatorial Theory. Series B, 118:228-267, 2016.

227



[85] Laura Mancinska, Pieter Spaas, Taro Spirig, and Matthijs Vernooij. Gap-preserving
reductions and RE-completeness of independent set games. arXiv preprint
arXiw:2505.05253, 2025.

[86] Amine Marrakchi and Mikael de la Salle. Almost synchronous correlations and
Tomita-Takesaki theory. arXiv preprint arXiv:2307.08129, 2023.

[87] Kieran Mastel and William Slofstra. Two prover perfect zero knowledge for MIP*. In
Proceedings of the 56th Annual ACM Symposium on Theory of Computing (STOC
2024 ), pages 991-1002, 2024.

[88] N. David Mermin. Simple unified form for the major no-hidden-variables theorems.
Physical Review Letters, 65(27):3373-3376, 1990.

[89] Hamoon Mousavi, Seyed Sajjad Nezhadi, and Henry Yuen. Nonlocal games, com-
pression theorems, and the arithmetical hierarchy. In Proceedings of the 5/th annual
ACM SIGACT symposium on theory of computing, pages 1-11, 2022.

[90] Hamoon Mousavi and Taro Spirig. A quantum unique games conjecture. In 16th
Innovations in Theoretical Computer Science Conference (ITCS 2025), pages 76-1.
Schloss Dagstuhl-Leibniz-Zentrum fiir Informatik, 2025.

[91] Francis J Murray and John von Neumann. On rings of operators. IV. Annals of
Mathematics, 44(4):716-808, 1943.

[92] Mark A Naimark. On a representation of additive operator set functions. In Doki.
Akad. Nauk SSSR, volume 41, pages 373-375, 1943.

[93] Anand Natarajan and Tina Zhang. Quantum free games. In Proceedings of the 55th
Annual ACM Symposium on Theory of Computing, pages 1603-1616, 2023.

[94] Alantha Newman. Complex semidefinite programming and Max-k-Cut. In 1st
Symposium on Simplicity in Algorithms (SOSA 2018), pages 13—1. Schloss Dagstuhl-
Leibniz-Zentrum fiir Informatik, 2018.

[95] Alexandru M. Nica and Roland Speicher. Lectures on the combinatorics of free
probability. London Mathematical Society lecture note series ; 335. Cambridge
University Press, Cambridge, 2006.

[96] Michael A Nielsen and Isaac L Chuang. Quantum computation and quantum infor-
mation, volume 2. Cambridge university press Cambridge, 2001.

228



[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

105

[106]

107]

108

Narutaka Ozawa. About the Connes embedding conjecture: Algebraic approaches.
Japanese Journal of Mathematics. 3rd Series, 8(1):147-183, 2013.

Connor Paddock. Rounding near-optimal quantum strategies for nonlocal games

to strategies using a maximally entangled state. Journal of Mathematical Physics,
66(12):122204, 2025.

Connor Paddock and William Slofstra. Satisfiability problems and algebras of boolean
constraint system games. [llinois Journal of Mathematics, 69(1):81-107, 2025.

Vern I Paulsen, Simone Severini, Daniel Stahlke, Ivan G Todorov, and Andreas

Winter. Estimating quantum chromatic numbers. Journal of Functional Analysis,
270(6):2188-2222, 2016.

Asher Peres. Incompatible results of quantum measurements. Physics Letters A,
151(3):107-108, 1990.

Piotr Podles. Symmetries of quantum spaces. Subgroups and quotient spaces of
quantum SU(2) and SO(3) groups. Communications in mathematical physics, 170(1):1-
20, 1995.

Sandu Popescu and Daniel Rohrlich. Quantum nonlocality as an axiom. Foundations
of Physics, 24(3):379-385, 1994.

Prasad Raghavendra. Optimal algorithms and inapproximability results for every
CSP? In Proceedings of the Fortieth Annual ACM Symposium on Theory of Computing,
STOC 08, page 245-254, New York, NY, USA, 2008. Association for Computing
Machinery.

Thomas J Schaefer. The complexity of satisfiability problems. In Proceedings of the
10th Annual ACM Symposium on Theory of Computing (STOC’78), pages 216-226,
1978.

Simon Schmidt. Quantum automorphism groups of finite graphs. PhD thesis, Univer-
sitdt des Saarlandes, 2020.

Erwin Schrédinger. An undulatory theory of the mechanics of atoms and molecules.
Physical review, 28(6):1049, 1926.

William Slofstra. Lower bounds on the entanglement needed to play XOR non-local
games. Journal of mathematical physics, 52(10):102202, 2011.

229



[109] William Slofstra. The set of quantum correlations is not closed. Forum of Mathematics,
Pi, Tel:1-el1:41, 2019.

[110] William Slofstra. Tsirelson’s problem and an embedding theorem for groups arising
from non-local games. Journal of the American Mathematical Society, 33(1):1-56,
2020.

[111] Masamichi Takesaki. Theory of operator algebras II, volume 125. Springer, 2003.

[112] Aviv Taller and Thomas Vidick. Approximating the quantum value of an LCS game
is RE-hard. arXiv preprint arXiv:2507.22444, 2025.

[113] Marianne Terp. Lp spaces associated with von Neumann algebras. Notes, Math.
Institute, Copenhagen Univ, 3(4):5, 1981.

[114] Boris Tsirelson. Quantum analogues of the Bell inequalities. the case of two spatially
separated domains. Journal of Soviet Mathematics, 36(4):557-570, 1987.

[115] Alan M. Turing. On computable numbers, with an application to the Entschei-
dungsproblem. J. of Math, 58(345-363):5, 1936.

[116] Lieven Vandenberghe and Stephen Boyd. Semidefinite programming. SIAM Review,
38(1):49-95, 1996.

[117] Thomas Vidick. Almost synchronous quantum correlations. Journal of mathematical
physics, 63(2), 2022.

[118] Thomas Vidick and John Watrous. Quantum proofs. Foundations and Trends in
Theoretical Computer Science, 11(1-2):1-215, 2016.

[119] Shuzhou Wang. Quantum symmetry groups of finite spaces. Communications in
Mathematical Physics, 195(1):195-211, 1998.

[120] John Watrous. Advanced topics in quantum information theory, 2020. Lecture notes.

[121] Stanistaw L Woronowicz. Compact matrix pseudogroups. Communications in Mathe-
matical Physics, 111(4):613-665, 1987.

[122] Dmitriy Zhuk. A proof of the CSP dichotomy conjecture. Journal of the ACM,
67(5):30:1-30:78, 2020.

230



	Examining Committee Membership
	Author's Declaration
	Statement of Contributions
	Abstract
	Acknowledgements
	Dedication
	List of Figures
	List of Tables
	Introduction
	Summary of Results
	Entangled constraint satisfaction problems
	Existence of commutativity gadgets
	Reductions in the absence of commutativity gadgets
	Complexity of binary nonlocal games
	Approximation algorithms for entangled CSPs

	Outline

	Preliminaries
	Notation
	Categories
	Groups
	Presentations
	Representations

	Algebras
	- and C*-algebras
	States and representations
	von Neumann algebras
	Noncommutative Lp spaces
	Weighted algebras

	Probability theory
	Distributions and random variables
	The Haar distribution
	Random variables on the circle

	Quantum theory
	The postulates of quantum mechanics
	States, operators, and measurements
	Entanglement

	Quantum spaces
	Motivation
	Quantum groups

	Free probability theory
	Complexity theory
	Turing machines
	Complexity classes
	Reductions and hardness

	Relational structures
	Definitions
	Graphs
	Constraint satisfaction problems
	Reductions and polymorphisms

	Semidefinite programming
	Definitions and duality
	Approximation algorithms and Max-Cut

	Nonlocal games
	Games and strategies
	XOR games
	Synchronous and projection games
	Complexity of nonlocal games


	Nonlocal games for constraint satisfaction
	Entangled constraint satisfaction problems
	Relational structure homomorphisms as nonlocal games
	Weighted algebra formalism
	Definitions of entangled CSPs
	Some equivalences based on stability
	Complexity of entangled CSPs

	Quantum relational structure homomorphisms
	The structure of perfect strategies for CSP nonlocal games
	Cocategories
	The cocategory of relational structures

	Almost perfect strategies for projection games are approximately tracial
	Degenerate and non-degenerate projection games
	Perfect quantum case
	Perfect commuting operator case
	Approximate case
	Application to CSPs and oracularisation


	Commutativity gadgets
	Reductions based on commutativity gadgets
	Definitions
	Hardness from the existence of a commutativity gadget
	Algebraic commutativity gadgets
	Examples of commutativity gadget

	Commutativity gadget for oracular entangled graph colouring
	Polymorphism characterisation
	Exact commutativity gadgets
	Stable commutation
	Robust commutativity gadgets
	Implications and equivalences

	Polymorphism algebras of the complete graphs
	Separations
	Relational structures with no commutativity gadget
	Oracular and non-oracular gadgets
	Separations based on solution groups

	Complexity of deciding the existence of a commutativity gadget

	Reductions beyond commutativity gadgets
	Entangled polymorphism minions
	Gapless reduction
	Gap-preserving reduction
	Weighted cominions
	Stable minion homomorphisms
	Proof of the gap-preserving reduction

	Stable minion homomorphisms from cominion homomorphisms
	Examples of reductions without commutativity gadgets
	Hardness of entangled colouring
	Hardness of homomorphism to the diamond graph

	Equivalence of the constraint-variable and constraint-constraint frameworks
	Reduction from constraint-variable to constraint-constraint
	Reduction from constraint-constraint to constraint-variable


	Hardness of binary games
	Classical hardness of XOR games
	Tilted XOR games
	Definitions and basic properties
	The tilted bipartite cube game

	Gapless hardness of tilted XOR games
	Optimal strategies of the tilted bipartite cube game
	Reduction from 3LIN

	Gapped hardness of tilted XOR games
	Improved XOR game structure theorem
	Application to the tilted cube game
	Proof of the reduction

	Hardness of approximation

	Approximation algorithms for entangled CSPs
	Graph colouring and Max-Cut problems
	An approximation algorithm
	SDP relaxation
	Vector-to-unitary construction
	Rounding unitaries
	The algorithm

	Analysis of the algorithm
	Relative distribution
	Integral formula
	Application to Max-k-Cut
	Minimising the ratio

	Dimension-efficient algorithm
	Generalised Weyl-Brauer group and strong isometry
	The algorithm and its analysis


	Discussion
	Related work
	Open questions

	References

