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Abstract

Constraint satisfaction problems (CSPs) are a natural class of decision problems where
one must decide whether there is an assignment to variables that satisfies a given formula.
Schaefer’s dichotomy theorem and its extension to all alphabets due to Bulatov and Zhuk,
shows that CSP languages are either efficiently decidable or NP-complete. It is possible
to extend CSP languages to quantum assignments using the formalism of nonlocal games.
The recent MIP* = RE theorem of Ji, Natarajan, Vidick, Wright, and Yuen shows that
the complexity class MIP* of multiprover proof systems with entangled provers contains
all recursively enumerable languages. As a consequence, general succinctly presented CSPs
are RE-complete. We show that a wide range of NP-complete CSPs become RE-complete
when the players are allowed entanglement, including all boolean CSPs, such as 3SAT and
3-colouring. This implies that these CSP languages remain undecidable even when not
succinctly presented.

Prior work of Grilo, Slofstra, and Yuen shows (via a technique called simulatable codes)
that every language in MIP* has a perfect zero knowledge (PZK) MIP* protocol. The
MIP* = RE theorem uses two-prover one-round proof systems. Hence, such systems are
complete for MIP*. However, the construction in Grilo, Slofstra, and Yuen uses six provers,
and there is no obvious way to get perfect zero knowledge with two provers via simulatable
codes. This leads to a natural question: are there two-prover PZK-MIP* protocols for all
of MIP*?

In this work, we show that every language in MIP* has a two-prover one-round PZK-
MIP* protocol, answering the question in the affirmative. For the proof, we use a new
method based on a key consequence of the MIP* = RE theorem, which is that every MIP*
protocol can be turned into a family of boolean constraint system (BCS) nonlocal games.
This makes it possible to work with MIP* protocols as boolean constraint systems. In
particular, it allows us to use a variant of a CSP due to Dwork, Feige, Kilian, Naor, and
Safra that gives a classical MIP protocol for 3SAT with perfect zero knowledge.

To prove our results, we develop a toolkit for analyzing the quantum soundness of
reductions between constraint system (CS) games, which we expect to be useful more
broadly. In this formalism, synchronous strategies for a nonlocal game correspond to
tracial states on an algebra. We equip the algebra with a finitely supported weight that
allows us to gauge the players’ performance in the corresponding game using a weighted
sum of squares. The soundness of our reductions hinges on guaranteeing that specific
measurements for the players are close to commuting when their strategy performs well.
To this end, we construct commutativity gadgets for all boolean CSPs and show that the



commutativity gadget for graph 3-colouring due to Ji is sound against entangled provers.
We define a broad class of CSPs that have simple commutativity gadgets. We show a
variety of relations between the different ways of presenting CSPs as games. This toolkit
also applies to commuting operator strategies, and our argument shows that every language
with a commuting operator BCS protocol has a two prover PZK commuting operator
protocol.

vi



Acknowledgements

I would first like to thank my excellent supervisor and collaborator, William Slofstra, for
his guidance and support over the years. Thank you for encouraging my curiosity, and for
pushing me to take on hard problems. I am also grateful to David Gosset for his generosity
with his time and for sharing papers, stories, and climbs.

My time in graduate school was enriched by many dear friends and colleagues who
helped make Kitchener-Waterloo feel like home. Thank you to Colter MacDonald for
starting this journey with me from across the country during a pandemic. I am also
thankful to Adina Goldberg, Joaco Prandi, John Sawatzky, Paul Lawrence, Nolan Shaw,
Katie Pita, Yuming Zhao, Connor Paddock, Ben Lovitz, Adam Bene Watts, Archishna
Bhattacharyya, Eric Culf, Jack Davis, Amit Anand, Sanchit Srivastava, Zachary Man,
Emiliia Dyrenkova, Alex Frei, Amolak Ratan Kalra, Pulkit Sinha, and Calvin Liu. Thank
you for the discussions (mathematical and otherwise) for rocks climbed, games played,
meals shared, and journeys taken. A special thank you to Collin and Hannah Epstein,
Maeve Wentland, and Irene Rodriguez for many days of food and fellowship. You've all
become like family.

Thank you to my sisters, Petra and Annika Mastel, and to my parents, Ken and Gail
Mastel, for their constant love and support; without it, I wouldn’t be here.

Finally, I am grateful for the financial support provided by the Natural Sciences and
Engineering Research Council of Canada (NSERC) through the Canada Graduate Scholar-
ship-Doctoral (CGS D) and Canada Graduate Scholarship-Master’s (CGS M) programs.

vii



Dedication

To Emma, all troubles are less with you.

Viil



Table of Contents

Examining Committee Membership ii
Author’s Declaration iii
Statement of Contributions iv
Abstract v
Acknowledgements vii
Dedication viii
List of Figures xi
1 Introduction 1
1.1 Nonlocal games and multiprover interactive proofs . . . . . . . . . . . . .. 2
1.2 Constraint satisfaction problems . . . . . . . . . . ... ... ... 4
1.3 The weighted algebra formalism . . . . . .. ... ... ... .. ...... 7
1.4 Perfect zero knowledge . . . . . . . . .. oL 9
2 Background and Preliminaries 12
2.1 General notation . . . ... ... 12
2.2 Quantum states and Hilbert space . . . . . . . . . .. ... L. 12

X



2.3 x-algebras and representations . . . . . ... ... L.
2.4 Decidability and complexity . . . . . . . ... 0oL
2.5 Nonlocal games and MIP* . . . . . . ... ... ... ... .. .......

3 The weighted algebra formalism
3.1 Constraint system games . . . . . . . . ...
3.2  Weighted algebras for CS games . . . . . . . ... ... ... .. ...
3.3 Relations between CS algebras . . . . . . .. .. .. ... .. ...
3.4 Subdivision and stability . . . . .. ..o

4 RE-completeness of entangled CSPs
4.1 Constraint system languages . . . . . . . . . ...
4.2 Quantum CSPs . . . . . .. .
4.3 Hardness of non-TVF CSPs . . . . . . . . ... .. ... ... ... ...,
4.4 Hardness of boolean TVF CSPs . . . . . . ... .. ... .. ... .....
4.4.1 The basic commutativity gadget . . . . . . .. ... ... ...
4.4.2 Compression and simulation: building the needed constraints . . . .
4.4.3 'The general commutativity gadget . . . . .. .. .. .. ... ...
4.4.4  Oracularizability of boolean TVF CSPs . . . . . . .. .. ... ...
4.5 Hardness of 2-CSPs . . . . . . . . . .
4.5.1 The case of 3-colouring . . . . . . . ... ...
4.5.2 Thecase of 2-CSP(k) . . . . . . . . ... . .

4.6 Constraint-variable to constraint-constraint for CSPs . . . . . . . . . . ..

5 Two prover perfect zero knowledge for MIP*
5.1 Definitions . . . . . . . ..
5.2 Parallel repetition . . . . . . ..o
5.3 The tableau construction . . . . . . . . ... ... L

5.4 Perfect zero knowledge . . . . . . ... L

References

23
23
28
34
43

51
51
54
o7
61
61
63
75
82
83
83
90
92

94
94
95
97
102

116



List of Figures

3.1

4.1

4.2

4.3
4.4

4.5

4.6

C-homomorphisms (solid arrows) and trace-dependent mappings (dashed ar-

rows) between the different weighted algebras for a k-ary CS S = (X, {(V;, Ci) }1,).

Here 7'(i) = Zj m(i,7), L = max; |Vj|, P = max; j v,av, 40 %, and B(S5)

is the BCS defined in Definition 3.3.1. . . . . . . . . . . . . . . . ... ...

The basic commutativity gadget for TVF boolean constraint systems. Ex-
actly one variable in each triangle must be assigned value 1. These con-
straints bound the commutator [z,y], and any assignment to x and y may
be extended to an assignment to all three constraints. . . . . . . . ... ..

Basic commutativity gadgets with one, two, or three variables per con-
straint negated. The white vertices indicate the negated variables: note
that negated variables must be only connected amongst themselves to con-
struct the gadget. . . . . . . . . .

The compressible cycle TVF graph from Lemma 4.4.5.iii. . . . ... ...

The triangular constraint system in Lemma 4.5.3. Each vertex corresponds
to a variable and each edge corresponds to a 3-colouring constraint.

The triangular prism constraint system in Lemma 4.5.4. Each vertex corre-
sponds to a variable and each edge correspond to a 3-colouring constraint.

Transitions in complexity based on soundness parameter for entangled 3-
colouring . . . . . . ..

X1

34



Chapter 1

Introduction

This thesis establishes results in the theory of nonlocal games and computational complex-
ity. We introduce the weighted algebra formalism for analyzing the soundness of reductions
between constraint system (CS) games. This formalism generalizes the well-studied cor-
respondence between perfect strategies for synchronous CS games and tracial states on
the synchronous algebra. Imperfect strategies correspond to traces on the weighted alge-
bra that are nonzero on the support of the weight. The weighted algebra can be thought
of as a model of the synchronous algebra. We define a trace-dependent quantity called
the defect that quantifies how well traces on weighted algebras approximate traces on the
synchronous algebra. Since the weight of an observable depends on the probability of the
verifier asking the question it appears in, the defect gives us an algebraic tool to discuss
imperfect strategies for the corresponding game.

Applying the weighted algebra formalism, we show that some broad classes of classical
reductions between CS games remain sound even when the provers are allowed entangle-
ment. We divide these reductions into two types of transformations: classical homomor-
phisms and subdivisions. Classical homomorphisms map constraints in one CS to con-
straints in another CS and thus are simple to analyze with weighted algebras. Subdivision
involves separating one large constraint into many subconstraints and is more complex to
analyze.

The players’ measurements for variables that appear in the same constraint must com-
mute as they are simultaneously measured. When a constraint is subdivided, there is
no longer a guarantee that all the variables appearing in different subconstraints com-
mute. For our soundness argument, we use commutativity gadgets like those introduced
in [37] to force these variables to commute even though they appear in different subcon-



straints. Using weighted algebras, we show that these commutativity gadgets are sound
against entangled provers and that they enforce approximate commutation in approximate
strategies. By reducing from the MIP*=RE protocol for the halting problem, we show
RE-completeness for the entangled version of any NP-complete CS game with unentan-
gled players, provided that we have a commutativity gadget. Specifically, we show that
NP-complete CS games become RE-complete with entanglement provided that they are
boolean, a graph 3-colouring game, or not two-variable falsifiable. As an application of
these results, we prove that MIP* admits two prover perfect zero knowledge proofs by
showing the quantum soundness of a variant of the two prover perfect zero knowledge
protocol for NP due to Dwork, Feige, Kilian, Naor and Safra [21].

1.1 Nonlocal games and multiprover interactive proofs

In a nonlocal game, two spatially separated and non-communicating players, Alice and
Bob, receive questions from a referee. The players’ questions ¢ and j are sampled by the
referee from a finite set of questions I according to a probability distribution 7 known to
both players. The players then respond with answers a and b from the finite answer sets
O; and Oj respectively. Often the players are defined to have separate question and answer
sets, but it is convenient for us to assume without loss of generality that the players have
the same question and answer sets. The referee then applies one of a family of functions
V(-,+4,5) + O; x O; — {0,1} for each question pair (i,7) € I x I. The players win if
V(a,bli,j) = 1 and lose otherwise. The function V is called the decision predicate.

Alice and Bob cannot communicate with each other during the interaction, but they
can coordinate a strategy beforehand. This strategy can be deterministic or probabilistic,
employing shared randomness. We call such strategies classical. A strategy is called perfect
if it allows the players to satisfy the decision predicate for any question pair. It is clear
that not all games admit perfect strategies. If they have access to quantum resources,
the players may share a quantum state and condition their answers on the results of local
measurements. Their choice of state and the collection of local measurements for each
player make up a quantum strategy. Quantum strategies allow the players to correlate
their answers in ways that are not possible with classical resources [22, 7]. In fact, there
are nonlocal games that have perfect quantum strategies, but no perfect classical strategies,
such as the Mermin-Peres magic square game [59, 19]. The Mermin-Peres magic square
consists of a three-by-three grid. The referee asks Alice for an assignment of £1 to each
square in one row, and asks Bob for an assignment of +1 to each square in one column.
Alice’s row must contain —1 an even number of times, and Bob’s column must contain



—1 an odd number of times. They win the game if their assignments agree on the square
where the row and column overlap; otherwise, they lose. There is no classical assignment
to the whole grid that satisfies all of the constraints, but there is an assignment of +1
valued observables and a quantum state that allows the players to win on any question
pair.

The Mermin-Peres magic square game is an example of a broad class of games called
constraint system (CS) games. In a CS game, Alice and Bob receive constraints C; and
C; over a set of variables X from a set of constraints {C;}7,. The players must respond
with satisfying assignments ¢; : V; — X and ¢; : V; — X over an alphabet X to the
set of variables V; and V; that are in the scope of the constraint C; and C; respectively.
Like in the magic square game, the winning condition is a consistency check between the
players’ assignments. The players lose when ¢;|v;nv, # @;|vinv;, and win otherwise. What
we have just described is the constraint-constraint (c-c¢) form of the CS game studied in,
e.g., [1, 58, 57, 45]. Alternatively, we can define the constraint-variable (c-v) form of the
CS game. In the c-v game, Alice is sent a constraint C; and responds with a satisfying
assignment ¢; as before, but Bob is only sent a variable x € X and responds with an
assignment to ¢(x) € X to that variable. The win condition is still a consistency check.
The players lose if ¢;(x) # ¢(x) and win otherwise. This form of CS game was studied in,
e.g., |16, 37]. Finally, there is a third type of game for 2-CSs — where each constraint has
only two variables. The verifier asks each player for an assignment to a single variable, and
they win if the assignments satisfy the corresponding constraint. This type of game was
studied in, e.g., [25, 32, 19]. If the alphabet ¥ has size k, then we call the CS k-ary, and
in the particular case where k = 2, we say the CS is a boolean constraint system (BCS).
Associated with each CS game is a finitely presented x-algebra, called the CS algebra.
Every perfect quantum strategy for a CS game is a representation of the CS algebra. In
this way, the CS algebra generalizes the well-studied BCS algebra discussed in [16, 37]. Tt
will be a central tool in proving our main results.

The family of synchronous games is another important class studied in the nonlocal
game literature. The players’ question and answer sets are the same in a synchronous
game, and the synchronous condition states that if they receive the same question, they
must respond with the same answer. An important example of a synchronous game is the
graph k-colouring game first described in [15]. Given a graph G = (V, E) with vertices V
and edges F, the referee sends vertex = to Alice and y to Bob. The players respond with
colours a and b respectively from the set {1,...,k}. If (z,y) is an edge in E, then the
players lose if @ = b and win otherwise. If x = y, the players win if and only if a = b, which
is the synchronous condition. Note that the graph colouring game with these questions and
answers is also a 2-CS game. There is a perfect classical strategy if and only if there is a



k-colouring of the graph GG. For some graphs however, entangled players can play the graph
k-colouring game perfectly even though no actual k-colouring exists [10, 12]. Such graphs
are called quantum k-colourable. Similarly to CS games, perfect quantum strategies for
a synchronous game correspond to representations of a finitely presented x-algebra called
the synchronous algebra of the game [34, 45].

In a nonlocal game, the players can use unbounded computational power to construct
their strategies, yet the referee is computationally bounded. Interactive proofs allow us to
study and quantify the computational power the referee can access in such interactions. In
an interactive proof protocol, a prover tries to convince a verifier that a string x belongs
to a language L. Interactive proof systems can be more powerful than non-interactive
systems; famously, the class IP of interactive proofs with a polynomial time verifier and a
single prover is equal to PSPACE [63], and the class MIP with a polynomial time verifier
and multiple non-communicating provers is equal to NEXP [1]. The proof systems used in
[1] are very efficient and require only two provers and one round of communication. Thus,
they can be thought of as a family of nonlocal games indexed by the input string z, with
the players as provers and the referee as the verifier. Since the provers in an MIP protocol
are not allowed to communicate, it is natural to ask what happens if they are allowed to
share entanglement. This leads to the complexity class MIP*, first introduced by Cleve,
Hoyer, Toner, and Watrous (where the x denotes that the players are entangled) [15].
Entanglement allows the provers to break some classical proof systems by coordinating
their answers, but the improved ability of the provers also allows the verifier to set harder
tasks. As a result, figuring out the power of MIP* has been difficult, and there have

been successive lower bounds in [11, 35, 36, 66, 67, 38, 51, 39, 53, 23]. Most recently,
the landmark work of Ji, Natarajan, Vidick, Wright, and Yuen showed that MIP* = RE,
the class of languages equivalent to the halting problem [10]. A multiprover interactive

proof protocol can be thought of as a decision problem, where the verifier must determine
whether or not an instance x is in £. In the accept instance, where x € L, there is
a strategy that the provers can employ that wins the nonlocal game with probability c,
called the completeness parameter, which in this work we will always take to be 1. In the
reject instance, where x € L, any strategy the provers employ can win the nonlocal game
with probability at most s, called the soundness parameter.

1.2 Constraint satisfaction problems

As a result of the proof that MIP = NEXP in [5], MIP is equivalent to the class of CS — MIP
proof systems, which are two-prover one-round proof systems in which the nonlocal games



are CS games. In a CS — MIP proof system, the CS games are succinctly presented. In
other words, for a given instance, there may be exponentially many questions to sample or
answers to verify (in the instance size |z|), but these operations are implemented efficiently.
This can increase the complexity of the games significantly. For any family of constraints I'
over an alphabet 3, the constraint satisfaction problem (CSP) language CSP(I"); ; consists
of all constraint systems that can be expressed as the conjunction of constraints from I,
where the yes instances are those for which all of the constraints can be satisfied, and
the no instances are those where at least one constraint must be unsatisfied. Due to the
CSP dichotomy theorem, it is well-understood that CSP languages are either solvable in
polynomial time or NP-complete. Moreover, the theorem completely classifies which CSP
languages are NP-complete [61, 11, 70]. The succinct version of this language is the promise
problem SuccinctCSP(I'); ; consisting of efficiently sampleable CSs with constraints from I',
where the yes instances are those for which all the constraints can be simultaneously
satisfied, and the no instances are those where there is a probability less than s of sampling
a satisfied constraint for any assignment. If CSP(I');; is NP-complete, then there is a
constant s € [0, 1), such that SuccinctCSP(I');  is NEXP-complete. Thus, the class of CS
games corresponding to SuccinctCSP(I'); 5 is complete for MIP.

It is natural to ask if an analogous dichotomy holds when the provers are allowed
entanglement. In this thesis, we provide a partial answer to this question. As a result of
the MIP* = RE theorem, MIP* is equivalent to the class of CS — MIP* proof systems, the
class of two-prover one-round proof systems in which the nonlocal games are CS games with
entangled players. We prove that a family I" of constraints with an NP-complete CSP(T'); ;
is RE-complete with entangled provers by reducing from the CS— MIP* proof system
for RE to a CS — MIP* proof system using only constraints from I'. We use a classical
reduction between NP-complete constraint satisfaction problems, modified to ensure that
the reduction preserves the soundness of the entangled protocol.

The provers’ strategies in a CS — MIP* protocol are an operator assignment to the
variables in the constraint system and a choice of state. In general, operator assignments to
CSPs are non-commuting, but to guarantee the validity of some reductions between CSPs,
we need a way to guarantee commutativity (or near-commutativity) between variables. A
canonical way to do that is using empty constraints, which contain variables but impose
no relations between them, except that they are simultaneously measurable. However,
we have no guarantee that a given set of constraints I' includes an empty constraint. To
remedy this, we construct commutativity gadgets: subsystems of constraints that behave
like an empty constraint when restricted to two of the variables.

To characterize the commutativity gadgets we can construct, we use a property of
some constraints we call two-variable falsifiability (TVF). A constraint is TVF if, for any

5



pair of variables, there is an assignment to that pair for which the constraint is false no
matter what value the other variables are assigned. We call a CSP TVF if all of its
constraints are. Non-TVF CSPs have simple one-constraint commutativity gadgets. If a
CSP contains a non-TVF constraint, we can replace empty constraints with instances of
the non-TVF constraint and replace all but two variables in the non-TVF constraint with
dummy variables. If all constraints in I are TVF, this precludes the construction of these
generic commutativity gadgets built from one constraint. However, many important CSPs,
such as 3SAT, are not TVF. In particular, note that any CSP augmented by an empty
constraint is non-TVF and that this does not change its classical complexity.

For TVF constraints, the situation is more complicated, but in the boolean case, we
are able to construct a generic but more complicated commutativity gadget. The basic
example of an NP-complete TVF constraint satisfaction problem is 1-in-3-SAT, generated
by the three-variable boolean constraint where exactly one of the variables must be assigned
value 1, C' = {(1,0,0),(0,1,0),(0,0,1)}. This has a commutativity gadget constructed by
connecting three copies of C' in a triangular arrangement (see Figure 4.1), first studied
by Ji [37]. For the remaining NP-complete boolean TVFEF CSPs, we show that there is a
structure similar to C' hidden within them, and hence that an analogous commutativity
gadget may be constructed.

The final case where we are able to construct a commutativity gadget is for graph
3-colouring. Here, we make use of a triangular prism gadget (see Figure 4.5), also intro-
duced by Ji [37]. The work of Ji shows that the gadget guarantees commutativity in the
case of perfect completeness; for our purposes, we extend this to the case of imperfect
completeness, showing soundness of the gadget.

In full, we show that if CSP(I'); ; is NP-complete, and I' is boolean, non-TVF, or 3-
colouring, then there exists a constant s € [0,1) such that the entangled CSP language
SuccinctCSP(I')] ; is RE-complete.

*

As a direct consequence, we find that the non-succinct version of the language, CSP(I')7 ,
is also RE-complete under Turing reductions, although it may not be polynomial-time re-
ducible from the halting problem. Completeness in NEXP is with respect to polynomial-
time Karp reductions; in fact, with exponential-time reductions, NP-complete problems
become complete for NEXP. In the same way, if SuccinctCSP(I')]  is RE-complete with
a polynomial-time reduction, then CSP(I")} ; is RE-complete with an exponential-time re-
duction. In particular, there is a computable function that reduces the halting problem to
CSP(I'); ,, so it must be RE-complete.

For the proof of our main results, we begin with the output of the MIP* = RE theorem
rather than encoding an arbitrary MIP* protocol. The proof that MIP* = RE in [10] is very

6



involved, but has as an important consequence that only two-prover one-round proof sys-
tems are required to attain the full complexity of MIP*. Dong, Fu, Natarajan, Qin, Xu, and
Yao show in [20] that these proof systems can be reduced in size to have polynomial-length
questions and constant-length answers. In both [10] and [20], the games are synchronous
and admit oracularizable optimal strategies in the case of perfect completeness, meaning
that the two players’” measurement operators for any pair of questions asked at the same
time commute. One-round MIP* proof systems in which the games are synchronous and
oracularizable are equivalent to the class of BCS-MIP* proof systems, which are one-round
two-prover proof systems in which the nonlocal games are BCS games, that is, CS games
with boolean constraint systems. Since the games in [20] have constant answer size, so do
the corresponding BCS games. We prove the RE-hardness of NP-complete CS protocols
with entanglement by showing that the classical reduction from the BCS form of the pro-
tocol from [20] to a CS protocol is sound against quantum provers. Reductions between
MIP* protocols translate one proof system into another while preserving completeness and
controlling the degradation of soundness. In some cases, reductions between MIP* proof
systems have polynomial soundness dropoff and use parallel repetition to recover constant
soundness. Parallel repetition does not preserve many classes of CS games (for example,
graph colouring games), so we require our transformations to have a constant soundness
dropoff.

1.3 The weighted algebra formalism

In Section 1.1, we saw examples of the correspondence between perfect strategies for non-
local games and representations of finitely presented *-algebras. In the context of MIP*
protocols, this correspondence allows us to use transformations between the algebras to ex-
amine reductions between the games that preserve perfect completeness as in [37]. That is,
where the completeness parameter remains equal to 1. These transformations are typically
homomorphisms or other syntactic operations that map one finitely presented x-algebra to
another, often reflecting a structural reduction between the corresponding nonlocal games.
For instance, one may rewrite a game by imposing new relations on the generators, such as
identifying certain observables or introducing auxiliary variables, thereby inducing a quo-
tient algebra. A perfect quantum strategy corresponds to a finite-dimensional C*-algebra
representation of the associated game algebra, so if such a transformation preserves the
existence of the representation, then we can conclude that the second game is at least as
hard as the first. However, this correspondence does not let us track how transformations
between game algebras affect the soundness parameter. In the worst case, a transformation



of this type could take the soundness parameter to 1, meaning the players can perform
arbitrarily well even in reject instances of the MIP* protocol. From a complexity theory
standpoint, gapless protocols can still be valuable because they provide insight into the ex-
pressive power of interactive proof systems and the kinds of languages that can be captured
within MIP*, even when the verifier cannot distinguish between accepting and rejecting
instances. That is, such protocols may still characterize undecidable or recursively enumer-
able languages, helping us understand the upper bounds of provability or computability in
quantum interactive models. In actual implementations of these protocols in the lab, we
want the verifier to have a non-negligible chance of learning whether the instance is an ac-
cept or a reject. Furthermore, in the classical complexity theory literature, many hardness
results are proven by reducing one CSP to another and showing that this transformation
preserves the completeness and soundness of the corresponding MIP protocol. To show our
main results, we focus on these classical CSP reductions and develop tools to show that,
under certain circumstances, they preserve the soundness parameter even if the provers are
allowed to share entanglement.

In general, it’s difficult to determine if a classical transformation of constraint systems
(of which there are many) remains sound (meaning that it preserves the soundness of
protocols) in the quantum setting. For instance, one of the key parts of the MIP* = RE
theorem is the construction of a PCP of proximity that is quantum sound. On the other
hand, some transformations lift fairly easily to the quantum setting. We identify two
such classes of transformations, “classical transformations,” which are applied constraint
by constraint, and “context subdivision transformations,” in which each constraint is split
into several subclauses. Both types of transformations are used implicitly throughout
the literature on nonlocal games, including in [37], which was the first paper to consider
reductions between quantum strategies in BCS games. In this thesis, we systematically
investigate the quantum soundness of these transformations. In Section 3.2, we show
that classical transformations preserve soundness by a relatively simple argument. In
subdivision, each subclause becomes a different question in the associated BCS game. As
a result, a strategy for the subdivided game has many more observables than the original
game. Since these new observables don’t need to commute with each other, subdivision
is more complex to analyze. We show that if we have a way of enforcing commutativity
among these new variables, and if the subclauses have a bounded number of variables, then
subdivision preserves soundness with a constant dropoff. We prove this in Section 3.4.

While reductions between nonlocal games have been important in previous work, they
are difficult to reason about, since it’s necessary to keep track of how strategies for the input
game map to those for the output game. One advantage of working with constraint systems
in the classical setting is that it’s more convenient to work with assignments (and think



about the fraction of constraints in the system that can be satisfied) than to work with
strategies and winning probabilities. In the quantum setting, it isn’t possible to work with
assignments to the variables because strategies involve observables that don’t necessarily
commute with each other. However, we can achieve a similar conceptual simplification
by replacing assignments with representations of the CS algebra of the constraint system.
The CS algebra is the same as the synchronous algebra of the CS game; we refer to [58] for
more background on the boolean case. With this approach, reductions between CS games
correspond to homomorphisms between CS algebras, which are much easier to describe
and work with than mappings between strategies. Near-perfect strategies correspond to
approximate representations of the CS algebra (See [77] for the boolean case). We can
thus prove that our reductions preserve the soundness of MIP* protocols by examining
how mappings between CS algebras treat these approximate representations. Previous
work using this idea (see e.g. [57, 30]) has focused on reductions between single games,
and the definitions are not suitable for working with protocols, as they do not incorporate
question distributions. To solve this problem, we introduce a notion of weighted algebras
and weighted homomorphisms, which allows us to keep track of the soundness of reductions
between games using completely algebraic arguments involving sums of squares.

Another advantage of the weighted algebras framework is that arguments can be made
simultaneously for both quantum and commuting operator strategies. As a result, our
proof methods extend to commuting operator strategies. However, our results here are not
as conclusive, as the exact characterization of the corresponding complexity class MIP is
not known. There is a conjecture that MIP = coRE, and with that conjecture, we expect
that it would be possible to extend our main results and show that NP-complete CSPs for
which we can construct commutativity gadgets are coRE-complete when the players can
share commuting operator entanglement.

1.4 Perfect zero knowledge

Interactive proof systems allow for zero knowledge protocols, in which the prover demon-
strates that x € £ without revealing any other information to the verifier. As a result,
interactive proof systems are important to cryptography in addition to complexity theory.
The first zero knowledge proof systems go back to the invention of interactive proof systems
by Goldwasser, Micali, and Rackoff [27], and every language in MIP admits a two-prover
one-round perfect zero knowledge proof system by a result of Ben-Or, Goldwasser, Kilian,
and Wigderson [3]. Perfect means that absolutely no information is revealed to the verifier,
in contrast to statistical zero knowledge (in which the amount of knowledge gained by the



verifier is small but bounded), or computational zero knowledge (in which zero knowledge
relies on some computational intractability assumption).

Since any language in MIP admits a perfect zero knowledge proof system, it is natural
to wonder if the same can be done when the provers have access to entanglement. Chiesa,
Forbes, Gur, and Spooner showed that every language in NEXP (and hence in classical
MIP) has a perfect zero knowledge MIP* proof system, or in other words belongs to PZK-
MIP* [11]. Subsequently, Grilo, Slofstra, and Yuen show that all of MIP* belongs to
PZK-MIP* [29]. Combining PZK-MIP* = MIP* with MIP* = RE shows that there are
one-round perfect zero-knowledge MIP* proof systems for all languages that can be reduced
to the halting problem, a very large class. However, the construction in [29] is involved. The
idea behind the proof is to encode a circuit for an arbitrary MIP verifier in a “simulatable”
quantum error correcting code, and then hide information from the verifier by splitting the
physical qubits of this code between different provers. The resulting proof systems in [29]
require 6 provers, and because the core concept of the proof is to split information between
provers, bringing this down to 2 provers (as can be done with perfect zero-knowledge for
MIP) seems to require new ideas.

In this work, we apply our main results on the hardness of entangled CSPs to show that
MIP* does indeed admit two-prover one-round perfect zero knowledge protocols. In [21],
the authors construct a two-prover one-round perfect zero knowledge protocol for NP. We
show a reduction from the classes of CSP that are RE-hard with entanglement to a slight
variant of this protocol that is sound against entangled provers. We also demonstrate that
this variant protocol retains the zero knowledge property when the players are allowed
entanglement. Consequently, we show that every language in MIP* admits a two-prover
one-round perfect zero knowledge proof system with polynomial length questions and con-
stant length answers. Since we care only about the zero knowledge property and not the
exact CSP we get at the end, we can apply a constant amount of parallel repetition to
recover soundness s = 1/2.

Additionally, we prove that MIP* admits a two-prover one-round perfect zero knowledge
protocol with polynomial length questions and answers, completeness probability ¢ = 1 and
soundness probability s = 1/2, in which the verifier chooses questions uniformly at random.
For the proof, we use a different version of the MIP* = RE protocol as the input of our
CSP reduction. Natarajan and Zhang have shown that MIP* proof systems require only a
constant number of questions and polylog length answers from the provers [55]. This shows
that MIP* = AM*(2), the complexity class of languages with two-prover MIP* protocols
in which the verifier chooses their messages to the prover uniformly at random. When
we reduce from this protocol to our perfect zero knowledge protocol, we get a polynomial
soundness dropoff, but a polynomial amount of parallel repetition allows us to recover
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soundness 1/2.

Since the weighted algebra formalism applies to commuting operator strategies as well,
if we had a characterization of MIP“ such as a confirmation that MIP“ = coRE and a
parallel repetition theorem for commuting operator strategies, we should be able to show
that all languages in MIP“’ have a perfect zero knowledge commuting operator protocol.
Without these ingredients, we are limited to showing that BCS-MIP“ = PZK-BCS-MIP“.
Previous work on perfect zero knowledge for commuting operator protocols does not pre-
serve soundness gaps [17].

Our results also have applications for the membership problem for quantum correla-
tions. For exact membership, the cohalting problem is many-one reducible to membership
in the set of quantum-approximable correlations Cy,, and to membership in the set of
commuting operator correlations Cy. [04, 17, 24]. It follows from MIP* = RE that the
halting problem is Turing reducible to approximate membership in C,, the set of quantum
correlations, but this is not a many-one reduction. The proof of Theorem 5.4.8 immedi-
ately implies that there is a many-one reduction from the halting problem to approximate
membership in Cj,.
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Chapter 2

Background and Preliminaries

2.1 General notation

For n € N, we write the set [n] = {1,2,...,n}. We assume the logarithm log is base 2
unless otherwise specified.

We identify Z; with the subset {0,...,k— 1} of N, and denote the primitive k-th root
of unity wy, = e2™/*, dropping the subscript if clear from context.

For a graph G = (V, E) and U C V, write G|y for the subgraph on vertices in U and
G\U for the subgraph on vertices in V\U.

We deal only with probability distributions on finite sets. Hence, we present any prob-
ability distribution 7 on a set A by a function m : A — [0, 1] such that »___, 7(a) = 1. We
say a probability distribution 7 on A x A is symmetric if 7(a,b) = 7(b,a) for all a,b € A.
Following [17], we say that a probability distribution 7 on A x A is C-diagonally domi-
nant if 7(a,a) > C )", ,m(a,b) and w(a,a) > C Y, , m(b,a) for all a € A. We write u,
for the uniform distribution on [n], i.e. m,(i) = L for all i € [n)].

T n

2.2 Quantum states and Hilbert space

Let C be the field of complex numbers. Given a set X, we define the free complex
vector space generated by X, denoted by CX, as the set of all finite linear combinations
of formal symbols |z) for x € X. That is, every element |v) € CX can be written as a sum
|v) = > .cq @z |x), for some finite subset S € X and coefficients a, € C. In this way, the
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collection |z), .y forms a basis for CX. When X is finite, then CX is isomorphic to C¥,
the space of functions X — C.

For each x € X, define a linear functional (x| : CX — C by (x| (|y)) = 1 if y = x and
is 0 otherwise for all y € X. These functionals form a basis for the dual space of complex
linear functionals from CX — C when X is finite. Elements |v) of CX are known as
kets, and elements of the dual space (u| € C* are known as bras. This is called bra-ket
notation and is commonly used in quantum physics to represent vectors and their duals in
a form aligned with the structure of inner products.

A complex inner product space V' is a vector space with a map (|} : V xV — C
called an inner product that satisfies the following properties for all vectors |z) , |y) , |z) €
V and scalars A\, v € C:

e (z|y) = (y|z) (conjugate symmetry),
o (z| \z +vy) = Nz|]x) + v(z,y) (linearity in the second argument),

o (z|z) > 0 for all |z) # 0 (positive definiteness).

If there is ambiguity about which inner product we mean, we will denote the inner product
on V by (:|-)y. The inner product induces a norm on V defined by || |z} ||? = (z|z) for
all |z) € V. With this norm, V becomes a normed vector space. If there is ambiguity

about which norm we are discussing, we will denote the norm induced by the inner product
on V by || -|v.

A sequence |z1) , |x2), |T3), ... in a normed vector space is called a Cauchy sequence
if for every positive real number €, there is a positive integer N such that for all natural
numbers m,n > N, || |z,,) — |z,) || < €. A normed vector space V is called complete if
every Cauchy sequence in V' converges to an element of V. An inner product space that is
complete is called a Hilbert space.

A linear operator on T : H — H’ that maps from a Hilbert space H to a Hilbert
space H' is called bounded if there exists a constant C' such that ||T"|x) ||z < C||z||3 for
all |x) € H. The set of all bounded linear operators from H to H’' is denoted B(H,H')
and for convenience we write B(H) := B(H,H). If T € B(H,H’) then there exists a
map T € B(H',H) called the adjoint map, satisfying (y|Tx)y = (T*y|x)y for all |z) €
H,|y) € H'. An operator T' € B(H) is called unitary if TT* = T*T = Idy, where Idy
is the identity map on H. If 7" = T, then T is called self-adjoint. Taking the adjoint
is an antilinear involution x : B(H) — B(H) sending 7" — T, with the property that
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(T*)* =T, (TS)* = S*T*, and (\T)* = \T* for all A € C, and T, S € B(H). An operator
P € B(H) is called projective if P? = P.

A projective measurement is a set of linear operators {M,}.co in B(H) such that
M, is self adjoint and projective for all a € O, ZaGO M, = Idy and M,M, = 0 when
a # b. In quantum mechanics, the state of a quantum system is a unit vector in Hilbert
space. O is the set of possible outcomes when measuring a given quantity. If |x) is the
state before measurement, then the probability of getting outcome a is p(a) = (x| M, |x).
The final state after measuring and getting outcome a will be M, |z)/(x| M, |x). This
probabilistic collapse of the state to one measurement outcome is called Born’s rule
and is the only way that quantum mechanics makes predictions about the outcome of
experiments. From a measurement, we can construct an operator P =, A\sM, in B(H)
called an observable, with real eigenvalues \,. The average value of a measurement is then
(x| P|x). The state M, |z)/(x| M, |x) after measurement of P is then a unit eigenvector
of P called an eigenstate. If two observables commute, then exchanging the order in
which they are measured has no effect on the outcome. Otherwise, the measurements
cannot be meaningfully performed simultaneously. Since a state cannot simultaneously be
an eigenstate for two non-commuting observables, one measurement disturbs the outcome
of the other. The disturbance of the measurement of one observable P; by another P; is
given by the magnitude of their commutator [P, O] = PP, — P, P;. This is Heisenberg’s
famous uncertainty principle.

Suppose H; and H, are Hilbert spaces with |x1) ,|z2) € Hi and |y1) , |y2) € Ha. Using
the inner products on ‘H; and H,, we define the inner product on the tensor product vector
space Hi ® Ha by (z1 @ y1] 22 ® y2) = (x1]| x2) (¥1]y2). The completion of H; ® Hy with
respect to this inner product is called the tensor product of the Hilbert spaces H; and
‘H,. Since we will not further discuss the vector space tensor product, we will denote the
tensor product Hilbert space by H1 ® Ho. If Hy and Hs have bases {|z) }.ex and {|y) }yey
respectively, then H; ® Hs is spanned by the elements {|z) ® |y) }rex yey. A quantum state
[1) € H1 ® H, is called bipartite. If there are vectors |¢;) € H; and |¢s) € Hy such that
[) = |¢1) ® |p2), then [¢)) is called a product state. States that are not product states
are called entangled. Measurements involving entangled states can create correlations
between spatially separated experiments that are impossible in classical physics.

For some of the definitions in the next section, we need to equip B(H) with a topology.
For a Hilbert space H, the weak operator topology is the weakest topology on B(H)
that makes the functional B(H) — C : T' + (x| Ty) continuous for all |z),|y) € H, and
T € B(H). In this topology, the adjoint map is continuous. To see this, note that if {7} };en
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is a sequence of operators converging to T, then
lim (T — T%)z[y)) = lim (z [(T; = T)y) =0
11— 00 1—00

for all |z) and |y) € H.

2.3 x-algebras and representations

In this section, we recall some key concepts from the theory of x-algebras. These tools
will allow us to model the algebras of observables used by players in nonlocal games. See
[56, 62] for a more complete background.

A complex *-algebra A is a unital algebra over C with an antilinear involution
A= A:a—a”,

such that and (ab)* = b*a*. In a x-algebra, we denote the hermitian square as |a|? := a*a.
Let C*(X) denote the free complex *-algebra generated by the set X. If R C C*(X), let
C*(X : R) denote the quotient of C*(X) by the two-sided ideal generated by R. If X and
R are finite then C*(X : R) is called a finitely presented x-algebra.

A x-homomorphism ¢ : A — B between x-algebras is an algebra homomorphism
such that ¢(z*) = ¢(x)* for all x € A. A x-representation of A is a *-homomorphism
p: A— B(H) from A to the x-algebra of bounded operators on a Hilbert space H. If
A and B are x-algebras, and C*(X : R) is a presentation of A, then x-homomorphisms
A — B correspond to homomorphisms ¢ : C(X) — B such that ¢(r) = 0 for all » € R.
Thus, a x-representation is an assignment of operators to the elements of X that satisfies
the defining relations R.

If A is a x-algebra, we write @ > b if a — b is a sum of hermitian squares, i.e. there
isk>0and cy,...,c; € A such that a — b = Zle cic;. A finitely presented x-algebra
A is called archimedean if for all a € A there exists a A > 0 such that a*a < Al. The
algebras we consider in this thesis are all archimedean. We will need the following lemma
when handling sums of hermitian squares.

Lemma 2.3.1. Let a; € A, where A is a x-algebra. Then, we have that }Zle ai|2 <
2Nk 570 Jail”.

Proof. Since |a + b|? + |a — b]* = 2|a]* + 2|b|?, we see that |a + b|? < 2|a|? + 2|b[%. Thus
RS a;) < 2|ZZLZ{2J ;i + 2|37 |, /241 @il*, and repeated applications gives the desired
inequality. O
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If f: A— Cis a linear functional then f is positive if f(a) > 0 whenever a > 0. A
state on A is a positive unital hermitian linear functional 7 : A — C, that is 7(a*a) > 0,
7(1) = 1, and 7(a*) = 7(a) for all a € A. A state is tracial if 7(ab) = 7(ba) for all
a,b € A, and faithful if 7(a*a) > 0 for all a # 0. A tracial state 7 induces the trace norm
llal|; := y/7(a*a), also called the 7-norm. A directed set is a non-empty set D together
with a preorder <, which is a binary relation on D that is reflexive and transitive. A
net in A is a function from a directed set D to A taking d to xy. whose domain D is a
directed set. We say that a net is monotone increasing if x4 < z, whenever d < e. A state
7 is called normal if for every monotone increasing net x, of operators with a least upper
bound z, 7(x,) converges to 7(x). Similarly to the case of bounded linear operators on
Hilbert spaces, an element u € A is called unitary if u*u = 1 = uu*. Trace norms are
unitarily invariant, meaning that ||uav|, = ||a||, for all a € A, and all unitaries u and v.

If p: A— B(H) is a x-algebra representation, then a vector |v) € H is cyclic for p
if the closure of p(.A)|v) with respect to the Hilbert space norm is equal to H. A cyclic
representation of A is a tuple (p, H, |v)), where p is a representation of A on H and
|v) is a cyclic vector for p. If 7 : A — C is a positive linear functional on A, then
there is a cyclic representation p, of A, called the GNNS representation of 7, such that
7(a) = (& pr(a) &) for all a € A. Two representations p : A — B(H) and 7 : A — B(K)
of A are unitarily equivalent if there is a unitary operator U : ‘H — K such that
Up(a)U* = 7(a) for all a € A. If 7 is the state defined by 7(a) = ({|p(a)|§) for all
a € A and some cyclic representation (p, H, |£)), then (p,H, |¢)) is unitarily equivalent to
the GNS representation. So states on x-algebras correspond to states on Hilbert spaces
up to unitary equivalence. A state 7 is finite-dimensional if the Hilbert space H, in the
GNS representation (p,, H,, |£,)) is finite-dimensional. A state 7 on A is called Connes-
embeddable if there is a trace-preserving embedding of A into the ultrapower of the
hyperfinite II; factor.

If A is a x-algebra then two elements a,b € A are said to be cyclically equivalent
if there is & > 0 and f1,..., %, 91,...,9x € A such that a — b = Zle[fi,gi], where
[f, g9l = fg—gf. Wesay that a 2 bif a—b is cyclically equivalent to a sum of squares. If 7
is a tracial state on A then 7(cf¢;) > 0 and 7([f;, g;]) = 0. Thus if a 2 b then 7(a) > 7(b),
and if a and b are cyclically equivalent then 7(a — b) = 0.

The *-algebras we use in this work are built out of the group algebras of the finitely
presented groups

Zr =(V:at=1forallz € V)and Z; =(V:a2'=1,ay =yx forall z,y € V).

Note that the group Z(‘I/ is in bijection with the functions V' — Z,, via ¢ — [, %@ we
often make use of this identification implicitly. The group algebra (CZZV is the x-algebra
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generated by variables x € V with the defining relations from ZZV, along with the relations
x*r =zx* =1 for all x € V. Similarly CZ;/ is the x-algebra generated by variables z € V
with the defining relations of Z}J/, along with the relations z*x = zz* = 1 for all x € V.
Notice that CZ, is the quotient of CZ;" by the relations zy = yx for all z,y € V. If A
and B are complex x-algebras, then we let A * B denote their free product, and A ® B

denote their tensor product. Both are again complex x-algebras.

When working with (CZ}Z/, a monomial in V' is an element of the form [] ., 2%, where
0 < a, < q. We say that the monomial contains a variable y € V' if a, > 0. The degree
of a monomial is > _a,. If A; and A, are x-algebras for which we have a defined notion
of monomial, then a monomial in A; ® A, is an element of the form v;vy, where v; is a
monomial in A;. The degree of vyvy is the sum of the degrees of v; and v,, and a variable y
is contained in vyvy if ¥ is contained in v or vy. For instance, a monomial in CZ}I? ®CZ}I/§ is
an element of the form [],cy. 2% - [],cy, y*, where 0 < a, < ¢; and 0 < b, < q. Similarly,
a monomial in A; * Ay is an element of the form vy - - - vg, where v; is a monomial in A;,
for all 1 < j <k, and i; # 441 for all 1 < j < k. In this case, the degree of vy - - - vy, is the
sum of the degrees of vy, ..., v, and a variable y is contained in vy - - - v if y is contained
in one of the monomials vq,...,v;. In any *x-algebra where we have a defined notion of
monomial, a polynomial is a linear combination of monomials.

A (C*-algebra A is a complex x-algebra with a submultiplicative Banach norm that
satisfies the C* identity ||aa*|| = ||a||* for all @ € A. Every C*-algebra can be realized as a
norm-closed *-subalgebra of the algebra of bounded operators B(#) on some Hilbert space
‘H. A C*-algebra is a von Neumann algebra if it can be realized as a *-subalgebra of
B(H) which is closed in the weak operator topology. A tracial von Neumann algebra is
a von Neumann algebra M equipped with a faithful normal tracial state 7. We denote the
unitary group on M by U(M). If 7 is a tracial state on a *-algebra A, and (p, H, |v)) is the
CNS representation, then the closure M = p(A) of p(A) in the weak operator topology is
a von Neumann algebra, and 79(a) = (v|a |[v) is a faithful normal tracial state on M. See

[9] for more background on C*-algebras and von Neumann algebras.

2.4 Decidability and complexity

We recall some of the basics of computational complexity and computability theory. See [2]
for a more complete introduction. In computability and complexity theory, we often study
questions that have a yes-or-no answer for each possible input string over an alphabet .
These are called decision problems. A set of strings called a language £ over an alphabet
Y is said to be decidable if there exists a Turing machine with input alphabet ¥ that halts
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on all inputs and correctly determines membership in L. If there is a Turing machine M
that accepts every string in £ but may run indefinitely on inputs not in £, then we say that
L is recursively enumerable (RE). We say that M recognizes L. For a language L,
being recognizable is a weaker property than being decidable, as the Turing machine that
recognizes L is not required to halt on strings that are not in £. A language belongs to
coRE if its complement is in RE. If £ belongs to both RE and coRE, then it is decidable.
A fundamental example of an RE language that is not decidable is the halting problem:
the set of pairs (M, x) of Turing machines M and inputs z such that M halts on input x.
The complement of this set, consisting of pairs (M, x) where the Turing machine does not
halt on input z, belongs to coRE but not to RE.

The notion of reducibility helps us compare the difficulty of different decision problems.
A language £ over an alphabet X is said to be RE-complete if every RE language can
be reduced to it via a computable function. In particular, £ is RE-complete if there is a
computable function f from pairs (M, z) of Turing machines and inputs to strings over X
such that f(M,z) € L if and only if M halts on input z. This expresses that £ is as hard
as any language in RE under many-one reductions.

When a language is decidable, we classify its complexity by how many steps it takes to
decide. For a Turing machine M, the time function 7' : N — N is defined by taking T'(n)
to be the smallest integer such that if M halts on x, and x is an input string of length < n,
then some computation path of M halts in < T'(n) steps. If there exists a Turing machine
M that recognizes a language £ and has a time function bounded above by T': N — N,
then we say that £ can be recognized in time 7' : N — N. A language £ is in P (resp.
EXP) if it is decidable by a deterministic Turing machine that recognizes both = € £ and
z € L in time T = O(poly(n)) (resp. T = O(exp(n))). A language £ is in NP (resp.
NEXP) if it is decidable by a nondeterministic Turing machine in time 7" = O(poly(n))
(resp. T = Of(exp(n)). A language L is called NP-hard (resp. NEXP-hard) if, for
any language £’ in NP (resp. NEXP) there is a polynomial-time computable function
f 3™ — ¥* from strings over the alphabet for £ to strings over the alphabet for £ such
that f(z) € £ if and only if z € £. The function f is called a polynomial-time reduction.
Intuitively, a language £ is hard for a complexity class if any language in that class can
be solved by first reducing to an instance of £ and then running a Turing machine that
decides L. A language L is called NP-complete (resp. NEXP-complete) if it is both
NP-hard (resp. NEXP-hard) and in NP (resp. NEXP).

Promise problems are a generalization of decision problems where the input is
promised to be in some specific subset of inputs. That is, the accept and reject instances
of the problem need not exhaust all possible inputs. When faced with an input that is not
in the promised subset, an algorithm for a promise problem is allowed to give any output
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and is not required to halt.

2.5 Nonlocal games and MIP*

A two-player nonlocal game G = (I,{O;}ics, 7, V) consists of a finite set of questions
I, a collection of finite answer sets {O; };cr, a probability distribution 7= on I x I, and a
family of functions V (-, |i,7) : O; x O; — {0,1} for (4,j) € I x I. In the game, the players
(commonly called Alice and Bob) receive questions from i and j from I with probability
7(i,7), and reply with answers a € O; and b € O; respectively. They win if V(a,bl7,j) =1
and lose otherwise. For the sake of convenience, we have assumed that the players have the
same question and answer sets. This assumption can be made without loss of generality.
We often think of the question and answer sets as subsets of {0, 1}" and {0,1}" for i € I
respectively. In this case, we say that the questions have length n and the answers have
length max;c; m;.

A correlation for a set of inputs and outputs (I, {O;}icr) is a family p of probability
distributions p(-, |7, j) for all (i,5) € I x I. Correlations describe the players’ behaviour
in a nonlocal game. The probability p(a, b|i, j) is interpreted as the probability that the
players answer (a, b) on questions (7, j). A correlation p is classical if there is a set A with
a probability measure u, and if for each A\ € A there are functions f7, f3 : I — U;O; such
that f (i), f5'(i) € O; for all i € I, and p(a, bli, j) = Praw((f1(3) = a) A(f5(j) = b)) for all
i,j €I, a € O; be 0. The collection (A, pu, {1}, {f3}) is called a classical strategy.
This captures the notion that a strategy for classical unentangled provers consists of some
shared randomness that is independent of the verifier’s questions and player strategies that
are deterministic for a given state A of the shared randomness. A correlation p is quantum
if there are

(a) finite-dimensional Hilbert spaces H4 and Hp,

(b) a projective measurement {M},co, on H 4 for every i € I,

(c) a projective measurement {N!},co, on Hp for every i € I, and

(d) astate |[v) € Ha @ Hp

such that p(a,bli,j) = (v| Mi @ N} |v) for all 4,5 € I, a € O;, and b € O;. The collection

(Ha, Hp, {M'},{N7},|v)) is called a quantum strategy. Quantum strategies capture the
scenario where the players share some bipartite quantum state and condition their answers
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on measurements of that state. In quantum field theory, there is a more general notion
of entanglement called the commuting operator model. Players in a nonlocal game may
also employ commuting operator entanglement. A correlation is commuting operator if
there exists

(i) a Hilbert space H,
(ii) projective measurements {M!},co, and {N!},co, on H for every i € I, and

(iii) a state [v) € H

such that M:N} = N} M and p(a, bli, j) = (v]| MiN} |v) foralli,j € I, a € Oy, and b € O;.
The collection (H,{M'},{N/},|v)) is called a commuting operator strategy. The set
of classical correlations for a set of inputs and outputs (Z,{O;}) is denoted C.(I,{0O;}).
Similarly, the set of quantum and commuting operator correlations are denoted C, (I, {O;})
and Cy.(1,{0;}), respectively. If the inputs and outputs are clear from context we denote
the sets by C., Cy, and Cy, respectively. It follows from the definitions that C. C C, C C..

The winning probability of a correlation p in a nonlocal game G = (I,{0;}, 7, V) is

w(Gp) =Y Y, (i, 5)V(abli,j)pla,bli, 5)-

1,j€I a€0;,b€0;

Given a strategy S for G with corresponding correlation p, the winning probability is also
denoted tv(G; S) = (G; p). The classical value of G is

.(G) := sup w(G;p).
peC.
The quantum value is
10,(G) := sup w(G; p).
peCy

The commuting operator value is

W4e(G) := sup w(G;p).
pGch

A correlation p is perfect for G if w(G, p) = 1, and e-perfect if (G, p) > 1—ec. A strategy
is e-perfect if its corresponding correlation is e-perfect. Since C, (resp. Cy.) is closed
and compact, G has a perfect classical (resp. commuting operator) strategy if and only if
10.(G) = 1 (resp. 4.(G) = 1). The set of quantum correlations C, is not necessarily closed.
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There are games for which tv,(G) = 1, but which do not have a perfect quantum correlation.
A correlation p is quantum approximable if it is an element of the closure C,, = Cy,
and a game has a perfect quantum approximable strategy if and only if to,(G) = 1.

A nonlocal game G = (I,{O;},n, V) is synchronous if V(a,bli,i) = 0 for all 1 € I
and a # b € O;. A correlation p is synchronous if p(a,b|i,i) = 0 for all i € [ and a #
b € O;. The set of synchronous classical, quantum and commuting operator correlations
are denoted C7, C7, and Cj,, respectively. A correlation is in Cj, (resp. C7) if and only if
there is

(A) a Hilbert space H (resp. finite dimensional Hilbert space H),
(B) a projective measurement {M!},co. on H for all i € I, and
(C) a state [v) € H

such that |v) is tracial, in the sense that (v|af|v) = (v| fa|v) for all @ and § in the
x-algebra generated by the operators M, i € I, a € Oy, and p(a, bli, j) = (v| MiM] |v) for
all i, € I, a € O;, and b € O;. The collection (H,{M:},|v)) is called a synchronous
commuting operator strategy. If the Hilbert space H is finite dimensional, then the
collection (H,{M_},|v)) is called a synchronous quantum strategy. The synchronous
quantum and commuting operator values tv7(G) and t? (G) of a game G are defined similarly
to 1, (G) and tv,.(G) by replacing C;, and C,. with C¢ and C;,, respectively. A synchronous
strategy is called oracularizable if MM = M} M! for alli,j € I, a € O;, and b € O;
with (i, 7) > 0.

Every quantum correlation that is close to being synchronous, in the sense that p(a, b, 7)
~ 0 forallielanda#be O, is close to a synchronous quantum correlation [68]. This
is also true for commuting operator correlations [16]. As a result, the synchronous quan-
tum and commuting operator values of a synchronous game are polynomially related to
the non-synchronous quantum and commuting operator values. We use a version of this
statement from [17]:

Theorem 2.5.1 ([17]). Suppose G is a synchronous game with a C-diagonally dominant
question distribution. If w,(G) (resp. w4 (G)) is > 1 — ¢, then w(G) (resp. 1;.(G)) is
>1-0((e/C)).

Note that the probability distribution in any synchronous nonlocal game can be made
C-diagonally dominant by mixing the question distribution 7 with a distribution on sym-
metric question pairs (7,7). This will only perturb the synchronous quantum and com-
muting operator values slightly, but it may change the general quantum and commuting
operator values significantly.
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A two-prover one-round MIP protocol is a probabilistic Turing machine ) and an-
other Turing machine V| along with a family of nonlocal games G, = (I, {Ou; }ier,, T2, Vi)
for = € {0,1}*, such that

e for all z € {0,1}* and i € I, there are integers n, and m,; such that I, = {0,1}"*
and O,; = {0, 1}™=

e on input z, the Turing machine @) outputs (i, j) € I x I with probability =, (i, ), and

e on input (z,a,b,i,j), the Turing machine V' outputs V,(a, b|i, ).

Let ¢,s : {0,1}* — [0, 1] be computable functions with ¢(z) > s(x) for all z € {0,1}*. A
language £ C {0, 1}* belongs to MIP(2, 1, ¢, s) if there is a MIP protocol ({G.}, @, V') such
that n, and mg; are polynomial in |z|, @ and V run in polynomial time in |z|, if z € L
then 1.(G;) > ¢, and if x ¢ £ then w.(G,) < s. The function c is called the completeness
probability, and s is called the soundness probability. The functions n, and m,; are
called the question length and answer length respectively. The classes MIP*(2, 1, ¢, s)
and MIP®(2,1, ¢, s) are defined equivalently to MIP(2, 1, ¢, s), but with .. replaced by t,
and tv,., respecitvely. The protocols in these cases are called MIP* and MIP protocols.
When we make the additional restriction that the nonlocal games must be synchronous,
we denote this by replacing MIP with SynMIP. The class of classical MIP protocols were
characterized in [5], which found that MIP(2,1,1,1/2) = NEXP with polynomial-sized
questions and constant-sized answers. The MIP* = RE theorem of Ji, Natarajan, Vidick,
Wright, and Yuen states that MIP*(2,1,1,1/2) = RE [10]. We use the following stronger
version of the MIP* = RE theorem due to [20].

Theorem 2.5.2. ([20]) There is a two-prover one round MIP* protocol ({G,},Q, V) for
the halting problem with completeness ¢ = 1 and soundness s = 1/2, such that G, is a
synchronous game with poly(|x|) length questions, and constant length answers. Further-
more, if G, has a perfect strategy, then it has a perfect oracularizable synchronous quantum
strategy.

The constant-length answers will be key to preserving constant soundness in our reduc-
tions without requiring parallel repetition.
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Chapter 3

The weighted algebra formalism

In this chapter, we introduce the weighted algebra formalism. We begin by introducing
constraint system games in Section 3.1 and defining their corresponding weighted algebras
in Section 3.2. We define the defect of a weighted algebra as a way of keeping track of the
performance of the players’ strategies in constraint system games. In section Section 3.3,
we examine mappings between different versions of the constraint system algebra and how
they affect the defect. Finally, we introduce the context subdivision transformation in
Section 3.4 and show that it preserves the defect when the contexts have constant size.

3.1 Constraint system games

We now formally introduce constraint system games. If V' is a set of variables, a constraint
on V is a subset C of Z). We call Z; the alphabet of the constraint, and think of it
as the multiplicative group of the k' roots of unity, since this is more convenient when
working with observables and measurements. An assignment to V is an element ¢ € Z)
and we refer to the elements of C' as satisfying assignments for C'. For convenience, we
assume every constraint is non-empty, i.e. has a satisfying assignment. A k-ary constraint
system (CS) S is a pair (X, {(V;,C;)}™,), where X is an ordered set of variables, V; is
a nonempty subset of X for all 1 < ¢ < m, and C; is a constraint on the variables V;
with alphabet Z. If & = 2, then we call S a boolean constraint system (BCS), the
name “binary constraint system” is also used in other works. When working with nonlocal
games, the sets V; are sometimes called the contexts of the system. If all the contexts
have |V;| = 2 then we call S a 2-CS. A CS is satisfiable if there exists an assignment
f X — Zj such that f|y, € C; for all 7. The order on X induces an order on the contexts
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V;, which we use for some specific models of the weighted BCS algebra in Section 3.4. This
is the only thing we use the order on X for, so it can be ignored otherwise. A satisfying
assignment for S is an assignment ¢ to X such that ¢|y, € C; for all 1 <1i < m. Also, if
V = Ule V; and C; is a constraint on V;, then the conjunction AY_ C; is the constraint
C' on variables V' such that ¢ € C if and only if ¢|y, € C; for all 1 <i < E.

Let S = (X, {(V;,C;)}™,) be a CS, and let m be a probability distribution on [m] x [m].
The CS game G(S,7) is the nonlocal game ([m], Cicyn,m, V'), where V (¢, ¢;li,5) = 1
if ¢ilvinv, = @jlvinv;, and is O otherwise. In other words, in G(S5,7), the players are
given integers i,7 € [m] according to the distribution 7, and must reply with satisfying
assignments ¢; € C; and ¢; € C; respectively. They win if their assignments agree on
the variables in V; N V;. With this definition, G(S, 7) has questions of length [logm], and
answer sets of length |V;|. This is also called the constraint-constraint version of the CS
game to contrast it with the other versions we will now discuss.

Given a constraint system S as above, we can define other variants of the CS game. Let
7' be a probability distribution on [m], and define the probability distribution v(i,x) =
7'(i)/|Vi] for all i € [m] and = € V;, and 0 otherwise. The constraint-variable CS game
Ge—y(S, ') is the nonlocal game ([m]x X, {C; X Zy }icim) zex, v, V'), where and V'(¢, ali, ) =
1 if ¢(x) = a, and is 0 otherwise. Note that in this case, the players have different
question sets, but the game can be symmetrized without changing the synchronous winning
probability. In this game, one player receives i € [m] sampled from 7" and the other receives
a uniformly random variable x € V;. To win, the first player must answer a satisfying
assignment ¢ € C; and the second must answer a € Zj, such that a = ¢(z).

For a 2-CS S = (X, {(V;, C;}™,) and a probability distribution 7’ on [m], define the
2-CS game G,(S,7') as the nonlocal game (X, Zy, v,, V,), where v,(z,y) = # if V; =
{z,y} and 0 otherwise, and V,(a,b|z,y) = 1 iff there exists ¢ € C; such that ¢(x) = a and
®(y) = b. In this game, the referee samples i from 7/, and then asks each of the players
one variable from the constraint. Each player responds with an assignment to the variable
she received. They win if they have answered a satisfying assignment.

A CS-MIP protocol is a family of CS games G(S,, ), where S, = (X, {(V;*,C¥)} ),

along with a probabilistic Turing machine ) and another Turing machine C, such that

1. on input x, @ outputs (7,7) € [m,] X [m,] with probability (i, ), and

2. on input (z, ¢, 1), C outputs true if ¢ € C¥ and false otherwise.

Technically, this definition should also include some way of computing the sets X, and V;*.
For instance, we might say that the integers |V, | and |V;*| are all computable, and there are
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computable order-preserving injections [|V;*|] — [|X.|]. However, for simplicity, we ignore
this aspect of the definition going forward, and assume that in any CS-MIP* protocol, we
have some efficient way of working with the sets X, and V;*, the intersections V" N V7,

and assignments ¢ € Z};x A language £ belongs to the complexity class CS-MIP*(s) if
there is a CS-MIP protocol as above such that [logm,] and |V;*| are polynomial in |z|, Q
and C run in polynomial time, if z € £ then w3(G,;) = 1, and if z ¢ £ then w(G,) < s.
The parameter s is called the soundness. Any CS-MIP* protocol for £ can be transformed
into a SynMIP* protocol by playing the game G, with the answer sets C; replaced by Z,‘fx,
and on input (z, ¢, 1,1, ), asking the verifier V' to first check that ¢ € C; and ¢ € C;
using C, and then checking that ¢|y,nv, = ¥|vny,. Hence CS-MIP*(s) is contained in
SynMIP*(2,1,1, s). Notice that in this modified version of the CS game, the players can
answer with non-satisfying assignments, but they always lose if they do so. Thus, any
strategy for the modified game can be converted into a strategy for the original game with
the same winning probability, and perfect strategies for both types of games (ignoring
questions that aren’t in the support of 7) are identical, so the SynMIP* protocol has the
same completeness and soundness as the CS-MIP* protocol. Replacing to, with to,. in the
definition gives us the class CS-MIP“’(s), which is contained in SynMIP“’(2,1, 1, s). We can
also define subclasses of CS-MIP* and CS-MIP®. For instance, we let 3SAT-MIP* be the
class of languages with a CS-MIP* protocol ({G(S,, 7.)}, @, C), in which every constraint
of S, is a 3SAT clause, i.e. a disjunction x V y V z, where x,y, z are either variables from
S., negations of said variables, or constants.

An analogous protocol can be constructed using the constraint-variable version of the
CS games, which we call a constraint-variable CS-MIP protocol. Here, since the
constraint-variable game is not naturally synchronous, the only difference is that the ver-
ifier must randomly choose which player to ask the constraint question and which player
to ask the variable question, and also ask consistency check questions with some con-
stant probability. This transformation preserves constant completeness-soundness gap and
guarantees that the players can win near-optimally with synchronous strategies due to
Theorem 2.5.1, so we do not need to worry about it in practice.

In the constraint-constraint game, if the players receive the same question i € [m/], then
they must reply with the same assignment ¢ to win. Consequently, if 7(i,7) > 0 for all
then G(S, ) is a synchronous game. As per the previous section, a synchronous strategy

for G(S, ) consists of projective measurements { M} pezvi 1 € [m], on a Hilbert space H,
2

along with a state |v) € H which is tracial on the algebra generated by M.

Conversely, it is well-known that every synchronous game G = (I,{O;}, 7, V) can be
turned into a BCS game. One way to do this (see, e.g. [58, 57]) is to make a constraint
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system with variables x;, for 7 € I and a € O;, and constraints V,co,r;, = true for all
i € [m] and x;, Az, = false whenever V(a, b|i, j) = 0. The variable z;, represents whether
the player answers a on input ¢, and the constraints express the idea that the players must
choose an answer for every question, and that they should reply with winning answers
(the synchronous condition on V' implies that z;, A x;; = false is a constraint for all ¢ and
a # b, which means that the players should choose a single answer for question ). The
BCS game G associated with this constraint system has a perfect quantum (resp. quantum
approximable, commuting operator) strategy if and only if G has a perfect quantum (resp.
quantum approximable, commuting operator) strategy. Unfortunately, if the size of the
answer set is allowed to vary, this construction results in a game with answer sets {+1}%:.
This means that the bit-length of the answers increases exponentially from G. If 10,(G) =
1 — ¢, then 10,(G) = 1 — O(¢/|0;|), meaning that if this construction is used in a MIP*
protocol, soundness can drop off exponentially.

To fix this, we look at the oracularization G"*¢ of G. There are several versions of G*"%¢
in the literature, all closely related. We use the version from [51], in which the verifier picks
a question pair (i1,is) € I according to . The verifier then picks a, b, ¢ € {1, 2} uniformly
at random. When a = 1, they send player b both questions (i1,72), and the other player
question (i.). Player b must respond with a; € O, such that V(ay, asli1,i2) = 1, and the
other player responds with b € O;_. The players win if a. = b. If a = 2, both players are sent
(11, 12) and must respond with (ay, as) and (b, b2) in O;, XO;,. They win if (a1, az) = (b, ba).
If G has questions of length ¢ and answers of length a, then G°"*¢ has questions of length
2q and answers of length 2a, so this construction only increases the question and answer
length polynomially. The following lemma shows that this construction is sound, in the
sense that w,(G*) cannot be much larger than w,(G).

Lemma 3.1.1 ([51, 40]). Let G be a synchronous game. If G has a perfect oraculariz-
able synchronous strategy, then G has a perfect synchronous strategy. Conversely, if
,(G7%) =1 —¢, then wy(G) > 1 — poly(e).

Proof. This is asserted in Definition 17.1 of [71]. Although a proof isn’t supplied, the proof
follows the same lines as Theorem 9.3 of [10)]. O

Given a synchronous game G = (1,{0;},m, V) where I C {0,1}" and O; C {0,1}™,
construct a constraint system B as follows. Take X to be the set of variables x;;, where
i€ land 1 <j<m; LetV, = {x;,1 < j < m}, and identify Z;/i with bit strings
{0,1}™ where the assignment to x;; corresponds to the jth bit, and let C; C 7y be the
subset corresponding to O;. Let P = {(i,5) € I x I : n(i,j) > 0}. For (i,5) € P, let
Vij =V, UV, and let Cj; C Zy9 = 7Y x Zy be the set of pairs of strings (a,b) such that
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a€O;,be O;,and V(a,b|i, j) = 1. Then B is the constraint system with variables X and
constraints {(V;, C;) }ier and {(Vi;, Cij) }jyep. Let I’ = TU P and 7°7* be the probability
distribution on I’ x I’ such that

-~

(i, g) i =(i,4).7 =]
,ﬂ_arac(il ,]/) — %W(l,j) i, = iaj/ - (Z7]>
(i, g) i =34,7 = (i,4)
s7(i,9) 7' =7 =(i,])
0 otherwise

Then G(B, 7°7*¢) = G°"*, so the oracularization of a synchronous game is a BCS game. As
a result, Theorem 2.5.2 has the following corollary:

Corollary 3.1.2. There is a BCS — MIP* protocol (G(By, ), S, C) for the halting problem
with constant soundness s < 1, where B, has exponentially many contexts of constant size.
Furthermore, if G(B,, ;) has a perfect quantum strategy, then it has a perfect oracularizable
synchronous quantum strateqy.

Proof. Let ({G.},@,V) be the protocol from Theorem 2.5.2. Then G2 is a BCS game
in which the underlying BCS has exponentially many contexts of constant size. If G,
has a perfect strategy, then it has a perfect oracularizable synchronous strategy, so the
transformation to G2™*° preserves perfect completeness. The probability distribution 7°7*¢
and the constraints of G2*“ can be computed in polynomial time from ) and V, so by
Lemma, 3.1.1 there is a BCS-MIP* protocol for the halting problem with constant soundness
s' < 1. If G7% has a perfect quantum strategy, then G, has a perfect oracularizable
synchronous strategy & constructed using the players’ measurements for the question in
G2 where they are asked both questions (i, j) from the original game G, and the same
state as their strategy for G*°. From S we can construct a strategy S’ for G2 that is
synchronous and oracularizable. The measurements in S for any pair of questions (4, j)
asked in the G, commute and satisfy the decision predicate for the G,, so when a player is
asked for both questions (i, j) in G2 they can simultaneously measure the observables for
¢ and j from §. Otherwise, if the player is asked only ¢ or j, they measure the observable
from S for this question. The strategy S’ constructed this way is perfect, synchronous,
and oracularizable. O
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3.2 Weighted algebras for CS games

It is often worth thinking about synchronous strategies more abstractly. For any finite
set of variables X, we can suppose that there is an ordering on the set and that the
ordering induces an ordering on any subset of variables V' C X. For a set of variables V/,
recall that CZ;" is the free algebra generated by order-k unitaries labelled by the elements
x € V, and CZ) is its abelianization. For any order-k unitary x and a € Zj, write
1 (z) = ¢ L 5~k cwi "z for the projector onto the wi-eigenspace of ; Where k is clear,

we suppress the superscript (k). Given ¢ € Z} , we define the element CI> s € CZ;V as

(k) _ (k)
Dy, = H ) ()

zeV

where the product is ordered according to the ordering of V', and as before the super-
script (k) is suppressed where clear. We use the same notation for the image of @%ﬂf ;) under
any homomorphism when the homomorphism is clear. In particular, in CZ} {(I)V7¢}¢€ZX
forms a generating PVM for the commutative algebra. Given a constraint (V, C') over the

alphabet Zj, we write
A(V,C) = CZ; [ {Pvy: 9 ¢ C).

Since CZ}; is commutative, the image of ®y4 is independent of the order of V'; however we
will work with CZ}" in Section 3.4. The algebra A(V, C) is isomorphic to the C*-algebra
of functions on the finite set C'. Consequently, if p : A(V,C) — B(H) is a x-representation,
then {p(®y4)}sec is a projective measurement on #H, and conversely if {My}sec is a
projective measurement on H then there is a x-representation p : A(V,C) — B(H) with
p(Pvg) = My.

If S=(X,{(V;,Cy)}i",) is a CS, then we define the constraint-constraint CS alge-
bra A._.(S) by the free product Ac,c( ) = *iemA(Vi, Cy). We let o, : A(V;, C;) — A(B)
denote the natural inclusion of the ith factor, so A._.(S) is generated by the involu-
tions o;(x) for i € [m| and = € V;. Equivalently, A. .(S) is generated by the projec-
tions 0;(®y; ) for i € [m] and ¢ € C;. To avoid clogging up formulas with symbols,
we'll often write @y, 4 instead of o;(Py; 4) when it’s clear what subalgebra A(V;, C;) the
element belongs to. As with A(V,C), representations « of A._.(B) are in bijective cor-
respondence with families of projective measurements {M}}4cc,, i € [m] via the relation
My = a(Py, ). I ({My}, |v) ,H) is a synchronous commuting operator strategy for G(S, ),
and a : A..(S) = B(H) is the representation with a(®vy, 4) = M}, then a — (v[a(a)|v)
is a tracial state on A._.(S). Conversely, if 7 is a tracial state on A._.(S5), then the GNS
representation theorem implies that there is a synchronous commuting operator strategy
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S = ({M}},|v) , H) such that 7(a) = (v| a(a) |v) where « is the representation correspond-
ing to {M}}. Note that the trace is faithful on the image of the GNS representation.
As a result, synchronous commuting operator strategies for G(.S,7) and tracial states on
A.—.(S) can be used interchangeably, and in particular p € C,. if and only if there is a
tracial state 7 with p(¢,¥li, j) = 7(Py, 4Py, ) for all 4, j, ¢, and . Finite-dimensional
tracial states on A._.(S) can be used interchangeably with synchronous quantum strate-
gies for G(S,7), and p € C, if and only if there is a finite-dimensional tracial state 7 with
p(o, )i, j) = 7(Py;, 4Py, ) for all i, j, ¢, and ¢. Similarly, p € Cy, if and only if there is a
Connes-embbedable tracial state 7 such that p(¢,¥|i, j) = 7(®y; » Py, ) for all 4, j, ¢, and

W [45].

A correlation p is perfect for a CS game G(S, m) if p(¢,¥|i, j) = 0 whenever m(i,j) > 0
and (¢,1) is a losing answer to questions (7, 7). As a result, a tracial state 7 on A._.(5)
is perfect (aka. corresponds to a perfect correlation) if and only if 7(®y, 4@y, ) = 0
whenever ¢[y,nv, # ¥|v,nv,. Consequently a tracial state on A._.(S) is perfect for G(S, )
if and only if it is the pullback of a tracial state on the synchronous algebra of G(S, ),
which is the quotient

SynAlg(S,7) = Ac—e(S) /(P 4Py, y = 0 for all 4, j € [m] with 7 (4, j) >0
and ¢ € Cz,w c Cj with ¢‘/im‘/3' 7&1/1

For the special case of BCS games, this result about perfect strategies is due to Kim,
Paulsen, and Schafhauser [15]. The general notion of a synchronous algebra is due to [31].
In [26, 58], it is shown that the synchronous algebra of a BCS game is isomorphic to the
so-called BCS algebra of the game, and the general CS case follows by similar arguments.
In working with MIP* protocols, we also need a way to keep track of e-perfect strategies.
In [57], it is shown that e-perfect strategies for a BCS game correspond to e-representations
of the BCS algebra, where an e-representation is a representation of A._.(S) such that all
the defining relations of SynAlg(B, 7) are bounded by ¢ in the normalized Frobenius norm.
In this prior work, the focus was on the behaviour of e-perfect strategies for a fixed game,
so the number of questions and answers was constant. For MIP* protocols, the game size
is not constant, and we need to work with approximate representations where the average,
rather than the maximum, of the norms of the defining relations is bounded. For this, we
introduce the following algebraic structure:

Vinv;)-

Definition 3.2.1. A (finitely-supported) weight function on a set X is a function
p: X — [0,400) such that supp(p) := p~1((0,+00)) is finite. A weighted x-algebra is
a pair (A, u) where A is a x-algebra and p is a weight function on A.
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If T is a tracial state on A, then the defect of T is

def(7; 1) == > pla)lal?,

acA

where ||al|; = \/7T(a*a) is the T-norm. When the weight function is clear, we just write
def (7).

Since p is finitely supported, the sum in the definition of the defect is finite, and hence
is well-defined. Note that traces 7 on a weighted algebra (A, i) with def(7) = 0 correspond
to traces on the algebra A/(supp(u)). In general, def(7) is a measure of how far 7 is from
being a trace on A. Thus we can think of a weighted algebra (A, i) as a presentation or
model for the algebra A/(supp(u)) that allows us to talk about approximate traces on this
algebra.

Definition 3.2.2. Let S = (X, {(V;, Ci)}1%,) be a CS, and let w be a probability distribution
on [m] x [m]. The (weighted) constraint-constraint CS algebra A(S,7) is the *-
algebra A._.(S), with weight function pi._.. defined by

,uc—c,ﬂ(q)Vi,qb(I)Vj,w> = W(iv j)

foralli,j € [m] and ¢ € C;, ¥ € C; with ¢|v,nv;, # Y|viav;, and pie—cx(r) =0 for all other
re Ac_(9).

Note that A._.(S)/(supp(te—cx)) is the synchronous algebra SynAlg (.S, 7) defined above,
so A._.(S,m) is a model of this synchronous algebra, and perfect strategies for G(.5, 7) cor-
respond to tracial states 7 on A._.(S,7) with def(7) = 0. The following lemma is an
immediate consequence of the definitions:

Lemma 3.2.3. Let S = (X, {(V;,C;)}"y) be a CS, and let m be a probability distribution
on [m] x [m]. A tracial state T on A._.(S) is an e-perfect strategy for G(S, ) if and only
if def(1) < e.

Proof. Let p be the correlation corresponding to 7, so p(¢, i, j) = 7(Py, 4Py, ). Then

def(7) = Zf(iaj)T(@Vm@Vj,w)a

where the sum is across i,j € [m] and ¢ € C;, ¥ € C; with ¢ly,ny, # ¥lvav;. So
def(7) =1 —1(G(B,n);p). O
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In addition to the constraint-constraint algebra, we define the following weighted alge-
bras for constraint systems:

Definition 3.2.4. Let S = (X, {(Vi, C;)},) be a k-ary CS. We define the following alge-
bras:

e The inter-contextual algebra: Given a probability distribution m on [m] X [m],
define the weighted algebra Aipier(S,7) = (Ae—c(S), tinterx), with weight function
tinter(0i(x) — oj(2)!) = 7(i, ) for alli #j € [m], L € [k — 1] and x € V; NV}, and
0 on all other elements.

e The constraint-variable algebra A._,(S) = %", A(Vi,C;) x CZ;X: As above,
write the inclusion o; : A(V;,C;) — A._,(S), and write also the inclusion o' :
CZX — A..(S). For a probability distribution 7' on [m|, define the weighted
algebra A._,(S,7") = (Ac—v(S), tte—vr) where the weight function pe—y,(Py, s(1 —
Hyz)(0'(x)))) = T;éi‘) forallz € V;, ¢ € C;, and 0 on all other elements.

e The assignment algebra A,(S) = CZ;X: Given a probability distribution 7' on
[m], define the weighted algebra A, (S, ") = (Au(S), tta.r) where the weight function
Lo (Pv, 6) = 7'(3) for all ¢ C;, and 0 on all other elements.

e The assignment algebra with commutation: Define Aot comm(S, ') = (Au(S), ftar+

Heomm,xt); where the weight function peomm,q ((Ha(2), H(y)]) = 32, 4 yev, 7' (0) for all
a,be Zy and x,y € X, and 0 on all other elements.

The goal of defining these algebras is that their traces correspond to synchronous strate-
gies for other variants of the CS game, except for A;,, (5, 7). Instead, the inter-contextual
algebra is used as an intermediary step in the proof of the soundness of the subdivision
transformation in Section 3.4.

As we saw, a tracial state on A._.(.59) is perfect for G(S, 7) if and only if it is the pullback
of a tracial state on the synchronous algebra of G(S, 7). Thus, A._.(S,7) can be thought
of as a model of SynAlg(S, 7). In fact, assuming that for all x € V; there exists some j
such that z € V; and 7(i,j) > 0, each of the algebras defined above — except in general
the assignment algebra — are models for SynAlg(S, 7), since

SynAlg(S, ) = Ae—o(S)/(supp(pte—cx)) = Ac—e(S)/(SUPP(Hinterx))
= AC—U(S)/<Supp(NC—v,7T’)> = Aa(S)/<SUPP(Ma,n' + Mcomm,fr’)>>
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where 7'(i) = >, m(i,j). Thus, if one of these algebras has a perfect trace, then all the
others do.

In addition to looking at CS games, we also want to consider transformations between
constraint systems and examine how they affect the corresponding games. To keep track of
how near-perfect strategies change, we introduce a notion of homomorphism for weighted
algebras.

Definition 3.2.5. Let (A, pn) and (B,v) be weighted *-algebras, and let C > 0. A C-
homomorphism « : (A, ) — (B,v) is a x-homomorphism « : A — B such that

&(Z pla)a*a) S C Z v(b)b*b.

acA beB

The point of this definition is the following:

Lemma 3.2.6. Suppose o : (A, u) — (B,v) is a C-homomorphism. If T is a trace on
(B,v), then def(T o o) < C def(7).

Proof. Let A= o}, p(a)a*a) and B =}, . v(b)b*b. Note that

def(roa) = 3 p(a)alloe = 3 pla)r(a(a’a)) = (4),

acA acA

By the definition of <, there are c¢y,...,cx and fi,..., fo, 01, .., 9¢ € B such that

k ¢
CB—A=) cieit) [fi9
i=1 j=1

Since 7 is a tracial state, 7(cf¢c;) > 0 and 7([f;, g;]) = 0 for all i and j. Hence C1(B) > 7(A)
as required. O

We can now easily handle transformations of constraint systems which apply a homo-
morphism to each context. Note that a homomorphism o : A(V,C) — A(W, D) between
finite abelian C*-algebras is equivalent to a function f : D — C'. Indeed, given a function
f:D — C, we can define a homomorphism o by o(®y,4) = ZW,wef*1(¢) Py, and it is not
hard to see that all homomorphisms have this form. We extend this notion to CS algebras
in the following way.

Vi,C)}Yy) and S" = (X', {(W;, D;)}™,) be constraint

Definition 3.2.7. Let S = (X, {(
(S) = A(Y') is a classical homomorphism if

systems. A homomorphism o :
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o(A(V;, Cy)) € AW;, D;) for all 1 <i<m, and

2. 4f o(®v6.) = 2k Pwiwir 0(Prig;) = Dok Pwig,s and gily;

To explain this definition, note that condition (1) implies that o restricts to a homo-
morphism A(V;, C;) — A(W;, D;), and hence gives a collection of functions f; : D; — C;
for all 1 <i < m. Condition (2) states that if fi(é)|v,nv, # f;(¥)|vinv, for some ¢ € D;,
) any collection of functions f; : D; — C}
satisfying this condition can be turned into a classical homomorphism o : A(S) — A(S").

Lemma 3.2.8. Let S = (X, {(V;,C;)}y) and S" = (Y, {(W,, D;)}",) be constraint sys-
tems, and let ™ be a probability distribution on [m]x [m]. If o : A(S) — A(S’) is a classical
homomorphism, then o is a 1-homomorphism A(S,m) — A(S’, 7).

Proof. Suppose o arises from a family of functions f; : D; — C; as above. For any
1 S Z,j S m, let Rij = {(gb,@/}) - Cz X Cj . ¢|VmVj 7é ¢|VlﬂV]}a and 1et T;j - {(¢7¢) -

Z Z Z ] (I)V ¢(I)V W Z Z (i7j)(pWi,¢’q)Wj7wl

4 ()R b gref @) wef; (W)

<Z Z Z]q)w¢q)w¢

4,J (p)€ET

One situation where we get a classical homomorphism is the following:

Corollary 3.2.9. Let S = (X, {(V;,C))}™,) be a CS, and let 8" = (X', {(W;, D;)}™,) be
a CSwith X C X', V; CW; foralllgzgm and W;NW; =V,NV; forall1 <i,5 <m.
Suppose that for all i € [m], ¢ € C; if and only if there exists 1 € Di with Y|y, = ¢. Then
for any probability distribution m on [m| x [m], the homomorphism

o: AS) — A(S") : oi(x) — o4(x) fori € [m],x €V

defined by the inclusions V; C W, is a 1-homomorphism A(S,7) — A(S’, ), and there is
another 1-homomorphism o' : A(S', ) — A(S, 7).

In the next section we will see the relationship between imperfect traces on the different
CS algebras.
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Ainter(Sa 7T) Aa(87 ﬂ-/)

O(L) O(1) O(1)
0(1) O(P) O(L?)
T R T
Acfc(B(S)a 7T) AC,C(S, 7T) -Acfv(Sa 7T/) AaJrcomm(S: 7T/>
\/ \/’ \\\\___/,,’
O(1) O(L) poly (k%)

Figure 3.1: C-homomorphisms (solid arrows) and trace-dependent mappings (dashed ar-
rows) between the different weighted algebras for a k-ary CS S = (X, {(V;,C;)}1,). Here

(i) = >_;7(i,5), L = max; |V}, P = max;j vav; 0 %, and B(S) is the BCS defined
in Definition 3.3.1.

3.3 Relations between CS algebras

In this section, we study the relationships between the weighted algebras coming from a
CS. Fig. 3.1 summarises the C'-homomorphisms we find between these weighted algebras.
First, we note that any constraint-constraint algebra is equivalent to a related BCS algebra.

Definition 3.3.1. Given a k-ary CS S = (X, {(V;,C;)}",), the boolean form of S is
defined as B(S) = (X', {(V/,C)}™,), where X' = {(z,a)|lz € X,a € Z}, V]! = {(z,a)|x €
Vi,a € Zy}, Cl = {¢'|¢ € C;} where

) — {1 b(a) =a

0 else

This corresponds to replacing each variable in X with & indicator variables indicating
which value in 7Zj, is assigned to x.

Lemma 3.3.2. Let S = (X, {(Vi, C;)}) be a k-ary CS and 7 be a probability distribution
on [m] x [m]. There is a x-isomorphism o : A._.(B(S)) = Ac_c(S) such that o and o™
are 1-homomorphisms between A._.(B(S), ) and A._.(S, 7).

Proof. Write B(S) = (X', {(V/,C})},). Consider first the map «; : CZ;/iI — CZ) defined
as the homomorphism such that

a(z,a)) =1 —2ITW ().
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. %4 . 14+(— )¢(z @) (z,a) 1)¢(2:0) (1 q)
Since for any ¢ € Zy', Py g = H(LG‘)GVZ/ ——5— =Liev, HaGZk f’

1 )o@ (1 — 21 (z w(
(@) = IT [T -1 I1 a-nien T m

z€V; a€EZy, €V ¢(z,a) o(x,a)=1
_ ervinfpk()z)(x) Y € L) plx,b) =1 <= b=1h(z) V€V
0 otherwise '

This means that, if a;(®y ) # 0, there exists ¢ € ZV' such that ¢ = ¢/'. Further, in this
case a;(Pyry) = <I>(k As such, the map «; factors through to a map &; : A(V/,C!) —
A(V;, C;). Since we have ai(Pyr ) = vam for all ¢ € C;, @; is an isomorphism. Finally,
we take o @ A._o(B(5)) = A.—.(S) to be given by @; on the corresponding term of the free

product. By construction, « is an isomorphism, and o and a~! both preserve the weight
function as they exchange ®yv 4 and @gj?d). O

Now we examine the homomorphisms between the A._.(S, 7) and A;,., (S, 7) algebras.

Proposition 3.3.3. Suppose S = (X, {(V;,Ci)}™,) is a k-ary CS and 7 is a probability
distribution on [m] x [m]. Then the identity map A._.(S) — Aq—c(S) gives an O(1)-
homomorphism A._.(S,7) = Ainier(S,7), and an O(L)-homomorphism Agpier (S, 7) —
A.—.(S,m), where L = max; ; |V; NV}

Recall that o; : A(V;, C;) — A._.(S) is the natural inclusion of the ith factor.

Proof. Fix 1 <i,j < m. Since ®y, 4 is a projection in A(V;, C;), (Pv; Py, 4)*(Pv; 0Py, )
is cyclically equivalent to ®y; ,®y, ,, for all ¢ € Cy, ¥ € C;. For x € V; NV}, let R, be the
pairs (¢, ) € C; x C; such that ¢(z) # ¢(x). Then

Y uePre S D D Pueua

Plv;nv; Z¢lv;nv; z€VinVj (¢,9)€ Ry

D) QuePru SNVl YD Dy ey

z€VinVj (¢,)E€ Ry olv;nv; #Yv;nv;
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Fix 2 € V; NV}, and let V/ = V; \ {z}, V/ = V; \ {z}.

k
> Prabuu = 30 By (M@ 05| By
{Isse ¢z wEZ]
a;éb
k
=19 (0;(2)) 1 (05(x)).
a#b

where the last equality holds because Zgbezv'/ Py, and Y V! v, are both equal to 1.
kl i wGZk 2
Notice that

DI (@) (o) = SO e~ I oy(e))

a#b
1 2
<520 1P(0i(a) — 1 (0 ()|
Thus, we get
2
> DuePry S Z |TI5)( — I (0;(x))|
(6.)E Ry
1 1 k—1 9
“327 > (o) ~ o, ()"

<2ﬂogk] 12]{:22‘01 —O'] 4’2

k—
< gflosk]- 1Z\a<x>f—aj<az>f|2,

PT‘

~

where the second last inequality is due to Lemma 2.3.1. Finally, notice that Z?;é lof(z) —
oj(x)]* is cyclically equivalent to Y-, QHgk)(ai(x))(Hgk) (oi(x)) — H(k)(aj( ))). Then

I (03(2)) (I (04(x)) — T (0 () = T (03(2)) (1 = T (0 ()

gives the result. O]

Next, we look at homomorphisms between the constraint-constraint and constraint-
variable algebras.
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Lemma 3.3.4. Let S = (X, {(Vi, C;)},) be a k-ary CS and w be a symmetric probability
distribution on [m] x [m]. There is a AL- homomorphism o : A.—.(S,m) — Aec—p(S, ')
where 7' (i) = >, 7(i, j) and L = max; |Vi|.

Proof. Let « be the inclusion of A._.(S) in A._,(S5), then for all 7, j

Z }(I)Vi@q)vjﬂﬁfs Z (I)Vh(z’(DVjﬂZJS Z Z (I)Vi,¢q)vj7w

oeCy WeCy oeC; WeC; zeV;NV; ¢eCi el
dlv;nv; =vlv;nv; dlv;nv;=vlv;nv; (@) #b(z)
B SR SIR TP SURCE e
zeV;NV; el el a#b

= 3 Y Mu(0i(@) (o5 ().

z€V;NV; a#b

Now, noting that

5= (o)) = 3 (o)1~ T Zrn (@) — Wafo (@)

ab
we get that
. 2 _ 1 2
> w(i,0) | Prie®y; e > 7l Z|H oi(x)) — a(o;(z))|
Cf)eC::ZZ’ECj xe\lf’fmv

dlv;nv; Z¥lv;nv;

< 3 i)Y (Ma(o@) = ol @) +[Ma(oy (@) ~ (' @)

Next, using the symmetry of 7 and the fact that L > |V;| for all 1,

Z (i, ) [P o®Prl $2 3 7)Y Ma(oi(@)) = Mo(o' (@)

1,J 1€V
(f)EC»;,’l/)ECj
olv;nv; Z¥lv;nv;

QLZ

i,x€V;

<4LZ

i,z€V;

|V| z Ma(03(2)) — (o' (@)

ZH () (1 — (" (2))).

Z
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Finally, reintroducing the projectors ®vy; 4,
ST wig) | Pve®yu] N4LZ |V\ ZZ@WH 0i(2))(1 — M,(c'(x)))
5] €V, a

Z’J
d)EC»;,IZJEC]' peC;

olv;nv; Z¥lv;nv;
SR

Z<I>v¢ 1 =y (0'(2)))

zeV;
¢€C

Z!m o) (0 (@))] O

zeV;
¢eC;

4LZ |V\

Lemma 3.3.5. Let S = (X, {(Vi, C;)}) be a k-ary CS and 7 be a probability distribution
on [m] x [m]. There is a P-homomorphism [ : A._,(S,7") = A.—c(S,m) where '(i) =
>, (i, §) and P =max;; viov, 20 20

Note that, for an arbitrary m, P can be arbitrarily large. This C-homomorphism will
nevertheless be useful in the case of perfect completeness (defect 0).

Proof. For each x € X, choose i, € [m] such that x € V;,. Let  be the x-homomorphism
defined by

Z(.’L‘), and

for all x € X. Then, for all x € X and ¢ € C;

Bl ®vs(1 = T (@ @D = [@r6(1 = Mooy (01, (2)[* S Pvis(1 = Ty (07, (2)))

= > DuPru S Y. |Pueu ]

pez, pez,
d(x)#£Y(x) () #p(z)
2
< > | Dy, 6Py, -
Yel,

dlv;nv,, #¥lvinv;,
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Thus, we get

[Z Vil

Z |y, (1 = Tp(a) (0 (@ )))‘2] Z |V| Z Z |<I>V¢,¢><I>V¢I,w|2

zeV, z€V;  $eCi e,
$€C; dlv;nvy, Z¥lviny;,
. 2
<Y TG DY, [ Pue®y
i, ocC; WeC;

dlv;nv; Z¢lv;nv;

<Py wlig) Y. |Pre®y
,J

¢€Ci,¢€Cj
olv;nv; Z¥lv;ny;

]

Now, we look at homomorphisms between the constraint-variable and assignment al-
gebras. In order to preserve the oracularizability, we first consider the variant of the
assignment algebra with commutation constraints added to the defect. In one direction,
we find a C-homomorphism; in the other, we have a trace-dependent mapping.

Lemma 3.3.6. Let S = (X, {(Vi,C;)},) be a k-ary CS and 7 be a probability distribution
on [m]. There is a 20L*-homomorphism « : Aatcomm(S,7) — Aeo(S,7), where L =
max; |V;|.

Proof. Let a be the inclusion of A,(S) in A._,(S). Fix i and write V; = {z1,...,2,}

ordered according to the ordering of X. Also, for j =1,...,n, write z,, = II,(¢'(z;)) and
Zjq = Il,(0i(x;)). Then, as 0;(®y; ) = 0 for all ¢ ¢ C;,

« |:Z |CI)Vz,¢|2i| = Z ‘$17¢($1) e xn,¢(wn)|2 - Z |x1,¢(:c1) o Tng(xn) T jl,qﬁ(zl) tee jfn,¢(a:n) ‘2

¢¢C; #¢C; #¢C;
_ _ 2
S § : ’xlyal T xn,an - xl:al T xn,an|
aly...,0n

2

n
E : ‘ E :551,111 o ':Elfl,azﬂ(xl,al - il,al>£l+1,az+1 “ Tn,a,

ai,...,an =1

n
log(n § : § : _ _ _ 2
S 2( g(n)] ’xl,m o Tl-1,a4 (xl,al - $l,al)xl+1,al+1 e ajn,an‘

ai,...,an =1

<Y N fwja— Tial =2V Y Y a0’ () — Ha(oi(@)]

a j=1 z€V; a
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Also, we find that

o X mwmel]= 3
>

[%),0, T0] |

.0, Thp) — [Tas i‘k,bHQ
7,k=1,...,n; a,bEZy,

[Tja — ZTjas Thp) — [Tjar Tep — Ik,b]|2

M

Gk=1,....n; a,b€Zy,

<2 Z %0 = Zjar sl + [T Trp — Tap)]
7,k=1,...,n; a,bEZy,
<4 (@50 = Zja)wenl” + |2 a(Frs — Ta)|”

7,k=1,...,n; a,b€EZ;,

S 8n Z |Ij,a _jj,a|2

7j=1,...,n; a€Zy

= 8Vil > Ma(0'(2)) = Ma(os(a)]"

zeV; a

By the proof of Lemma 3.3.4, we know

SN (o)) = Ma(os(@) 2 By (1 = iy (0'(2))]

zeV; a zeV;
¢eC;

Thus, we get that

(D (tam(r) + treomm e (M)r'7) S D w@D20Vi] 3 |1z 61 = Mooy (0 (@)

reAq(S) @ gg‘c{l
2
<20LQZ v Z"I’W’ — Iy (o' (@))|". O
Sec,

Lemma 3.3.7. Let S = (X,{(V;,C;)}™,) and let ™ be a probability distribution on [m)].
Then, for every trace T on Aaycomm(S, ™), there exists a trace 7" on A._,(S,m) such that
def(7') < poly (kL) def(7), where L = max; |Vj|.

Proof. Let 7 = p o ¢ be the GNS representation, where ¢ : A,(S) - M C B(H) is a
x-homomorphism, and p : M — C is a tracial state. Let

= 30 D (o (@), T (o' ()12

z,y€V; a,bEZy,
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We have def(7) = def(7; pig ) + >, (7). Let uyq = (1 —2I1,(2)). Fix some i € [m]. We
have in particular ||[t,q, uy][|3 < €; for all 2,y € V; and a,b € Zj. So, using Lemma 3.4.1,
there exist commuting order-2 unitaries v, , € M such that [|vyq — s[5 < poly(k|V;])e;.
Next, note that

2 1 2
DURCTUARIRY 1) S R
a€Zy, P

ac Ly

a€Zy,

1
S Z log2k’] ZHuxa Uxa||2
Vil,

< k? poly(k|Vi])e; = poly(]

Let p be the projector onto the kernel of 7, IIi(v;4) — 1. Then, as the eigenvalues of
ZaEZk ITy (v, o) — 1 are integers, ||1— pH2 < poly(\V! k)e;. Take w;, = ZaEZk Wi (vg ) p+
(1 — p). As the supports of the Hl(vm)p = II;(vsa) A p are disjoint, w; , is an order-k
unitary. Further,
TTa (w;2) — Ha(@(x))ni < 4(||H1(Um,a)(p - 1)“;2) + |1 - p”i + |1 (ve,a) — Hl(uﬂc,a)||;2))
<4201 = pl} + Fllvea — weall) < poly([Vil, K)e:.

Now, take the PVM {P‘/i’¢}¢€ZkVi as Py, g = [loey Hg)(wiz). Fix some ¢; € C; and
take the PVM {Py, s}oec; as Pvo = Pvio + 0p.6, 2oyec, Pviw- Now, we can take the x-

representation x : A._(S,7) — M defined by x(o’(z)) = ¢(x) and x(®y, 4) = Py, 4; and
take the tracial state 7/ = p o x. It remains to calculate the defect of 7/. First, note that

def(r') = ) T‘gi Y T (@us(l — g (0'(2))))

=T S P - T (o))
i=1 'Y zev; ¢ec;
:ZTSK > P(Pw,¢<1—ﬂ¢<x>(so(x)))+ > Pvi,¢(1—n¢i(x)(¢(x)))>)
i=1 7% \aeVigeC €V #Ci
-3 ( > APl T (ol))
i=1 1M N\ ey gezi
+ D p(Prglo(p( ))—H@(m)(w(x)))))
2€V;,0¢C;
SZTQ (}1 Y IMa(wie) = Ma(e(@))|3 + 2|Vl Z\!Pw,¢\!i>-
=1 1" z€Vi,a€ly $¢C:
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For fixed ¢ and ¢ € Z}f, write V; = {z1,..., 2y}, pj = g, (25), and p; = Uy, (Wig,).
So we have that

HP%,¢||;2) = ||p1 - 'ﬁm\”i
Vil
= le p|V\+ZP1 pj—1(Dj — Pj)Pj+1 Pvi

j=1

[Vil
< 9o (Vi+1)] (le cepZ + ZH}Z’ _ij?))
j=1

2(lVil + 1) (H%Mﬁ + > Mg (wie) - H¢<x>(<ﬁ(l’))lli>.

zeV;

2

As such, we get that the defect

def(r zm:

( Y Ma(wiz) = Malp(@)I; + 4V +1) D 1wl

z€V;,a€ly, PEC;

AV +1) Y > I (wia) = Hqg(x)(go(x))Hf))

#¢C; zEV;
<A4(L+1) def(T' far)

+Z ) (g 40V D) S )~ ot

z€V;,a€ly,

< AL+ 1) def(7; par) + > 7 (4|V| (l%l+1)k”'*)k|%|poly(|vi|,k:>ez»
=1

< poly (k") def(7). O

Finally, we consider the relationship between the assignment algebras with and without
commutation. Here, we are only able to find a C-homomorphism in one direction, as a
C-homomorphism in the other direction would imply oracularizability of the underlying
assignment algebra, which does not hold for general CSs.

Lemma 3.3.8. Let S = (X, {(V;,Ci)}1,) be a k-ary CS and 7 be a probability distribution
on [m]. There is a 1-homomorphism « : A, (S, 7) = Aatcomm (S, ).

Proof. Let o be the identity map. Noting that pg« + fleomm,x = Mo gives the result. [
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3.4 Subdivision and stability

Suppose we have a BCS where each constraint is made up of subconstraints on subsets of
the variables (for instance, a 3SAT instance made of 3SAT clauses). In this section, we look
at what happens when we split up the contexts and constraints so that each subconstraint
is in its own context. In the weighted BCS algebra, splitting up a context changes the
commutative subalgebra corresponding to the context to a non-commutative subalgebra.
To deal with this, we use a tool from the approximate representation theory of groups,
namely the stability of Z5.

Lemma 3.4.1 ([13]). Let (M, T) be a tracial von Neumann algebra, and suppose f : [k] —
M is a function such that f(i)*> =1 for alli € [k] and ||[f (), f()]|2 < € for alli,j € [K],
where k > 1 and € > 0. Then there is a homomorphism v : Z5 — U(M) such that
v(z;) — f(3)]|2 < poly(k)e for all i € k], where the x; generate Z5.

A function f satisfying the conditions of Lemma 3.4.1 is called an e-homomorphism
from 7§ to U(M).

We now formally define the subdivision of a BCS.

Definition 3.4.2. Let B = (X, {(V;,C;)}™,) be a BCS. Suppose that for all 1 <i < m
there exists a constant m; > 1 and a set of constraints {Di;}72, on variables {Vi;}7"
respectively, such that

1. Vi; CV; for alli € [m] and j € [m;],
2. for every i € [m| and x,y € V;, there is a j € [m;] such that x,y € Vi;, and
8. Cy = NiZ Dyj for all i € [m], where A is conjunction.

The BCS B' = (X,{(Vij,Dij)}ij) is called a subdivision of B. When working with
subdivisions, we refer to D;; as the clauses of constraint C;, and we refer to m; as the
number of clauses in constraint i. A subdivision is uniform if m; = m; for all i, j.

Given a subdivision B’ of B with M = > m;, we pick a bijection between [M]
and the set of pairs (i,7) with 1 < i < m and 1 < j < m,. If 7 is a probability
distribution on [m] x [m], then let 74, be the probability distribution on [M] x [M] with
Tsub(17, kl) = (i, k)/m;my. Note that if 7 is uniform and the subdivision is uniform, then
Tsup 1S uniform as well.

One of the first things we notice about subdivision is that strategies for G(B, 7) can be
lifted to strategies for the subdivided game.
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Proposition 3.4.3. Let B = (X, {(V;,C;)}*,) be a BCS, and let B = (X, {V;j, D;;}i ;) be
a subdivision. Let m be a probability dzstmbutzon on [m] x [m], and let 7wy, be the probability
distribution defined from w as above. The homomorphism « : A(B') — A(B) defined by
oij(x) — o;(x) is a 1-homomorphism Aipter(B', Toup) — Ainter (B, ), and also induces an
isomorphism SynAlg(B’, we) = SynAlg(B, ).

Here 0;;(x) denotes the copy of z in A(W;;, D;;) C A(B’).

Proof. Recall that |a]* = a*a denotes the hermitian square of a. By definition, a(o;;(x) —
or(x)) = 04(x) — ox(x). Hence

(i, k
Z T sub Z],/{Zl ’Uz]< ) - Ukl( )’2> = Z ﬁb’l(‘%) - O-k(x)|2
ijF#kl ij#kl
xEVijﬂVkl xEVz’ijkl
< Z (i, k)|oi(x) — on(z)|?,
i#k
zeV;NVy

since each variable x € V; appears in at most m,; subclauses V;;. Hence a : Ajpier (B, Toup) —
Ainter(B, ) is a 1-homomorphism.

To show that the synchronous algebras are isomorphic, observe that since every pair of
elements x,y € V; belongs to some V;;, there is an isomorphism

SynAlg(B', Tsup) = *QIZ;/Z'KR),

where R is the set of relations o;(®v;, 4)0i(®Py,,») = 0 for all ¢ and 1) which do not agree
on Vi; N Vi, and O'Z'((I)\/'ij7¢) = 0 for all ¢ € D;;. From these latter relations, it is possible
to recover the relations @y, 4 = 0 for ¢ ¢ C;, and then to recover all the relations of

SynAlg(B, 7). O

Proposition 3.4.3 implies that G(B, 7) has a perfect quantum (resp. commuting opera-
tor) strategy if and only if G(B’, 74,) has a perfect quantum (resp. commuting operator)
strategy. The main result of this section is that near perfect strategies for G(B’, mg,) can
be pulled back to near perfect strategies for G(B, ).

Theorem 3.4.4. Let B = (X, {(Vi,C;)}2,) be a BCS and let B' = (X, {(Vi;, Dij)}i;) be
a subdivision of B with m; clauses in constraint C;. Let w be a probability dzstmbution on
[m] x [m] that is C-diagonally dominant for some C > 0, and let mgy be the probability
distribution defined from w as above. If there is a trace T on A._o(B’, Tsuw), then there
is a trace T on A._.(B, ) with def(7) < poly (2L, M, K)def(r), where L = max;; |V,
K = max; |V;|, and M = maxm,.
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To prove the theorem, we consider other versions of the weighted BCS algebra, where
A(Vi, C;) is replaced by CZ3"", and the defining relations of A(V;, C;) are moved into the
weight function.

Definition 3.4.5. Let B = (X, {(V;,C;)}™,) be a BCS with a probability distribution w on
[m] x [m], and let B" = (X, {(V;, Dzy)hy) be a subdivision, with m; clauses in constraint
C; and probability distribution e, induced by w. Let o; : CZ;Vi — *?;1((:2;% denote the
inclusion of the ith factor. Let Agee(B) == *QICZ;VZ and define weight functions pipter,
Msat, Helauses and Heomm OT Afree(B) by

inter(0i(x) — 0j(x)) = 7(i,7) for alli # j € [m] and x € V; NV},

fisat (P, p) = (i, 0) for all i € [m] and ¢ € ZY' \ C;,

Hetause(Pvy, 5) = 7(i,0) /m? for all (i,§) € [m] x [m;] and ¢ € Zy" \ Dy;, and
feomm([0i(x), 0i(y)]) = 7(i,4) for all i € [m] and x,y € Vi,

and inter(r) = 0, psat(r) = 0, feause(r) = 0, and pieomm(r) = 0 for any elements r
other than those listed. Let Agec(B, B',m) be the weighted algebra (Afrec(B), ftan), where

Hall = Hinter + Helause + Hecomm -

Note that piinse, is the same as the weight function of the algebra A, (B, 7) defined
in Definition 3.2.4, except that it’s defined on Ay, (B) rather than A._.(B). The weight
function pis¢ comes from the defining relations for A._.(B), while fiayuse comes from the
defining relations for A._.(B’), so Afe.(B, B',7) is a mix of relations from A;pter (B, )
and Ajpier(B', 7). As mentioned previously, the context V; has an order inherited from
X, and this is used for the order of the product when talking about @y, 4 and ®y;, 4 in
Afree(B). In particular, the order on V;; is compatible with the order on V;.

The weight functions pinter, thsar a0d fierause can also be defined on *QZI(CZ;G using the
same formulae as in Definition 3.4.5, and we use the same notation for both versions. The
following lemma shows that we can relax A;,e- (B, 7) to (*ﬁlCZ;/i, Winter + Helause ), as long
as 7 is C-diagonally dominant.

Lemma 3.4.6. Let B = (X,{(V;,C;)}™,) be a BCS, and let m be a probability dis-
tribution on [m] x [m] which is C-diagonally dominant for some C' > 0. Let B' =
(X, {(Vij, Di;) }ij) be a subdivision of B. Let flinter, fsat aNA flciquse De the weight functions
defined above with respect to w. Then there is an O(K)-homomorphism Ajper(B, ) —
(*?;ICZ;/i, Winter+hsat), where K = max; |V;|. Furthermore, there is an M*-homomorphism
(*ZﬁlCZ;&, Winter + sat) — (*ﬁlCZ;/i, Winter + Pelause ), where M = max; m; is the mazimum
number of clauses m; in constraint 1.
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Proof. Since C; is non-empty by convention, we can choose v; € C; for every 1 < ¢ < m.
Define the homomorphism « : Ajpier (B, 7) — (*ZTLCZ;/Z', Winter + [sat) DY

= Z Dy, i Z(I)sto vl

el @eZQZ \C;

Let ®; = > o, Pvip, and recall that la)* = a*a denotes the hermitian square of a. Then

o (|ou(x) — o5(@)]?) = |Bios() + (1 — B)(~1)¥® — Bj0,(x) — (1 — D) (—1)%@)|
< 4|B0i(z) + (1 — &) (—1)%® — gy(2)[]
+4|0j05(x) + (1= B;)(~1)" @ — oy(2)|* + 4|oi(x) — 0(x) .

Observe that o;(z) = Zgoez"i Dy, ,(—1)7@), s0

[@i0i(2) + (1= @) (=1)") —ai(a)|" = Y o (- 1)V = (=17 <4 "Dy
PELYN\C; PELYINC;
Thus
o X wdlei@) — @) < > 76 (163 Brp+ 163 Dy + 4lei(x) — o))
Pt S eemha eeni\o)

IN

* K *
Z 4/'Linter(a)a a—+ Z 326usat(a)a a

aE*;’il(CZ;/i aE*;’il(CZ;/i

< O(K) Z (Minter(a) + Msat(a))a*au

V.
agxm CZy'
since 7 is C-diagonally dominant.

Next, suppose B’ is a subdivision of B. If ¢ € ZV; C;, then we can choose j; € [m;
@

such that ¢|Vij¢ ¢ Dyj,. Since Z e
$:6lvy; =¢/

DoPus= >, D o< D D Pug= D D Py

P2C; 1<j<m; ¢:jp=j 1<5<m; qﬁ:qﬁ\vij €D 1<j<m; ¢'¢D;;

Z Msat(r)r*r S M2 Z Mclause(r)r*ra
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where the M? comes from the fact that we divide by m? in the definition of fi.4yse. Thus the
identity map (*lTil(CZ;/i, Winter+ sat) — (*?Ll(CZ;/i, inter+Helause) 18 an M2-homomorphism.
H

The following proposition shows how to construct tracial states on A, (B, 7) from
tracial states on Ag (B, B', ).

Proposition 3.4.7. Let B = (X, {(V;,C;)}™,) be a BCS, and let ™ be a probability
distribution on [m] x [m| which is C-diagonally dominant for some C' > 0. Let B’ =
(X, {(Vij, Dij) }ij) be a subdivision of B with m; clauses in constraint C;. If T is a trace on
Apree(B, B', ), then there is a trace T on Aiper (B, ) such that def(7) < poly(2L, M, K) def (1),
where L = max;; |Vi;|, K = max;|V;|, and M = max;m;. Furthermore, if T is finite-
dimensional then so is T.

Proof. Since 7 is C-diagonally dominant, if 7(i,i) = 0 then 7 (i,j) = 7(j,7) = 0 for all
j € [m], and the variables in V; do not appear in supp(fiinser). Thus we may assume without
loss of generality that 7(,7) > 0 for all ¢ € [m]. Let 7 be a trace on Ay,...(B, B', 7). By
the GNS construction there is a x-representation p of Ag,...(B, B’,7) acting on a Hilbert
space ‘Ho with a unit cyclic vector ¢ such that 7(a) = (¢|p(a)|y) for all a € Ajce(B).
Let Mgy = p(Afree(B)) be the weak operator closure of the image of p, and let 7y be the
faithful normal tracial state on M, corresponding to |1) (so 190 p = 7).

Vi

Let ZaGZ;/i teomm(@)||al|? = &; for all i € [m]. The restriction of p to Z;"* is an

e;-homomorphism from Zj into (Mg, 7p), so by Lemma 3.4.1 there is a representation
pi : Zy' — U(My) such that

lpi(2;) — p(2;) |2, < poly(K)e; (3.4.1)

for all generators z; € Zy'. Let p : 2 ,CZY — My be the homomorphism defined by
p(x) = pi(x) for x € ZY'. Suppose x € V; N'V;, then

1A(0:(x) — o3(@)) 12, < 4l3(0:(x)) — plos(@) 2 + 430, () — ploy(@))]2
T 4llp(oi(2) - oy(@))I
< poly(K) (e + ;) + 4lloy(x) — 0 ()]
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We conclude that

def(TO o ﬁa ,uinter S

*M

Z ) (poly(K)(e; + &) + 4llos(x) — o;(2) %)

7T(z', i)
C

IN

' (poly (K)2¢; + 4l|ov(x) — 0;(x)[7)

< O(poly( )def(T; Leomm) + Aef (T finter))-

For any S C V;, let x5 := [[ g7 € 73V, where the order of the product is inherited
from the order on X. By Equation (3.4.1),

1p(zs) — pzs)|?, < poly(K)e;,

where the degree of the polynomial poly(K’) has increased by one. Since

Pvijo = 2|vu| Z s,
SCVi,
we get that
~ 1 -
15(@v,.0) = p(@v, o)l < g D I1P(s) = plas)[7, < poly(K)e;
SCVij;
f1<i<m,1<j<my, and ¢ & D;

159

10(@v,,.0)l12, < 20(Pvi,.6) — p(Pviy0)llZ, + 2]l (P, 6|12,

then

and hence

~ Z Z
def(TO ° 03 Nclause Z Z ||p (I)Vzg ¢ H

Z ¢€Du
<y Z poly (K)ei + 2] Py, 0l7)
1,7 ¢¢Dw

< 2L def(T, ,ucomm) + 2 def<7—, Mclause)~
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We conclude that 7 = 75 o p is a tracial state on *?ilCZ;/i with def(T; tinter + Hetause)
bounded by

O(d@f(T, /fbinter) + def(7-7 Mdause) + 2L POIY(K) def(Tv ,ucomm))'
We conclude that

def(?7 Minter + ,uclause) S pOIY(2L> K) def(T; Minter + Helause + ,Ucomm)-

By Lemma 3.4.6, there is a O(K M?)-homomorphism A, (B, 7) — (*gch;’i,um +
Helause), and pulling 7 back by this homomorphism gives the proposition. O

Finally, we can pull back tracial states from the subdivision algebra A;,ie, (B’ Tsup) to
traces on Ajpee(B, B, ).

Proposition 3.4.8. Let B = (X, {(V;,C;)},) be a BCS, and let B' = (X, {(Vij, Di;) }ij)
be a subdivision of B. Let m be a probability distribution on [m] x [m], and let meyu
be the probability distribution defined from © as above. Then there is a poly(M,2%)-
homomorphism Agyee (B, B', ) — Ainter(B', Tsup), where L = max;; |V;;| and M = max; m;.

Proof. For each 1 <17 < m and = € V;, choose an index 1 < r;, < m,; such that z €V}, .
Also, for each z,y € V;, choose an index i, such that z,y € V;,,. Define « : *?llZSVi —
A(B') by a(o;(z)) = 04, (z). It follows immediately from the definitions that « is a
O(M?)-homomorphism (Af,ce(B), ftinter) — Ainter(B'y Tsup). Moving on t0 flepmm, observe
that
a(|loi(@), i (]I*) = |0, (2)0irs, () — Tir, (¥) Tir,, (2)

< (010 (2) — 0 ()0, W)+ A1, (2) 1y () — iy () 2+

+4(0ir,, (¥) = 01, ())0irs, () * + 404, (4) (0ir,, (2) = 03, (@)
< 8loir, () = 01, (2) P + 8loir,, (v) — 01, (W),

where we use the fact that [0y, (2),05,,(y)] = 0, and that U*a*aU is cyclically equivalent
to a*a if UU* = 1. For any given x € V; and 1 < j < m;, the number of elements y € V;
with i,, = j is bounded by |Vj;|. Hence

> 3 wiialo@.a@l) S0ty Y Mo 6 oy @),

1 xyeV; 1,5,3" x€Vii NV

where o;; : CZy? — A(B') is the inclusion of the ijth factor. We conclude that there is
an O(LM?)-homomorphism (Atree(B), freomm) = Ainter (B, Tsup)-

49



Finally, for jiciquse, if @ € [m], j € [ms], and ¢ € Dy; then 0;;(®y;, 4) = 0, so
Py, ) = a(@v ) = 0ij(Pv;,0)

=5 3 oo, @ - 55 S T o))

SCVij wed SCV;; wes
zw Z Sty 50(2) (in, () — 0735()) Vs,

where u, g is the product of ¢(y)o;;(y) for y € S appearing before = in the order on V;,
and v, g is the product of ¢(y)oy,, (y) for y € S appearing after x in the order on V;. Since
there are less than |Vj;| - 2Vil terms in this sum, and ¢(z)u, s and v, g are unitary,

2|Vz |

SCVi; z€S

Vi1
- 2%771 Yo > lowala) —oy(@)

x€Vij EGSQVU

= Vil Y low, (x) = ai(x) .

IGVZ']'
Hence
(e, z 2
> DS (e, SRS D LU IE
i€[mljefmi " @¢Di mi ¢>¢Du z€Vij

Z Z

< [2F Z Z |4, () — 035 () .
7’ z€Vij

Since every term in the latter sum occurs in the sum ) p/(r)r*r for the weight function
1 of Aipter(B', Tsup), @ is a L25-homomorphism (Aj,ee(B), fetause) = Ainter (B, Tsup). We
conclude that « is an O(M? + LM? + L2%)-homomorphism Ay,cc(B, T) = Ainter (B, Tsub),
and O(M? + LM? + L2%) < poly(M, 2). O

Proof of Theorem 3./.4. Applying Proposition 3.4.8, Proposition 3.4.7 and Proposition 3.3.3
gives the result. L
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Chapter 4

RE-completeness of entangled CSPs

In this chapter, we prove our main result about the hardness of constraint system games.
We begin with an introduction to classical and quantum constraint satisfaction problems.
We then prove our main result in three parts. First, we show that NP-hard CS games
that are not two-variable falsifiable are RE-hard with entanglement by using a non-TVF
constraint as a commutativity gadget. Finally, we prove the RE-hardness of NP-hard
boolean CS and 3-colouring games with entanglement by showing that they admit more
complex commutativity gadgets.

4.1 Constraint system languages

Informally, a constraint satisfaction problem is a collection of constraint systems that are
constructed by filling a fixed set of constraints with variables arbitrarily. We formalise this
with the notion of a pushforward constraint.

Definition 4.1.1. Let C C XV and letr : V — W. The pushforward constraint of C
by risr.C = {¢p € W|pore C}.

Definition 4.1.2. Let I" be a finite set of constraints over an alphabet . The constraint
satisfaction problem (CSP) of ' is the set of constraint systems

CSP(I') = {(X, {(Wy, r,,CH}Y)IW: € X, (Vi,Cy) € Ty 1y 0 Vi = Wi}

If every element of CSP(I") is a 2-CS, we say it is a 2-CSP. We also abuse notation
and say I' is a 2-CSP.
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Example 4.1.3.

o 3SAT is the OSP where ¥ = {Z3\{t}|t € Z3}.

e k-colouring is the CSP where ¥ = Zy and T = {#z, }, for #z,= {(a,b) € Z2|a # b}.
This is a 2-CSP.

A natural complexity problem given a CSP is to decide the satisfiability of the CS
instances. Much is known about the classical version of this problem, which we outline
here.

Definition 4.1.4 (Constraint languages). Let I' be a set of constraints over an alphabet
Y,andletl >c>s>0.

o CSP(I).s is the promise problem with instances that are CSs S = (X, {(V;,C;)},) €
CSP(T), where S is a yes instance if there is an assignment f : X — X such that
flv. € C; for at least mc values of i, and S is a no instance if, for every assignment
f, flv, € C; for strictly less than ms values of i.

e SuccinctCSP(T). s is the promise problem with instances that are probabilistic Turing
machines M that sample the constraints of a CS S = (X,{(V;,C;)},) € CSP(I')
according to some probability distribution 7 : [m] — [0, 1], where M is a yes instance
if there is an assignment f : X — ¥ such that Pry.[f|v, € Ci] > ¢, and M is a no
instance if for every assignment Pr;.[f|v. € C;] < s.

Definition 4.1.5. A mapping f : ¥ — ¥ induces a polymorphism (XV)*F — ¥V as

f(@1,.,0n)(0) = F(91(v), ..., Pu(v)).

The polymorphism f preserves (V,C) if for all ¢y,..., ¢, € C, f(éb1,...,0n) € C. For a
set of constraints I', we say f is a I'-homomorphism if it preserves every constraint in
I.

Definition 4.1.6. A map f : ¥*¥ — ¥ is a weak near-unanimity if for all a,b € 3,
f(bya,...;a) = f(a,b,a,...,a)=---= f(a,...,a,b).

Theorem 4.1.7 ([70, L1]). For all finite alphabets ¥, CSP(I'); 1 is NP-complete if there is
no weak near-unanimity I'-homomorphism; otherwise, CSP(I');, € P.

Corollary 4.1.8. If CSP(T"); is NP-complete, then there is a constant s € [0,1) such
that SuccinctCSP(I'); 5 is NEXP-complete. Otherwise, SuccinctCSP(I'), s € EXP for all
S.
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Proof sketch. Using the CSP version of the complexity class PCP[m, q] = NEXP for m =
exp(n) and ¢ = O(1), we know that SuccinctCSP(I'y)1,1/2 = NEXP, where Iy is the set
of all constraints on ¢ boolean variables [5, 65]. From the proof of hardness part of the
CSP dichotomy conjecture [11, 70], we see that reduction of CSP(T;)11 to CSP(I');; is
done constraint by constraint, by replacing each constraint by a conjunction of constraints
from I'. As there is a finite number of constraints in I'j, there exists M &€ N such that every
constraint can be expressed by at most M constraints from I'. We can apply the same
reduction to any instance of S € SuccinctCSP(I'y)1,1/2 in polynomial time to get a succinct
description of an S” € CSP(I"). Note first that, if S is a yes instance, all the constraints are
satisfied, and therefore all the constraints of S’ are satisfied. Next, if S is a no instance,
suppose > 1 — ﬁ constraints are satisfied by an assignment to S’. Then, < ﬁ constraints
of S’ are not satisfied. Since each constraint of S is mapped to a conjunction of at most
M constraints in S’, this means there is an assignment that satisfies > % constraints of S,
a contradiction. Hence, taking s = 1 — ﬁ, if S is a no instance of SuccinctCSP(I'y)1,1/2,
S’ is a no instance of SuccinctCSP(I'); 5, as wanted.

Conversely, if CSP(I");; is not NP-complete, by the CSP dichotomy theorem [11, 70]
there is a polynomial-time algorithm for it. Hence, this translates to an exponential-time
algorithm for SuccinctCSP(I'); 1. As every yes (cf. no) instance of SuccinctCSP(I'); ; is a
yes (cf. no) instance of SuccinctCSP(I'); 1, the algorithm also decides SuccinctCSP(I')
in exponential time. Hence, SuccinctCSP(I"); ; € EXP. O

To finish this section, note that in the boolean case > = Z,, the set of weak near-
unanimity polymorphisms is well known.

Definition 4.1.9. The following are the weak near unanimity polymorphisms for boolean
constraint systems.

e The constant 0 polymorphism is 0 : ZS — Zy with output 0.

e The constant 1 polymorphism is 1 : 79 — Z, with output 1.

e The AND polymorphism is AND : Z2 — Zy, AND(a,b) = a A b.
e The OR polymorphism is OR : Z3 — Z,, OR(a,b) = a \V b.

o The majority polymorphism is MAJ : Z3 — 7o, MAJ(a,b,c) = (aAb)V (bAc)V
(cNa).

o The minority polymorphism is MIN : Z3 — Z,, MIN(a,b,c) = a®b® c.
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Theorem 4.1.10 (Schaefer’s dichotomy theorem [61]). For ' a set of constraints over Zs,
CSP(I')11 € P if one of the polymorphisms 0,1, AND, OR, MAJ, MIN is a I'-homomorphism;
otherwise CSP(I")1 1 is NP-complete.

4.2 Quantum CSPs

The quantum satisfiability problem for CSPs can be equivalently phrased in terms of
algebra representations or nonlocal games.

Definition 4.2.1 (Entangled constraint systems). Let I be a set of constraints over Z,
let we {c—c,c—v,a,a+comm}, andlet1>c> s> 0.

o CSP,(I);, is the promise problem with instances that are CSs S = (X, {(V;, Cy)}i2,) €
CSP(T"), where S is a yes instance if

inf def(7) <1 —¢,

where the infimum is over all finite-dimensional traces T on A, (S, 0,,), where 1w, is
the uniform distribution on [m|; and S is a no instance if

inf def(7) > 1 —s.

e SuccinctCSP,, (')} is the promise problem with instances that are probabilistic Turing
machines M that sample the constraints of a CS S = (X,{(V;,C;)}~,) € CSP(TI')
according to some probability distribution m : [m] — [0, 1], where S is a yes instance
if

inf def(7) <1 —¢,

where the infimum is over all finite-dimensional traces T on A, (S, 7); and S is a no

instance if
inf def(7) > 1 —s.

We drop the subscripts if they are not important. Note that we can always replace the
infima over finite-dimensional traces by Connes-embeddable traces.

In this definition, the yes instances correspond exactly to CSs where the quantum
synchronous value of the corresponding CS game, as defined in Section 3.1, is at least c,
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and the no instances correspond to CSs whose quantum synchronous value is less than s.
If w = ¢ — ¢, the corresponding game is the constraint-constraint CS game; if w = ¢ — v,
the corresponding game is the constraint variable CS game; and if w = a, there is only an
associated game if I' is a 2-CSP, in which case it is the 2-CS game.

In contrast to the classical case, where there is a complete classification of CSPs, less
is known about the complexity of quantum CSPs. Prior work by Atserias, Kolaitis, and
Severini [3, 58] has shown that all the classically-easy boolean CSPs except for LIN, the
class of linear systems over Z,, remain easy with entanglement; but the complexity of
entangled LIN and of any classically easy CSPs over larger domains remains unknown. In
this work, we are concerned with what happens to problems on the hard side of the CSP
dichotomy when the provers are allowed entanglement.

We make use the following property of CSs, which precludes the construction of simple
commutativity gadgets.

Definition 4.2.2. Let C C XV be a constraint over an alphabet ¥. C is two-variable
falsifiable (TVF) if for all x # y € V, there exist a,b € ¥ such that ¢ ¢ C if p(x) = a

and ¢(y) = b.
We say a CS S or a set of constraints I' is TVF if every constraint in it is TVF.

Two-variable falsifiability can seem like a very strong restriction on the constraints.
However, the example of 1-in-3-SAT shows that there are nontrivial CSPs that are TVEF.

Example 4.2.3. Consider the boolean constraint
C = {(0,0,1),(0,1,0),(1,0,0)} C Z3.

This is TVF as setting any two variables to 1 makes the constraint unsatisfied. On the
other hand, the language CSP({C})11 is NP-complete as a direct consequence of Schaefer’s
dichotomy theorem.

We are now ready to state the main result of this chapter.

Theorem 4.2.4. Let ' be a set of constraints over Zy, such that CSP(I'); 1 is NP-complete,
and one of the following holds:

1. T s not TVF,

2. T 1s boolean, or
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3. I' ={+#z,} is 3-colouring.
Then, there exists a constant s € [0,1) such that SuccinctCSP._,(I')] ; is RE-complete.

It remains open whether non-boolean TVFE CSPs, except for 3-colouring, are also RE-
complete. As an important example, we do not know if k-colouring for k£ > 4 is RE-
complete with entanglement. However, we do know that any 2-CSP that contains an
empty constraint (where all assignments are accepted), such as the language of all 2-CSPs
over Zy, is RE-complete as it is not TVF.

For RE-complete entangled CSPs, it also holds that SuccinctCSP._.(I')] , is RE-complete,
which we show using a mapping between the constraint-variable and constraint-constraint
algebras given in Proposition 4.6.1. This is in contrast with Lemma 3.3.5, where the defect
can scale very badly when mapping to the constraint-constraint algebra.

Corollary 4.2.5. Let I' be a set of constraints satisfying the conditions of Theorem 4.2.4.
Then, there exists a constant s € [0,1) such that SuccinctCSP. (')} ; is RE-complete.

For some CSPs, we can also show a similar RE-hardness result for the assignment
algebra via an oracularizability property. For 2-CSPs, this corresponds to the associated
2-CS game.

Corollary 4.2.6. LetI" be a set of constraints over Zj, such that CSP(I')1 1 is NP-complete,
and T is boolean TVF, T' = {#z,}, or T' = {C CZ}}. Then, there exists a constant
s € [0,1) such that SuccinctCSP,(T')} ; is RE-complete.

More generally, the hardness extends to the assignment algebra with commutation.

Corollary 4.2.7. Let I be a set of constraints satisfying the conditions of Theorem 4.2.4.
Then, there exists a constant s € [0,1) such that Succinct CSP oy comm (1)} 4 is RE-complete.

This follows immediately from the mappings between the constraint-variable and as-
signment with commutation algebras given in Lemmas 3.3.6 and 3.3.7. By these, the values
of the defects for these algebras are equal up to constant factors (for constraint systems
with constant-size constraints and alphabets), and therefore, the hardness of deciding one
directly implies the hardness of the other.

Next, as noted in the introduction, we can extend the undecidability of entangled CSP
languages to non-succinct languages, by considering computable reductions that are not
polynomial-time.
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Corollary 4.2.8. Let " be a set of constraints over Zj, such that CSP(I')y 1 is NP-complete,
and T' satisfies the conditions of Theorem 4.2.4. Then, there exists a constant s € [0,1)
such that CSP._,(I')] ;, CSP._.(I')] ;, and CSP .t comm()] , are RE-complete with respect
to exponential-time reductions. If I' additionally satisfies the conditions of Corollary 4.2.6,
CSP, (')} ; is RE-complete with respect to exponential-time reductions.

Theorem 4.2.4 and earlier corollaries give a polynomial-time mapping from instances of
the halting problem to instances of SuccinctCSP,,(I'); ,, preserving yes and no instances. In
exponential time, the whole constraint-sampling algorithm can be described. This gives us
an exponential-time mapping to CSP,,(I')] ;. The only remaining issue to check is whether
we can make the probability distribution uniform while preserving the constant gap. First,
in the constraint-variable game, the probability can be perturbed by mixing with a uniform
distribution to ensure that the probability of any constraint is at least av/m for some small
constant a € (0, 1) while preserving a constant gap. Next, each constraint ¢ can be repeated
with multiplicity |7 (i)m/a|. These constraints are sampled from a uniform distribution,
which preserves the constant soundness. Note that the defect cannot be made smaller by
making the trace have different values on the different copies; there exists a trace on the
original algebra corresponding to the minimal value of the trace over all copies. Also, this
reduction to uniform distribution requires the number of constraints to be polynomial in
order to be efficient, as it may be easy to sample from a distribution while being hard to
compute the probabilities. An analogous argument applies for the other algebra models.

The following sections are devoted to the proof of Theorem 4.2.4. Using the subdivision
transformation from Section 3.4 allows us to ask constraints from a CSP as separate ques-
tions, rather than asking large CSP instances, while preserving a constant gap, so long as
we start and end with questions of constant size. We split the proof of Theorem 4.2.4 into
three parts. In Section 4.3, we prove Theorem 4.2.4 for the case of non-TVF CSPs. Next,
in Section 4.4, we provide the proof of Theorem 4.2.4 for the case of boolean TVF CSPs.
We also show Corollary 4.2.6 for these CSPs there. In Section 4.5, we prove Theorem 4.2.4
for 3-colouring, and Corollary 4.2.6 for 3-colouring and the language of all 2-CSPs. Finally,
in Section 4.6, we prove Corollary 4.2.5.

4.3 Hardness of non-TVF CSPs

In this section, we prove the first part of Theorem 4.2.4, proving RE-hardness for noncom-
mutative non-TVFEF CSPs. The main obstacle in doing so is condition (2) of Definition 3.4.2:
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to subdivide a constraint, each pair of variables must appear together in one of the sub-
constraints. But, in general, putting two variables in the same constraint puts nontrivial
restrictions on the values that they may take. A naive way to get around this is using
empty constraints.

Definition 4.3.1. We call a constraint (V,C) over an alphabet ¥ empty if C = XV

Empty constraints impose no conditions on the variables involved, but they can be used
to guarantee that variables commute. Hence, they are useful in subdivision to make sure
every pair of variables appears in at least one constraint. However, if we wish to reduce
to a CSP that does not contain any empty constraints, we need to find a way to replace
these empty constraints by some constraint system coming from the CSP.

If a set of constraints is non-TVF (Definition 4.2.2), we can replace any empty constraint
by a simple commutativity gadget coming from a non-TVF constraint.

Proposition 4.3.2. Let I" be a non-TVF set of k-ary constraints. Then, for every CS
S = (X, {(Vi,r:,Ci)}im ) € CSP(T' U {Z2}), there exists a CS S = (X', {(V/, 7, C))}™,) €
CSP(L) such that there is a £-homomorphism « : Ae_,(S,7) = Ac—y(S', ), where L =
maxw,cyer |V|; and there is a 1-homomorphism B : A.—y(S', ) = Ac_y(S,m), for every

probability distribution © on [m)].

Proof. Without loss of generality, we may assume that there exists 1 < n < m such that
C; is a constraint from I for all ¢« < n and C; is an empty constraint for all ¢ > n. Since I is
not TVF, there exists a constraint (V,C) € I' such that C' C Z. and u # v € V such that
for all a,b € Zy, there exists ¢, € C with ¢y p(u) = a and ¢, ,(v) = b. For each i > n, and
w € V\{u,v} let z;,, be a variable and take X’ = X U {z;,|i > n,w € V\{u,v}}. Also,
if i <mn,let (V/,r..C!) = (Vi,r;,C;); and if i > n, take V/ = V; U {2z | w € V\{u,v}},

C! = C, and r] a bijection such that ri(w) = z;, for all w € V\{u,v}.
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Now, let v be the inclusion of A._,(S) in A._,(5"). First, note that for every i > n,

2 2
a( Z |(I)Vm¢>(1 - H¢(r)(0/<$)))| ) = Z ‘H ) (0i(y) (1 = Hyay (0’ (2)))
eV vV, eV,
per.Ci ¢:Zkvi ve
2
= 3 | TT W o))t~ Moo (o'(2))
z€Vi yeV/
<;5€in
2
= > [Pyl = My (o'(2)))]
zeV;
¢er;, O
2
< D Pl =Ty (@)
zeV/
¢€r;, C;
Hence, we get that
- 7(2) 2
O‘(Z > 7l |Pv.0(1 H¢(x>(0'(l“)))}>
i=1 zeV; ¢
¢€Ti*cz
— (i) 2 (i) )
<> V| Do Pvs(l =Ty (o' @) + Y N D Pvrp(1 = Ty (o' ()]
=1 zeV/ i=n+1 A
PErinCi ver;.Cf
Vi (i) o L 0 )
= 9 Z V/| {CDV o(1 _H¢(x)(a (:r)))’ < b) Z A ’CI)V s(1 H¢(x)(01<x>>>‘
i,zeV/ d i\zeV) i
d)ET;*C'L{ QSET'/- C!

For the converse, let 8 be defined as the map acting on = € X as o;(z) — o;(x),
o'(z) — o'(z); and on z;, as

Ga. b (W
Boi(zi)) = B0 () = Y wp ML (o3(2)) y(0:(y)).
a,beZy,
Then, for all i <n, B(Pyr4) = Py, 4, and for i > n, writing V; = {z,y},
B(®vr4) = My (0:(2) gy (0i(y) ] > I, (oi(x))p(0i(y))
weV\{u,v} a,b. ¢a,b(w):¢(ziw)

:{wamumn@wmm Vw € V{1, 0} B0 (1) = 9(210)
0 else
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That is, B(Pyry) = Py, g1y, if and only if ¢ = Pp() () © r;', and is 0 otherwise. In
particular, it maps every @y, for ¢ ¢ 7;,C] to 0, meaning 8 is a *-homomorphism as
needed. Also, in the case B(®yy4) # 0, we have that B(®ys 4(1 — yz,,) (0" (20)))) = 0, s0

/3(1; o1 812400 = Tl (@)
per! C’

Tx T

_Zm

> \@v¢1—ﬂ¢<x |+Z Z |‘I’V¢1—H¢ (0 (@)

mGV i=n+1 mGV

o€, C, €T, C
<Z|V‘ > \cbwl—m(z)( @’

xEV

o€ri C,

We are now ready to prove the hardness of non-TVF CSPs.

Theorem 4.3.3 (Part 1 of Theorem 4.2.4). Let I" be a non-TVF set of k-ary constraints
such that CSP(I');; NP-complete. Then there exists a constant s € [0,1) such that
SuccinctCSP.,(T)] ; is RE-complete.

Proof. By Corollary 3.1.2, there is a BCS — MIP* protocol (G(B,, m), S, C) for the halting
problem with constant soundness 0 < s < 1, where B, = (X, {(V/*, CF)}™%), m, is
exponential in |z|, and |V;*| = O(1). By the NP-completeness of CSP(I') 1, there is a BCS
B = (Y,,{(W7,D¥)}!=,) as in Corollary 3.2.9, where |W?| = O(1), n, exponential in z,
and D7 is the boolean form of a CSP(I") instance. By Lemma 3.2.6, there is a BCS — MIP*
protocol (G(B',m;), S, C") for the halting problem with the same soundness. Since [W;'| =
O(1), Theorem 3.4.4 implies that there is a a BCS — MIP* protocol (G(B(S,),7%,), S, C)
for the halting problem with constant soundness, where S, is a CSP(I') instance that
may contain empty constraints. By subdividing further, we may always assume that the
empty constraints are on two variables. Applying Lemmas 3.3.2, 3.3.4 and 3.3.5 gives
a constraint-variable CS — MIP* protocol (G(S,,7%,),S,C") for the halting problem with
constant soundness, where S, is a CSP(I") instance that may contain empty constraints.
Finally, Proposition 4.3.2 gives the result. [
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Figure 4.1: The basic commutativity gadget for TVF boolean constraint systems. Exactly
one variable in each triangle must be assigned value 1. These constraints bound the
commutator [x,y], and any assignment to x and y may be extended to an assignment to
all three constraints.

4.4 Hardness of boolean TVF CSPs

In this section, we examine the hardness of boolean CSPs that are two-variable falsifiable.
NP-complete classical boolean CSPs can emulate any other constraint system. What we
show in this section is that this emulation can be done in a way that is sound against
quantum provers. We find that boolean TVF CSPs are NP-complete if and only if they
allow for a commutativity gadget similar to that constructed in [37] for 1-in-3SAT. We prove
the RE-hardness of the entangled version of these CSPs by showing that the commutativity
gadget is quantum sound.

4.4.1 The basic commutativity gadget

We begin with a description of the commutativity gadget, and the proof of its quantum
soundness.

Lemma 4.4.1. Let C = {(0,0,1),(0,1,0),(1,0,0)} € Z¥. Let X = {u,v,w,z,y, 2} be a
set of variables; let Vi = {z,u,v}, Vo = {y,u,w}, and V3 = {z,v,w}; and let r; : [3] = V;
be bijections. Consider the BOS B = {X,{(V;,7,C)}3_1}. For all ay,a, € Zs, there
exists a classical satisfying assignment ¢ : X — Zs, ¢|y, € r;,C such that ¢(x) = a, and
¢(y) = ay,. Also, in the algebra A._,(B),

[o'@), ' @I $512D° D D [ @l = o'

i=1 ¢er;, C zeV;
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This is a robust version of Lemma 5 in [37].

The commutativity gadget defined in this lemma is illustrated in Figure 4.1. Note
also that an identical commutativity gadget can be constructed from C' with any of
the variables negated, one of the constraints ¢’ = {(0,0,0),(0,1,1),(1,0,1)}, C" =
{(0,1,0),(0,0,1), (1,1, 1)}, or C"” = {(1,1,0),(1,0,1),(0,1,1)}, where the last one, two,
or three variable are negated, respectively. To achieve this, it suffices to connect three con-
straints in the same way, additionally taking care that negated variables are only connected
to other negated variables. This is illustrated in Figure 4.2.

Proof. For the first part, we can work out all the cases: for X ordered as in the lemma state-
ment, we get the satisfying assignments (1,1,1,0,0,0) for (a,,a,) = (0,0), (0,1,0,0,1,0)
for (az,a,) = (0,1), (0,0,1,1,0,0) for (ay,a,) = (1,0), and (0,0,0,1,1,1) for (ay,a,) =
(1,1). For the second part, write xi = II;(0;(x)) and z = Ty(o;(z)) and similarly for
the other variables. Write z; = II;(¢’(x)) and zy = HO( (x)) and similarly for the other

variables. First, note that ziuj = zjv] = ujv{ =0, so z1{ + v + v{ < 1, and

_ 1101 1,11 1,11 1 1, 1
1 = zyugvy + zguivy + Tougvy < T + Uy + vy,

giving equality 1 + u{ + v = 1. In the same way, y} + u? + w? = 1. Therefore, the
commutator

w1 yi) = [1—up — vy, 1 —uf —wi] = [uy + v, 0] + w]]

= [, ud] + [uy, wi] + [or, ui] + [og, wi].

Noting that [u],u}] = [u}, w}] = [v},u]] = [v},w}] = 0, we can write

(w1, yi] = [uy,uy — g + [ug = uf, wil + [or, uf — ] + o) = 0F, wil + v, wi — wy]

ol 2 2 1 2 1 3 3,2 3
= [uy +vp +wi,u) — ] = [wi, v — o7 + oy, wi — wyl.
From here, we can expand

[21,31] = [21, 3] + [v1 — 21, 91) + [21, 91 — ¥i)

3
= [u1+v1+w1,u1 u

] [wlvvl Uﬂ + [vf,w% - wl] + [y%wr% - $1] - [xlay% - ?/1]
= [u7 + v} +w? ud —up] — [u] Fo; Fwi v —ug] — [w? o] — 1] + [w? vl — o]

3

1

+[U1’w1 wy] — [v,wl w1]+[y17x1_371]_[wlay%_yl]-
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Hence, we get the bound on the hermitian square of the commutator

|[x1,y1]|2 < llogs] ( |[u1 + ol 4wl ul — | + ‘ ui + vy +w? ul — ul]‘z

1 3 2 2
+Hw1,v1—vl| + wl,vl—v1| + |[vf, w} — wy]|

| wt =l + gt =l o - ]
S 16(|uf —ul‘z—i- ‘u% —u1|2+ ‘vi —01‘2—1- }vf —v1‘2+ |wf —w1|2

+ 1w? — ]+ [} —f61|2+ [y = w[")

< 1622‘# —t]” 422}1—tt| _1622\t’t1+ﬁt0

i=1 teV; i=1 teV; =1 teV;
=53 S UIIAEED 3 pib PILAIE ANCIENS
i=1 teV; a€Zs i=1 ¢€er;, C zeV;
Noting that [z, y1] = %[.CE, y| finishes the proof. ]

4.4.2 Compression and simulation: building the needed con-
straints

In this section, we analyse the structure of boolean TVF constraints. In particular, we
show that, given an NP-complete set of boolean TVF constraints, we can recover the 1-
in-3SAT constraint from Lemma 4.4.1, or its negation on a subset of variables. To do so,
we need to study the combinatorial structure of TVF constraints, which will allow us to
simplify the sets of constraints we work with and then simulate the wanted constraint.

Figure 4.2: Basic commutativity gadgets with one, two, or three variables per constraint
negated. The white vertices indicate the negated variables: note that negated variables
must be only connected amongst themselves to construct the gadget.
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Definition 4.4.2. A (boolean) TVF graph is a graph with two types of undirected
edges, labelled 00 and 11, and one type of directed edge, labelled 01. We denote a TVF
graph G = (V, Ego U E11 U Egy). Given a vertez v € V', we say that an edge e of G is 0 on
v if there exists u € V' such that e = {u,v} € Ey or e = (v,u) € Ep1. In the same way, we
say that e is 1 on v if there exists uw € V' such that e = {u,v} € Ey; ore = (u,v) € Ep.

Let V be a finite set and let C C ZY be a boolean constraint on V. The TVF graph
of C is a graph Gryp(C) = (V, Ego U Ey1 U Eg1), where {u,v} € Ey is an edge if ¢p(u) =
d(v) = 0 implies ¢ ¢ C; {u,v} € Eyq is an edge if p(u) = ¢(v) = 1 implies ¢ ¢ C; and
(u,v) € Ey is a directed edge if p(u) =0 and ¢(v) = 1 implies ¢ ¢ C.

A constraint C' is TVF if and only if the TVF graph of C' is complete. We can study
TVF graphs independently of the constraints that generate them, although any TVF graph
is generated by some constraint.

In a TVF graph, we sometimes denote an undirected edge {a, b} in the same way as a
directed edge, (a,b), if we want to be more general about which edge set the edge belongs
to.

Definition 4.4.3. An assignment to a TVF graph G = (V, EgoU E11 U Eoy) is a function

¢V — Zy such that (¢(u), p(v)) # (0,0) for all {u,v} € En, (p(u), d(v)) # (1,1) for all
{u,v} € By, and (¢p(u), d(v)) # (0,1) for all (u,v) € Ep.

Every satisfying assignment to C' induces an assignment to Gy r(C), but the converse
is not necessarily true.

Definition 4.4.4. Let G = (V,Eqp U FE11 U Eg) be a TVF graph. We say that G is
compressible to U CV if for all v € V\U and all assignments ¢ to G, either there is a
constant b € Zy such that ¢p(v) = b, or uw € U such that ¢p(v) = ¢(u), or u € U such that

6(v) = —(u).
In the first case, we say that G compresses by a constant to b at v. In the second
case, we say that G compresses by equality to u at v. In the third case, we say that

G compresses by megation to u at v. We say G is tncompressible if G is only
compressible to U CV when U = V.

We use the same notation for a constraint C C ZY when the properties hold for its
TVF graph Gryr(C).

It is easy to see that if a subgraph of GG is compressible, so is G. Now, we give some
important examples of compressible TVF graphs.
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Lemma 4.4.5. (i) A TVF graph with a 00 or 11 edge as a loop is compressible.
(ii) A TVF graph with a double edge between two distinct vertices is compressible.

(i1i) The following TVF graph is compressible for n > 1 and all by, ..., byy1 € Zo: G =
({x1,...,xn}, Eoo U By U Eoy) with (z,xi41) € Epp,,, fori =1,...,n—1 and
(xﬂ?xl) 6 E_‘b7Lbn+1'

i1

Note that 01 loops are redundant as they do not affect the assignments. As such we
may suppose that TVF graphs have no 01 loops. Hence, this lemma tells us in particular
that incompressible TVF graphs have no loops or multiple edges, ¢.e. they are simple
graphs. The cycle graph described in (iii) is illustrated in fig. 4.3.

Proof. (i) Consider the one-vertex TVF graph G with V = {z} and Ey = {{z,z}}.
Then, we know that for every assignment ¢ to G, if ¢(x) = b, then ¢(z) # b. Hence,
we must have that ¢(z) = —b. As such, G compresses by a constant at x.

(ii) Consider the two-vertex TVF graph G = ({x,y}, Eoo U E11 U Epy). Up to relabelling
of z and y, there are 4 possible double edges. In the case Fo = F11 = {{z,y}} and
Eo1 = @, we have that ¢(z) # ¢(y) for every assignment ¢, so G is compressible
by negation. In the case Foy = {{z,y}}, F11 = @, and Ey = {(z,y)}, we have
that ¢(z) = 1 for every assignment ¢, so G is compressible by a constant. In the
case By = @, By = {{z,y}}, and Ey; = {(z,y)}, we have that ¢(y) = 0 for every
assignment ¢, so GG is compressible by a constant. And in the case Eyy = F11 = O
and Ey; = {(x,y), (y, )}, we have that ¢(z) = ¢(y) for every assignment ¢, so G is
compressible by equality.

(iii) If n = 2, we are in the case of (ii), so we know that G is compressible. In the case
n > 3, we consider two cases depending on the value of ¢(zy) for an assignment ¢.
First note that, if ¢(x9) = be, then ¢(z1) = by. Also, if ¢(x2) = —bs, then ¢(x3) = —bs,
and by induction ¢(x;) = —b; for i@ = 2,...,n. This implies ¢(z1) = —b,pq. If
by = —b,.1, then ¢(z1) = by in both possible cases, so G is compressible by a constant.
If by = b,41, we get in the first case that ¢(x1) = by = by, so ¢(z,) = b, and by
induction ¢(x;) = b; for all i = 2,...,n. Asn > 3, there exist i # j = 1,...,n such
that b; = b;, and hence ¢(z;) = ¢(x;) in both cases, giving that G is compressible by
equality.

]
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Figure 4.3: The compressible cycle TVF graph from Lemma 4.4.5.iii.

If a given set of constraints has compressible elements, there may be significant redun-
dancy in the variables. To remedy this, we show that we can always reduce to the case
of incompressible constraints while preserving the NP-hardness. We will then show that
all compressed NP-hard constraint systems allow for the construction of commutativity
gadgets.

Lemma 4.4.6. Let C C 7Y be a constraint. Suppose C is compressible to U C V, and
that C|y is compressible to W. Then, C is compressible to W.

Proof. Let v € VA\W. If v € U, we know, since C|y is compressible to W, that either
¢(v) = b for some b € Zs, ¢(v) = ¢(u) for some u € W, or ¢(v) = ~¢p(u) for some u € W,
for all p € C. If v € U, since C is compressible to U, either ¢(v) = b for some b € Zo,
o(v) = ¢(u) for some u € U, or ¢(v) = =¢(u) for some u € U, for all ¢ € C. In the latter
two cases, if u € W we are done. If not, knowing that C|y compresses at u, we have that
either ¢p(u) = b, ¢p(u) = ¢(w), or ¢(u) = —¢(w), for some w € W. As such, in the two
cases, we get either ¢(v) = b, ¢p(v) = p(w), or ¢(v) = ~¢(w); or Pp(v) = =b, ¢(v) = —p(w),
or p(v) = P(w). O

Proposition 4.4.7. Every constraint C C ZY is compressible to an incompressible con-
straint.
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Proof. We proceed recursively. If for every nonempty U C V, C' does not compress to
U, then C is incompressible. Otherwise, C' compresses to some U;. Now, consider C|y,,
and continue recursively. We get a descending sequence of subsets VD> U; D Uy D ...
such that C' compresses to Uy, C|y, compresses to Us, and so on. As these inclusions are
strict, there will be some k € N such that C|y, is incompressible. But by Lemma 4.4.6, C'
compresses to U. O

Definition 4.4.8. Let I" be a set of constraints. For each (V,C) € ', let Uo C V be a
set of variables such that C' is compressible to Uo and C|y,, is incompressible. Then, the
mazimal compression of I' is I'ax = Leomp U Daux, where eomp = {(Uc, Clu.)|C € T'}
and

o {b} € I'yux (constant constraint) iff, for some (V,C) € T, there exists v € V\Uc¢ that
compresses by a constant to b € Zs;

o C_=1{(0,0),(1,1)} € Iuux (equality constraint) iff, for some (V,C) € T, there exists
v € V\Ue that compresses by equality; and

o C.={(0,1),(1,0)} € I'yux (negation constraint) iff, for some (V,C) € I, there exists
v € V\Ug that compresses by negation.

Note that all the constraints in I'comp are incompressible, but the constraints in I'y«
are compressible. However, they are important in making sure the hardness of the CSP is
preserved, both in the quantum and classical cases.

Lemma 4.4.9. Let I' be a set of constraints and let T . be its maximal compression. If
IMax satisfies one of the polymorphisms 0, 1, AND, OR, MAJ, or MIN, so does T".

By contrapositive and Schaefer’s dichotomy theorem, we get that if CSP(I");; is NP-
complete, s0 is CSP(I'pax)1.1-

Proof. Suppose first that [',,., satisfies the constant polymorphism 0. Then, by construc-
tion we know that if I' compresses by a constant, it must compress to 0, and it cannot
compress by negation, as the negation constraint does not satisfy a constant polymorphism.
Thus, all the compressed variables compress by a constant to 0 or by equality. As such, we
know that 0 € C|y,, implies that 0 € C, so I satisfies the constant polymorphism 0. The
same argument holds for the constant polymorphism 1.

Next, suppose that I',., satisfies the polymorphism AND. By construction, we know
that I'" does not compress by negation, as the negation constraint does not satisfy AND.
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As such, every variable must compress by equality or a constant. Thus, if C|y, compressed
in this way satisfies AND, so does C'. The same argument holds for OR.

Suppose now that 'y, satisfies the majority polymorphism MAJ. If C|y,. satisfies
MAJ, then so does C', as every assignment to the variables in Ug is constant, or equal to,
or the negation of one of the remaining variables, and majority commutes with negation.
So I' must also satisfy MAJ. The same argument holds for MIN. m

In what follows, we can always assume that we are working with a maximally com-
pressed set of constraints, hence with either an incompressible constraint, a constant con-
straint, an equality constraint, or a negation constraint. Note that, of these constraints,
only the incompressible constraints can have more than three satisfying assignments, which
is a necessary condition to avoid satisfying the majority polymorphism. Now, we study
the structure of incompressible TVF constraints and use it to construct commutativity
gadgets.

Definition 4.4.10. Let G = (V,Eyp U E13 U Egy) be a TVFE graph. The constraint
generated by G, Cryr(G), is the set of all assignments to G. The TVF completion
of a constraint C is Cpyp(Gryr(C)).

Lemma 4.4.11. For any TVF graph G, Grvr(Crvr(G)) =G.

Proof. Let G' = Gryp(Crvr(G)). By definition, G and G’ have the same vertex sets. Let
(u,v) be an ab edge of G. Equivalently, (¢(u),p(v)) # (a,b) for all ¢ € Cryp(G). By
definition, this is equivalent to (u,v) being an ab edge of G'. ]

Lemma 4.4.12. Let G = (V, EgoUE11UEg) be a complete TVF graph. Then, |Cryp(G)| <
[V|+1.

Proof. We proceed by induction on |V|. If |[V| = 0, there are no edges, so no constraints,
and only one assignment, the vacuous one. Hence |Cryp(G)| =1 =|V]|+ 1.

Now, suppose the induction hypothesis holds for |V| < k. Now let |V| =k + 1 and let
v € V. The vertex v is connected to every element of V\{v}. Let £ < k be the number
of edges that are 0 on v. Hence, given an assignment ¢ to G, if ¢(v) = 0, there are ¢
vertices vy, ..., v, whose value of ¢ is fixed; and if ¢(v) = 1, the value on the remaining
k — ¢ vertices vpy1, ..., v is fixed. As such,

|Crvr(G)| = [{¢ € Crvr(G)|o(v) = 0} + [{¢ € Crvr(G)|o(v) = 1}]
< ‘CTVF<G\{U, U,y - ,Ug})| -+ |CTVF(G\{U, Vg1, - - ,Uk})’
<(k—AL+1)+U+1)=k+2=|V|+1,
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by induction hypothesis. O

Definition 4.4.13. Let C C ZY be a constraint. The tableau form of C with respect to
orderings V- = {vy,..., v} and C ={¢1,...,¢n} is the matriz

¢1(v1) Pr(v2) -+ dilvk)
Pa(v1) @alva) -+ P2(vk)

bu(1) Gulve) - Gulvn)

We say C' has a tableauw form M if M s the tableau form for some ordering of the variables
and satisfying assignment.

We say that M is upper triangular if it is upper triangular as a matriz.

Lemma 4.4.14. Let G = (V, E) be a directed complete graph with no multiple edges or
loops, i.e. for all x,y € V distinct, either (z,y) € E or (y,x) € E, but not both. Suppose
that every vertex of G has an incoming edge, and |V| > 3. Then G has a cycle.

Proof. We proceed by induction on |V|. For the base case, we have |V| = 3. If there is a
vertex € V with two incoming edges (y,x), (z,2) € E. Then, there is an edge between
y and z, which we may assume without loss of generality is (y,z) € E. Then, y has no
incoming edges, which contradicts the hypothesis. As such, every vertex has must have
one incoming edge and one outgoing edge. So G is a directed 3-cycle, and thus contains a
cycle.

Now let |V| > 3. If every vertex of G has both an incoming and an outgoing edge,
then it has a subgraph that is a cycle. Otherwise, there exists a vertex with only incoming
edges. Consider the subgraph H of G with that vertex removed. Then, every vertex of H
has at least one incoming edge and H has |V| — 1 vertices. By induction hypothesis, H
has a cycle, and therefore so does G. O

Proposition 4.4.15. Let G be an incompressible complete TVF graph with no 00 or 11
edges. Then the constraint Cpyp(G) has a tableau form

111 - 11
011 -+ 11
001 -+ 11
00 0 11
000 -- 01
000 - 0 0]
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As a consequence, for any TVF constraint C' C ZY whose TVF graph has no 00 or 11
edges, there is a tableau form of C' that is a subset of the rows of the above matrix.

Proof. We construct an ordering on V' and C = Cryp(G) recursively. We say that
Grvr(C) = G = (V, Ey) has a directed edge from x to y if (y,z) € FEg. Then, note
that there must always be a vertex v; € V such that all the edges incident to v; must be
pointing outwards. Otherwise, every vertex has at least one edge pointing inwards. Then,
due to Lemma 4.4.14, we know that G has a cycle, and due to Lemma 4.4.5, this cycle is a
compressible subgraph. Then, G is compressible, a contradiction. As such, for each v # vy,
(v1,v) € Ep;. Consider the assignment ¢; to G such that ¢1(vy) = 1, then ¢ (v) = 1 for all
v € V. As ¢ is an assignment to G, it is in C' by definition. For every other ¢ € C, we have
¢(v1) = 0. Now, we can continue this recursively with the subgraph of G constructed by
removing vertex vy. Suppose we have vy, ..., v, and some ¢y, ..., ¢ such that ¢;(v;) =0
for i < j and ¢;(v) =1 for all other v € V, and for all other ¢ € C, ¢(v;) = 0. Then, take
Gy = G\{v1,...,v}. As above, there must be a vertex vy, with only outgoing edges. By
maximality of C there exists a unique ¢y, 1 € C' with ¢p1(ver1) = 1 and ¢gi1(v;) = 0 for
i < k+1, and we must have ¢p1(v) = 1 for all v ¢ {vy,...,vr}. We have that ¢(vg1) =0
for all ¢ € C\{¢1,...,dr+1}. Hence, we can continue recursively until we have exhausted
all the elements of V.

At the end, we have orderings v1, ..., vy and ¢, ..., ¢y such that ¢;(v;) =1ifi > j
and 0 otherwise. We can then construct the assignment ¢y 41(v) = 0. This brings the
number of elements of C' to |V|+ 1, the maximum possible by Lemma 4.4.12, finishing the
proof. O

Corollary 4.4.16. Let ' be a set of boolean TVF constraints. If CSP(I'); 1 is NP-complete,
then there exists at least one C' € I'comp whose TVE graph has a 00 or 11 edge.

Proof. Suppose otherwise that every edge of the TVF graph of every C € T'¢omp is a 01
edge. Then, the TVF completion of C' has a tableau form as given in Proposition 4.4.15.
Such constraints satisfy the majority polymorphism. In fact, if ¢ > j > k with ¢;, ¢;, ¢ €
C, MAJ(¢;, ¢;, o) = ¢; € C. Therefore, by Lemma 4.4.9, every constraint in I' must
also satisfy the majority polymorphism. Hence, CSP(I") is in P by Schaefer’s dichotomy
theorem. By contrapositive, we get the desired result. O]

Lemma 4.4.17. Suppose that G = (V, Ego U Ey1 U Eyy) is an incompressible complete TVFE
graph. If G has no 00 edges, then Cryrp(G) has an upper triangular tableau form.

Proof. The proof follows the structure of Proposition 4.4.15; that is, we recursively con-
struct an order on the variables and the constraints of C' = Cryp(G) to get the wanted
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form. For the base case, we first show that there is a vertex v; € V such that every edge of
G incident to vy is 1 on it. Suppose otherwise that for every vertex of v, there is a 01 edge
that is 0 on v. Start with an arbitrary vertex v and follow one of the 01 edges which is 0 on
v to the next vertex. Then repeat this procedure. Because the graph is finite, eventually
we visit a vertex twice. But this induces a cycle satisfying the conditions of Lemma 4.4.5,
so G is compressible, a contradiction. Looking at the subgraph on the vertex set V\{v; }
we can apply the same reasoning to find a vertex v,. Then, continuing recursively, we find
vertices vy, ..., vy such that the (unique) edge from v; to v; is 1 on v; iff ¢ < j. Thus, for
any assignment ¢ € C, if ¢(v;) = 1, then the value ¢(v;) is fixed for all j > i. As such,
for each i, there is exactly one ¢; € C such that ¢;(vy) = 0 for all £ < i, and ¢;(v;) = 1.
Finally, the zero assignment ¢y 41(v) = 0 gives the remaining element of C. O

Definition 4.4.18. Letr : V — W UX. Given a map ¢ € £V, the augmented compo-
sition of ¢ withr is por € XV defined as

r(v) r(v) €8

(por)(v) = {

The augmented pushforward of a constraint C C ¥V byr isr,C = {gb € ZW}gb or e C’}.
We say that C' simulates a constraint C' C XV if there exists W' DO W andr : V. — W/'UX
such that C" = r.Clw.

Letr : V. — W U-W UZy. Given a map ¢ € ZY, the augmented composition
(with negation) of ¢ with r is por € ZY defined as

o(r(v)) r(v) eW
(por)(v) =4 -d(w) r(v)=-we-W.
r(v)  r(v) € Zy
The augmented pushforward (with negation) of a constraint C € ZY by r is r.C =

{p € ZY|pore C}. We say that C simulates C' C ZY with negation if there exists
W' DOW andr:V — W' U-W'UZs such that C' = r.Cly .

Proposition 4.4.19. Suppose that C C ZY is a TVF constraint that does not satisfy the
magority polymorphism and whose TVF graph does not have a 00 edge. Then, C' either
simulates {(1,0,0),(0,1,0),(0,0,1)} or {(1,0,1),(0,1,1),(0,0,0)}.

Proof. By Lemma 4.4.17, the TVF completion of C' has an upper triangular tableau form,
induced by orderings V' = {vi,..., vy} and Crvp(Grvr(C)) = {é1,..., ¢4} Let
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I C [|[V] + 1] be the set of indices of elements of Cryr(Gryr(C)) that are in C. By
construction of the upper triangular tableau, for all rows i, j,k € [|V] + 1] there exists
rije € [|V| + 1] such that MAJ(¢i, ¢, or) = ¢r,,,- By hypothesis, there exist three rows
i < j < kin I such that r;, ¢ I. First, we know that for all I < j, ¢;(v;) = ¢x(v;) = 0,
so MAJ(¢;, ¢j, ¢)(v;) = 0. We know that ¢,(v;) = 1 and ¢x(v;) = 0. We claim that
¢i(v;) = 0 as well. In fact, if ¢;(v;) = 1, then by construction we know that ¢;(v;) = ¢;(v;)
for all [ > j. Hence, the majority MAJ(¢;, ¢;, ¢x) = ¢;, a contradiction.

Now consider two cases. Suppose first that there is some j < h < k such that ¢;(vy) =
¢;(vp) = 1. We can also suppose that h is the smallest index satisfying this property.
Then, we know that ¢;(v;) = ¢;(v;) for [ > h. As such, r;jx = h, so h ¢ I. Now, define a
map r: V — {x,y, 2,2’} UZ, as follows:

(

Gi(vr) if ¢i(vr) = @j(v) = ¢ (v
x if ¢i(v) =1 and ¢;(v;) = ¢(v)) =0
r(v) =qy if ¢j(v) =1 and ¢;(vi) = dx(vi) =0
4 if ¢r(vr) =1 and ¢;(vi) = ¢;(vi) =0
& if ¢i(v) = ¢;(v) =1 and ¢y (v) =0

Note that no other cases are possible as ¢;(v;) = ¢;(v;) for all [ > h, while ¢5(v;) = 0 for

all I < h. Let ¢ € Zy’y’z’z/} be such that ¢ = ¢por € C. Since ¥(v;) = 0 for all | < i,
Y = ¢ for some t > i. First, we claim that if ¢(z) = 1, then ¢(y) = 0 and ¢(z) = 1. Since
if ¢(x) = 1, then ¢(v;) = 1, so ¢ = ¢;. As such, ¥(v;) = 0 and ¢(v) = 1 as wanted.
Next, suppose that ¢(x) = 0. Then, if ¢(y) = 1, we have that ¢(v;) = 1 and ¢(v;) =0
for all [ < j. Assuch, ¢ = ¢; and ¢ (v;,) = 1, giving that ¢(z) = 1. On the other hand, if
o(x) = ¢(y) = 0 and ¢(z) = 1 we would have that ¢(vy) = 1 and ¢(v;) = 0 for all [ < h.
This does not correspond to any ¢, for t € I and therefore we must have ¢(z) = 0. Hence,
restricting to the variables {x,y, z}, we find that C' simulates {(1,0,1),(0,1,1),(0,0,0)}.

Now, suppose that ¢;(v;) and ¢;(v;) are not both 1 for all j < { < k. Note that we
must have ¢;(vy) = ¢;(vx) = 0, as otherwise MAJ(¢;, ¢;, dr) = ¢p. Let h be the minimal
such that two of ¢;(v;), ¢;(v;), ¢r(v;) are equal to 1. Then, r;;, = h and h ¢ I. Now, define
r:V —=A{z,y,z2, 7} UZy as follows:

(

Gi(v) if @ivr) = ¢ (v1) = dr (v
x if ¢;(vi) =1 and ¢;(vi) = gx(v) =0
r(u) =4y if ¢;(v) =1 and ¢;(v) = ¢r(v) =0
z if ¢r(v;) =1 and ¢;(v;) = ¢;(v) =0
z' if only two of ¢;(v;), ¢;(v;) and ¢y (v;) are equal to 1
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Let ¢ € Zgw’y’z’z/} be such that 1) = ¢or € C. We claim that at most one of ¢(z), d(y), ¢(2)
can be 1. If ¢(x) = 1, then ¢ = ¢;, so ¢(y) = ¢(z) = 0. Next, if ¢(y) = 1 we must have
¢(x) = 0 to not contradict the above, and therefore ¢ = ¢; so ¢(z) = 0. Finally, if
¢(z) = 1, we have by the above that ¢(x) = ¢(y) = 0. To complete the argument con-
sider two cases. Suppose that there is no ¢ € r.C such that ¢(z) = ¢(y) = ¢(z) = 0.
Then, via r, C' simulates 7.C|(,,.3 = {(1,0,0),(0,1,0),(0,0,1)}. For the second case,
suppose that there is such an element ¢ € r,C. For this element, note that if ¢(z') = 1,
Y = ¢p. As h ¢ I, this implies that we must have ¢(z’) = 0. Therefore, we have
that r,C is one of the following constraints: {(1,0,0,0),(0,1,0,1),(0,0,1,1),(0,0,0,0)},
{(1,0,0,1),(0,1,0,0), (0,0,1,1), (0,0,0,0)}, {(1,0,0,1), (0, 1,0, 1), (0,0, 1,0), (0,0,0,0)}. Take
s:A{x,y,z,2 Y UZy — {x,y,2} UZy, where s(a) = a for a € Zy and s(z’) = z. In the first
case, s(x) =0, s(y) = z, s(z) = y; in the second case s(x) = z, s(y) = 0, s(z) = y; and
in the third case, s(z) = z, s(y) =y, s(z) = 0. In all three cases, via s or, C' simulates
{(1,0,1),(0,1,1), (0,0,0)}. O

Definition 4.4.20. Let ¢ € ZY and U C V. The negation of ¢ at U is the map ¢_y € Zy

defined as
) ev) velU
b-ulv) = {gb(v) otherwise.

The megation of a constraint C C ZY at U is the constraint C_y = {¢-y|d € C}.

Lemma 4.4.21. Let G = (V, Ey U E11 U Egy) be an incompressible complete TVF graph.
There exists U C'V such that Cryr(G)-y has an upper triangular tableau form.

Proof. The proof again follows the structure of Proposition 4.4.15; that is, we recursively
construct an order on the variables and the constraints of C' = C7yp(G) to get the wanted
form. Here, we also construct the subset U C V' at the same time. For the base case, we
first show that there is a vertex v; € V such that all edges of G incident to v, are 0 on v
or 1 on v. Suppose otherwise that for every vertex v of GG, there is an edge that is 0 on
v and an edge that is 1 on v. Start with an arbitrary vertex u; and follow any edge to
the next vertex us. This edge is b on us for some b € Zs,, so we can pick an edge that is
—b on us, connecting to the next vertex us. Then we repeat this procedure. Because the
graph is finite, eventually we visit a vertex twice. But this induces a cycle satisfying the
conditions of Lemma 4.4.5, so G is compressible, a contradiction. If every edge incident
to vy is 0 on vy, we pass to the negated constraint C-y,y, so that now the edges are 1 on
v1. Looking at the subgraph on the vertex set V\{v;} we can apply the same reasoning
to find a vertex vy. Then, continuing recursively, we find vertices vy, ..., vy such that the
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edge from v; to v; in the TVF graph of C_y is 1 on v; if ¢ < j. Thus, for any assignment
¢ € Cy, if ¢(v;) = 1, then ¢(v;) can only take one value for all j > i. As such, for each
i, there is exactly one ¢; € C_yy such that ¢;(vg) = 0 for all k < i and ¢;(v;) = 1. Finally,
the zero assignment ¢y|41(v) = 0 gives the remaining element of C-y. O

Proposition 4.4.22. Suppose that C C ZY is a TVF constraint that does not satisfy the
magority polymorphism. Then, C' simulates {(1,0,0),(0,1,0),(0,0,1)} with negation.

Proof. Let U C V be such that the TVF completion of C_; has an upper triangular tableau
form induced by orderings V' = {v1,..., vy} and Crvp(Grvr(C))-v = {¢1,. .., Ovi+1},
guaranteed by Lemma 4.4.21. Let I C [|V| 4 1] be the set of indices of elements of
Crvr(Gryr(C))-y that are in C_y;. By construction, we know that for all 4, j, k € [|[V]|+1],
there exists 7, such that MAJ(ey, ¢j, ¢r) = ¢r,,- Since C does not satisfy the majority
polymorphism, neither does Cy;, and hence there exist ¢ < j < k in I such that r;;, ¢ I.
Define r : V' — {z,y, z, ~x, ~y, 7z} U Zy as follows:

p

¢i(vr)  if ¢i(v) = ¢j(v) = ¢i(v) and v ¢ U
=¢;(v) if ¢;(v) = ¢j(v) = Px(vy) and v, € U
T if (¢i(vi) = 1, ¢5(v1) = dp(vi) = 0,0 ¢ U)
or (¢s(v) = 0,¢;(v) = de(vy) = 1,v, € U)
R if (¢s(v1) =0, ¢j(v) = dw(vy) = 1,v ¢ U)
or (¢;(v) = 1, ¢;(ur) = dr(vr) = 0,v, € V)
y if (¢;(v) =1, x(vi) = ¢i(vi) = 0,0, ¢ U)
or (¢;(v) = 0, ¢p(v) = ¢i(v) = 1, v, € U)
Y if (¢(v1) = 0, dp(vr) = ¢s(v1) = 1, v ¢ U)
or (¢;j(v) =1, gp(vy) = ¢i(v) = 0,0, € U)
z if (¢r(vr) =1, di(vr) = ¢j(v1) = 0,0, ¢ U)
or (¢r(v) =0,0:(v) = ¢;(v) = 1,0, € U)
-z if (o(v1) = 0,0i(v) = ¢;(v) =1,u, ¢ U)
\ or (¢r(v) =1, ¢i(v) = ¢j(v) = 0,0, € U)
First, let ¢ = (0,0,0) € Z"** We claim that ¢ ¢ r,C. Let 1 = ¢ or. Then, for
v ¢ U, Y(u) =1 if two of ¢;(vr), ¢j(wr), ¢ (v;) are 1; and for v; € U, ¢(v;) = 1 if two of

¢i(vr), ¢j(vi), pr(vr) are 0. Hence, Yy = ¢, and thus ¢ ¢ C. So (0,0,0) ¢ r.C. Now
suppose that ¢ € r.C with ¢(x) = 1. We claim that ¢(y) = ¢(z) = 0. Since ¢(x) = 1,

r(v) =
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¢ or = ¢;. Since r;;;, # j, we know that ¢;(v;) = 0 so ¢(y) = 0. If there exists j < h < k
such that ¢;(vy) = ¢;(vy) = 1, then =¢(2) = 1 so ¢(z) = 0. Otherwise, we know that
rijk # k, s0 ¢;(vr) = ¢j(v;) = 0, giving ¢(z) = 0 as well. Next, suppose ¢(y) = 1. By
the above, we must have ¢(z) = 0. Then, we have that ¢ o = ¢;, so by the same two-
case argument as above ¢(z) = 0. Finally, note that it is possible to have ¢(z) = 1 and
o(z) = ¢(y) =0, as por = ¢y, in that case. By the above, this is the only possible ¢ € r.C
with ¢(z) = 1. As such, we have that r.C' = {(1,0,0),(0,1,0),(0,0,1)}, as wanted. ]

4.4.3 The general commutativity gadget

In this section, we show that the simplification and simulation arguments of the previous
section are quantum-sound, and use this to construct a general commutativity gadget
modelled on that of Lemma 4.4.1.

First, we want to show the constraints in the maximal compression can be expressed in
terms of the original set of constraints, in a quantum-sound way. Then, we can work only
with the maximal compression to construct gadgets.

Lemma 4.4.23. Let I" be a set of constraints and let I . be its maximal compression. For
each CS S = (X, {(Vi,1:,C;)",) € CSP(I'yax) and probability distribution m on [m], there
exists a CS S" = (X', {(V/,rl,C))™,) € CSP(I") such that there exists a L-homomorphism

a: Ay (S,m) = Ay (S, ), where L = maxy,cyer |V

Proof. By definition of I'y,.y, for each C;, there exists a C! € I' such that C |Vcl- = ;. Then,
let X' = XU {xw‘v € VCQ\VOZ-}, let V! = VU {xm v E VC{\VCZ-}’ and let T“Vci = r; and for
v € Ver\Ve,, ri(v) = @;,. Now, define a on A(V;, 7:.C) via a(Pvi6) = D yerr crypy =6 Pviw

Tk T
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and as identity on CZ4X. Then,

> [Pro(l = o (0'(2))[*)

i=1 ' z€V;,0€r;,C;

" 7T(Z) 2
=2 v Yo [Pyl g (o'(2)))]

=1 v zeV;,0€r; . C;

Yer, O, Ylv, =

ST Bure(l = Ty (o' (@)

zeV;,per: C!

Tk T

: L; WXEZ)I Do Pl =Ty (' (@)

i eV ger],C)

=1

]

Next, we show that if a constraint can be simulated, it can also be done in a quantum-
sound way, assuming that there are constraints that set variables to constants. Similarly,
we also show that using a negation constraint, any negation of a constraint can be simulated
in a quantum-sound way.

Lemma 4.4.24. Suppose that C C ZY simulates C' C ZY wviar:V — W'UZy. Consider
the BCS S = (W' U {zo, 21}, {(V;,Ci)}2,), where Vi = W' U {zg, 21}, C1 = s.C with
s(v) =r(v) forr(v) € W and s(v) = x,@) forr(v) € W', Vo = {xo}, Co = {0}, V5 = {a1},
and Cy = {1}. There exists a 24(|W’| + 2)-homomorphism o : A._,(W,{(W,C")}), 1) —
A, (S, u3).

Proof. Let a be the natural embedding A._,(W, {(W,C")})) — A.—,(5). First, note that
as C' = r,.Clw, P,y = ZwEr*C,w|w:¢ @y . Therefore,

ST Bws(l - My (@@ < Y [Pl — Mgy (@ (2)]

zeW,peC’ zeW,per,C

Next, note that any ¢ € r,C' admits an extension to ¢’ € s,C by setting ¢'(z9) = 0,
¢ (x1) = 1, and ¢'|wr = ¢. Then, Py, » = Py ollo(01(20))I1(01(21)). Noticing that
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o(0o2(20)) = 1, we get
|To(o(0)) — 1> < 2 Mo (o1(0)) — HO(O'/(fL' )+ 2|o(0” (z0)) — 1I
S 22 |1 (01(20)) (1 — Ty (0" (20)))[* + 2 |To(02(0)) (1 — o (0" (0))) |

—2 Z | Dy, (1 — Mgag) (0 (o)) + 2 > Pl - My (o' ()]

peCq zE€Va,peCl

In the same way,

2 2
(o1 (21)) = 17 S2 ) |Pvio(1 = Mgy (@' (@) 42 Y [ Du o1 = My (o ()]
peCq z€V3,0€C3

Putting these together,
(o (20)) i (o1 (1)) — 1> < 2 Mg (01 ()1 (01 (1)) — (o (20))[* + 2 (Mo (o1 (20)) — 1|
< 2[My(oy (1)) — 1) + 2 o (o1 (o)) — 1)

SAYT DT (@1 — Ty (o' (@)

=1 ¢EC¢
T=x0,T1

As such, we get the result

ST Bws(l -y (@@ < Y | Pwrg(l — Mg (o (2)]]

ceW,$eC’ ceW,per.C
2
< D (@ — Pwr([o(01(20)) T (01(21)) = 1)(1 = Ty (0 (2)))]
zeW,per,C

S 2 Z Dy o (1 = Ty (0 ‘ + 2|W | [To(0 (o)) Iy (01 (1)) — 12
zeW,per.C

S22 [@ue(l - Moo’ @)] +8|W|Z N @1~ Ty (o' (@)
zeW’,¢eCy i=1  ¢eC;

T=T0,T1,

<SBWIY Y o [Du(l =y (0'(2))|”

i=1 zeV;,peC;

3

1 2

SEWIVID 2. |Pwiel (@' @)
i=1 " zeVv;,eC;
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Lemma 4.4.25. Let C C ZY be a constraint and U C 'V, and suppose V is ordered as
V =A{vi,...,uv}. Let I = {ilv; € U} Consider the constraint system

S = ({vr,wn,. .. s UV w\v\}a {(vi, Cz)}‘z‘jo)

where Vo =V, Cy = C, and V; = {v;,w;} and C; = Cy for i > 0. There exists a
4(|V| + 1)-homomorphism o : Ac— (V, {(V,C-v)}), 1) = Ay (S, 0y 41).

Proof. Define v on A(V,C) as a(v;) = o¢(v;) if i ¢ I and a(v;)) = —oo(v;) if i € I; let
alo’(v;)) =0o'(v;) if i ¢ I and (o’ (v;)) = o' (w;) if ¢ € I. First, we get that

o D [Pvell = Ty (/@)

zeV,peC_y

= Y By (=T (@ @)D"+ D [Brpny (1= My (0 ()]

iel,peCy i¢gl,peCy
2 2
= D [Pro(l+ Ty (' w)) + D [Prio(l = Ty (07 (1))
icl,peC i¢I,peC

Next, in A._,(S), we have that for i > 0, o;(v;) = —0;(w;), so
|0/ (03) + o' (W) [ < 4|oi(v) — o' (0)|* + 4oy (w;) — o (wy) [
2
<16 Y [@u(l — Ty (o' (@)

z€V;,0eC;

Putting these together,

S Prpo(l+ Ty (0 (wi)]?

iel,peC
1
<2 3 (190t = Moo + § [0v0(o’(u) + (0T
iel,peC
<2 30 [Pus(l =Moo (@@ +43 3 [rs(l = Ty (o' (@)
iel,peC i€l xeV;,peC;

]

Now, in order to construct the constant and negation constraints, we appeal to the
structure of TVF graphs of incompressible constraints.
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Lemma 4.4.26. Let C C ZY be an incompressible TVF constraint whose TVF graph has a
11 edge between vertices u,v € V. Letr: V — V\{v} be defined r(v) = u and r(w) = w for
all w # v. Then, there is a (|V| — 1)-homomorphism « : A._,(({z}, {({z},{0})}),n;) —

Aco({V\ {0}, {(V\ {0}, 7.C)}), ).

Proof. Noting that o1(x) = 1, define a by a(o’(z)) = o’(u). Then, we have that

o 1= (@) ) = 11 = oo (w)) .
On the other hand, noting that ¢ € r.C implies that ¢(u) # 1,

2 2
> vy (1= ) (0" @) = D v o0l = Ty (0 ()|
weV\{v},per.C perC

= [1 = To(o’ (w))[*,
giving the wanted result. O]

Lemma 4.4.27. Let C C ZY andr be as in the previous lemma, and let C' C ZY be an in-
compressible nonempty constraint that does not contain the all-0 assignment. In particular,
there exists Wo C W and ¢o € C" such that ¢po(w) = 0 if w € Wy and ¢o(w) = 1 other-
wise. Consider the constraint system S = (V\{v} U {u'}, {(V\{v},r.C), {u,u'},s.C")})
where s(w) = u if w € Wy and s(w) = u' otherwise. Then, there exists a 8(|V| — 1)-

homomorphism o : Ac—({y}, {({y}. {1})}),m1) = Ac—u (S, u2).

Proof. As in the previous lemma, o1(y) = —1, so we define a by a(o’(y)) = o'(u'), giving
that a< - Hl(a'(y))|2) — |1 — L (o' (') |>. As before, we have

ST el — My (0" (w)))]* = |1 = (o (w))[*.

weV\{v}
perC

Next, note that ®, .y,00,0) = 0 by hypothesis so Iy (o2(u)) > IIy(o2(u)). Then,
1= IL(o' ()] < 2[1 = (o (w))]” + 2 [ (o)) — (o’ ()]
<21~ o(oa()* + 5 louler) — o’ (u')*
< 4[1 = To(o" (W) " + oo (w) — o’ (w)[* + |oa(u') — o' ()

2
<4 > B que(l = (o' (w))]
weV\{v},6€r.C

+4 Z | @y (1 = Tgga) (Ul(w)))‘2 : O

we{uvu/}a¢es* ¢’

79



Lemma 4.4.28. Let C' C Z;f and C" C Z;// be incompressible T'VF constraints whose TVF
graphs have a 00 edge between u,v € C' and a 11 edge between u',v" € C', respectively. Con-
sider the constraint systems S = ({z,y}, {({z,y}, Cx)}) and 8" = (X, {(V1,C), (Va,.C")}),
where X = VUV\{u' v}, Vi =V, Vo = V\{u, v} U{u,v}, andr : V' — V4 is a bijection
such that ro(v') = uw and ro(v') = v. Then, there exists a 4max{|V|, |V’|}-homomorphism

a Ac—v(sv Ul) — Ac—v(slam2)~

Proof. Define a as a(o’(z)) = a(oi(x)) = —a(o1(y)) = o'(u) and a(o’(y)) = o'(v). Then,
a(Pzp1,001)) = oo’ (v)) and a(Prayy,1,0) = Hi(o’(u)), so

o Y [Pl =T @@ = Moo’ @)To(o" () + Mo’ (w)) T (" (0)
z€{z,y},¢€Cx

We have that Io(oq(uw))g(o1(v)) = i (09(u))I (02(v)) = 0, so

o (0" (w)Ho(o" ()| = |Ho(on (w)) Mo (o (v)) — Lo (o (w))Ho(o” (v))|”
< 2|Mp(o1(w)) — Lo(o” ())I” + 2 [Ho(01(v)) — o (o’ (v))]"

2
<2 3 Bl — Ty (o' ()]
we{u,v},peC

<2 D [Bye(l = Ty ()]
weVy,peC

- 2
By a similar argument, |II;(c’(u))II;(c"(v))]* < 2) wevysco | Pyy,6(1 — gy (07 (w)))]
giving the wanted result. [

Now, we show that at least one of the constraints necessary to construct a version of
the basic commutativity gadget can be simulated.

Theorem 4.4.29. Let I be a set of boolean TVF constraints such that CSP(I');, is NP-
complete. Then, there exists a CS S = (X, {(Vi,7:,Cy)},) € CSP(I") and a poly(L)-
homomorphism

o .Acfv(so,ml) — Acfv(S> Mm)a

where L = maxw,cyer |V| and Sy = ({z,v, 2}, {({z,y, 2},7.C)}) for C being one of
{(1,0,0),(0,1,0),(0,0,1)}, {(1,0,1),(0,1,1),(0,0,0)}, {(1,1,1),(0,0,1),(0,1,0)},
{(0,1,1),(1,0,1),(1,1,0)}, and r : [3] = {z,y, 2z} a bijection.
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Proof. Since CSP(I');; is NP-complete, we know that CSP(I'yax)11 is NP-complete by
Lemma 4.4.9. In particular, by Schaefer’s dichotomy theorem, we know that there exist
C1,Cy € CSP(I'pax) such that C; does not satisfy the majority polymorphism, and Cy
does not satisfy the constant 0 polymorphism (0 ¢ Cy and Cy # @). Further, by Corol-
lary 4.4.16, there exists an incompressible C3 € I'j,,x such that the TVF graph of ('3 has
a 00 or a 11 edge. Suppose we are in the second case. Suppose also that no constraint
in I'yax has a TVFE graph with a 00 edge. Then, we know by Proposition 4.4.19 that
C} simulates either {(1,0,0), (0,1,0),(0,0,1)} or {(1,0,1),(0,1,1),(0,0,0)}. Let this be
C'. First, using Lemma 4.4.24, there is a constraint system S; € CSP(Cy,{0},{1}) and
a poly(L)-homomorphism ay : A.—,(Sy) = Ac—y(51), where uniform probability distribu-
tions on the constraints are implied. Now, using Lemma 4.4.26 and Lemma 4.4.27, we
can express the constraints {0} and {1}, respectively, with constraint systems in terms
of Cy and C3. This induces a poly(L)-homomorphism as : A, ,(S;) — A, _(S2) where
Sy € CSP(C, Cy, C3) € CSP(T'ax)- To finish, note that using Lemma 4.4.23, we can con-
struct a CS S € CSP(T") and a poly(L)-homomorphism ag : A._,(S2) = A._,(S). Taking
« = Q3 0 (3 o (v finishes the proof in this case.

In the case that there are no 11 edges in the constraints of I'},.,, we can do an identical
argument with the labels 0 and 1 reversed. Then, we have that C' may be taken to be
{(1,1,1),(0,0,1),(0,1,0)} or {(0,1,1),(1,0,1),(1,1,0)}, the negation of the possible C's

from the previous case.

Now, suppose that there are incompressible constraints C5,Cy € I',.x such that the
TVF graph of C'; has a 11 edge and the TVF graph of C; has a 00 edge. Take C' =
{(1,0,0),(0,1,0),(0,0,1)}. Then, by Proposition 4.4.22, C} simulates C' with negation.
In particular, there exists U C V{, such that (Cy)-y simulates C. As before, using
Lemma 4.4.24, Lemma 4.4.26, and Lemma 4.4.27, there is a constraint system S; €
CSP((CY)-v, Cy, C3) and a poly(L)-homomorphism a; : A._,(Ss) — A._(S1). Now, using
Lemma 4.4.25, there exists a CS Sy € CSP(C, C, Oy, C3) and a poly(L)-homomorphism
as @ Aey(S1) = A.(S2). Next, by applying Lemma 4.4.28, we see there exists a CS
S3 € CSP(C4,Cy,C5,Cy) € CSP(T'hax) and a poly(L)-homomorphism asz : A, ,(S2) —
A._,(S3). Finally, as before, we use Lemma 4.4.23, to construct a CS S € CSP(I") and a
poly(L)-homomorphism ay : A.—,(53) = A.—(S5), and take o = a4 0 a3 0 avg 0 g, finishing
the proof. O

To finish this section, we construct the commutativity gadget.

Corollary 4.4.30. Let I' be a set of Boolean TVF constraints such that CSP(I'); 1 is NP-
complete. Then, there exists a BCS S = (X,{(Vi,r:.C;)}™,) € CSP(I') and variables
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x,y € X such that S is satisfiable for any assignments to x,y in Zs and

ST |Pre(1 = Ty (')

¢€C z€V;

/) o WIF < poly(2) S

in Acy(S), where L = maxy,cyer V.

Proof. We begin with the the BCS from Lemma 4.4.1, B = { X, {(V;,r;,C)}2_,}, where C'is
one of {(1,0,0),(0,1,0),(0,0,1)}, {(1,0,1),(0,1,1),(0,0,0)}, {(1,1,1),(0,0,1),(0,1,0)},
{(0,1,1),(1,0,1),(1,1,0)}. Now, we can apply the poly(L)-homomorphism « from Theo-
rem 4.4.29 to each of the constraints in B to get S € CSP(I"). Letting zg,yo € X be the
approximately-commuting variables in B, we take ¢’(x) = a(0'(x)) and o’(y) = a(o’(yo))
to get the wanted result. O]

Theorem 4.4.31 (Part 2 of Theorem 4.2.4). Let I" be a set of boolean TVF constraints such
that CSP(I')1,1 is NP-complete. Then, there exists s € [0,1) such that SuccinctCSP._,(I')7 |
1s RE-complete.

Proof. Noting that the set of constraints 'U{Z2} is non-TVF and NP-complete, we have by
Theorem 4.3.3 that SuccinctCSP._,(I' U {Z3}); , is RE-complete for some s < 1. To com-
plete the proof, note that we can use Corollary 4.4.30 to replace any instance of an empty
constraint Z3 by a gadget composed of the constraints in I" while preserving completeness
and constant soundness. O

4.4.4 Oracularizability of boolean TVF CSPs

Lemma 4.4.32. Suppose S = (X,{(Vi,C;)}™,) is a TVF BCS. The identity map is a

(16 L* + 1)-homomorphism Ay comm(S, ™) — Aa(S, 7), where L = max; |Vj|.

Proof. By the TVF property, for every constraint ¢« and pair of variables x,y € V;, there
exist a,b € Zy such that ¢ ¢ C; if ¢(z) = a and ¢(y) = b. Then,

[T (), T (y)] |7 < 4[[TTa ()T, (y )II2 =4T(H (@)1 (y))
— 4 Z

BELY s.t. ECi
p(x)=a, dp(y)=b

,7_.
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Since II_,(z) = 1 — II,(z), and similarly for y, this upper bound holds for all a,b € Z,.
Then, we get that

> (arr) + teomma ()rr = 376 (3o 10vesl2 4+ 3 [Mae), To(w)])2)
reAq(S) =1 ¢ C; x,lg)/eez\;/l
a, 2
< SR+ 16VE) Y l10v, o2
i=1 o¢C;
< (141623 3 7(6) D 1y o2 a
i=1 o¢C;

Theorem 4.4.33 (Part 1 of Corollary 4.2.6). Let I be a set of boolean TVF constraints such
that CSP(T')1,1 is NP-complete. Then, there exists s € [0,1) such that SuccinctCSP,(I')7 |
1s RE-complete.

Proof. Due to Lemmas 3.3.7 and 4.4.32, there is a mapping A._,(S,7) = A,(S, 7) for all
S € CSP(I') that preserves the constant soundness; and due to Lemmas 3.3.6 and 3.3.8
there is a C-homomorphism in the other direction, preserving completeness. Hence, the
result follows from Theorem 4.4.31. O

4.5 Hardness of 2-CSPs

4.5.1 The case of 3-colouring

In this section, we show the RE-completeness of 3-colouring in the assignment and constraint-
variable settings. Our arguments are exactly those of [37], but adapted to the context of
imperfect completeness, where we can phrase them in the language of weighted algebras.

First, we show the oracularizability of 3-colouring, and use this to construct a mapping
from the assignment algebra to the constraint-variable algebra for 3-colouring instances.

Lemma 4.5.1. Let A be a x-algebra. Let x,y € A be order-3 unitaries. Then, for any
a,b S Z%,

M), My(y)]* S 16 Y [e()Ie(y) ]

cEZ3
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This can be seen as a robust version of Lemma 2 from [37].

Proof. If a = b, then |[I,(z), I,(y)]|> < 4 |1L,(2)IL,(y)|?, giving the result. Else, without
loss of generality, suppose a = 0 and b = 1, and write x; = I1;(z) and y; = II;(y). We have
that

[70, y1] = Zoyr — 170 = (Yo + Y1 + Y2)Toyr — y170(Yo + Y1 + Yo)
= YoToY1 — Y1ZToYo + Y2ToY1 — Y1ToY2
= YoZoy1 — Y17oYo + Y2(1 — 11 — T2)y1 — y1(1 — 11 — 22)Y>
= YoToY1 — Y1ZToYo — Y2Z1Y1 + Y1T1Y2 — Y2Z2Y1 + Y1T2Y2.

Thus, by triangle inequality,

|20, v1]]” < 8(|yoom|” + [yrzoyol” + [yam1vi|” + |y1@1e]? + [yozapn|® + [yamaysl’)
S 16(|=’750.7J0|2 + |z + |$292|2)' U

Lemma 4.5.2. Suppose S = (X, {(V}, i, #z5)}) is a 3-colouring instance. Then, the
identity map on Aq(S) is a 145-homomorphism Auycomm(S, m) = A (S, 7).

Proof. Using lemma 4.5.1, we get that

Y Heomma(r) =)0 Y w0 [a(e), ()] = Y w(i) Y |[Ma(w:), Moys)]*

reAq(S) 236622 . yieV 7erl a,beZs
S 1442” (4) Z ’HC(xi)HC<yi)|2
3 cEZs3
= 144 Z Ha I[*
reAq(S)
Therefore, we see that Z%Aa(s)(uam(r) + Licommx(T)) |r| < 145 ZTGAG ) Hax \r|2 ]
Now, we show the soundness of the prism graph construction of [37] in the assignment

algebra, which we will use as a commutativity gadget.

Lemma 4.5.3. Let A be a x-algebra with tracial state T, and let x,y,z € A be order-3
unitaries. Then,

> IMa(e) + Ma(y) + —12=2) |Ma(2)Ma(y) 17 + [IMa(y)ILa(2) 17 + 1T (2)La (2) -

a€Zs a€’ls3
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Yy z

Figure 4.4: The triangular constraint system in Lemma 4.5.3. Each vertex corresponds to
a variable and each edge corresponds to a 3-colouring constraint.

This is a robust version of Lemma 3 from [37]. The right-hand side corresponds to the
defect of a constraint system where the three variables x,y, z are connected by 3-coloring
constraints in a triangular arrangement. See Figure 4.4 for a graphical representation.

Proof. As in the proof of Lemma 4.5.1, write x; = II;(z), y; = I;(y), and z; = II;(2).
Then, for + = 0,1, 2, we can expand

Z”xz tyit+z -1 = ZT((% +yi+2—1)?%)

+ayi + 2 =2ty + ) +1)
= 2(27(%’%’ +yizi + 2ziv) + (1= (v + yi + 2)))
=2 Z(T(leyz) + 7(y;zi) + T(zx;)) + 3 — Z Ty — Z Yi — Z Z;

i

=2 |zl + lyazll? + llziaall3. B

)

Lemma 4.5.4. Let A be a x-algebra with tracial state T, and let x,y,z, 2y, 2 € A be
order-3 unitaries. Writing as previously x; = Il;(x) and similarly for the other variables,
we have

D s w2 <6240 (laayill? + lyazil2 + Nzl + 25wl + llyizi? + |y
.J i

+ a2+ lyayill7 + zi2]17).-
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This is a version of Lemma 4 from [37] with imperfect completeness. As in the previous
lemma, the right-hand side corresponds to the defect of a 3-colouring constraint system.
Here, the variables are arranged as the vertices of a triangular prism, as illustrated in
Figure 4.5.

Proof. Consider first the case i = j = 0. Using [37, Lemma 4], we see that

202020 = 20(1 — 24 — yo)wo + 20(x6 + vy + 26 — 1)
= 20(1 — y()wo — 200 + 20(xy + Yy + 25 — 1)xo
= (1 =0 — yo)(To — YoTo) — 20ToTo + 20(wo + Yo + 25 — 1) w0
+ (2o + Yo+ 20 — 1)(1 — y5)xo
= —YoTo — Yoo + ToYpTo + YoYpTo — 20ToTo + 2oz + Yo + 25 — 1)xg
+ (2o + Yo + 20 — 1)(1 — yp) 0,

and taking the adjoint

!/ / / / / / / / /
To2p%0 = —ToYo—ToYo+ToYoTo+ToYoYo—ToTozo+To(To+ys+20—1)20+20(1-yp) (To+yo+20—1).
Hence, the commutator

[0, Yo] = oY — Yoo
= —ToYo — ToZp20 + ToYoYo — ToTyzo + To(To + Yo + 26 — 1)20
+ xo(1 — yp) (w0 + yo + 20 — 1) + YoTo + 20%5T0 — YoYoTo + 20T(To
— 20(xy + vy + 20 — Do — (w0 + yo + 20 — 1)(1 — 4))zo,

so the norm is bounded

[0, yoll12 < 32(||moyoll2 + l|z0201I% + lyovo |2 + |0z |2
+ l@h + yo + 2o — 112 + [lwo + yo + 20 — 1]12).

Now, by symmetry and using Lemma 4.5.3,
D MlzswillE <32 (lzall? + Nzzill; + lyyill? + llzaxfll? + 125+ y; + 2 = 12

+ o + i + 2 — 1]|2)
=323 (eIl + lyagil|2 + a2 + 2ll2fil1 + 209522 + 2]| 2|2

+ 3lwyill2 4 2||yizi|? + 2] ziw|2).
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Now, consider the case i = 0,j = 1. Again using [37, Lemma 4],
! ! / / / / / / ! !
YaToTo = Yo(1 — zg — 27)z0 = (1 — o — ¥1) (0 — 1 T0) — Yo7 %0
! / / ! ! ! !
=Ty — YpTo — Y1To — T1Xo + YgT1To + Y1T1T0 — YT T,
and taking the adjoint xoxhyh = xo — oY) — Toy] — ToT) + ToT Yy + Tox Yy — xoxyys. Hence,
! ! !
(20, ¥1] = oY) — Y170
. !/ ! / !/ ! ! ! !
= —ToTYy — ToYy — ToTy + ToT Yy + ToT1Y; — ToToYo
! ! / ! ! ! ! ! !
+ YoXoTo + YpTo + 1% — YpT12To — Y171%0 + YoT(To
/ / ! ! ! ! !
= —[xo, yo] - [xg, xl] — ToTaYy + YoToTo + ToT1Y; — Y121%0
!/ ! ! / / / / ! /
— ToToYy + YaToTo + To|T, Yol + [To, Yoloy — Yo7, T0).

Taking the norm, and then using Lemma 4.5.1,

o, 1117 < 16 (2ll[wo, wol I + Nl zo, 24117 + 2l 2595117 + 2/l 25will7 + 2l zog 17
+ 125, wolI7 + Nl[zh, wo]II7)
< 16(2]|[zo, woll17 + 2ll25517 + 2l 117 + 2llwogI7

+16) lfyil2 +32) |liall?).
By symmetry,

ZH[% yilllz < Z (65|, yi] I + 1664|5452 + 3136]|z2}|2)
] 7
<3 (5824 ]y |I% + 4160]| 2|12 + 4160] g2
+ 6240||z;y;]|? + 4160]|y;2]|% + 4160]| 2|
5216212 + 2080]yig! 2 + 2080] 22! 2). =

Definition 4.5.5. The triangular prism graph is the graph illustrated in Figure 4.5,
i-e- Gpm'sm = (VZDrisma Eprism) where ‘/prism = {QT, Y, z, IL'/, y/7 Z/} CL?’Ld

Eprism = {{l’, y}7 {ya Z}, {Z, Qf}, {xla y/}a {?/7 Z/}a {2/7 27/}, {ZC, ZL‘I}, {y7 y/}7 {Za Z/}}
Corollary 4.5.6. Let S = (X, {(Vi,ri. #2,)}7" U {(V;, ZY)}m ) be a 3-ary 2-CS

i=mo+1

and let m be a probability distribution on [m]. Write V; = {x;,y.}. Then, define S" =
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y z

Figure 4.5: The triangular prism constraint system in Lemma 4.5.4. Each vertex corre-
sponds to a variable and each edge correspond to a 3-colouring constraint.

(X' AViy ris #25) ooy U A(Vies Tiex #25) Yicml\[mol.e€Eprism ), Where the new set of variables
X' = XU {yi,yl,zl, z\Z—mo—i-l m} and Ve = {ay, B;}, with {o,B} = e, and
Tie © [2] — V;e is a bijection. Let 7' be the probability distribution 7'(i) = (i) if i € [mo]
and 7' (ie) = ™ otherwise. Then, for any trace T on A,(S',7'), there exists a trace 7' on
Acy(S, ) such that def(7") < C def(7) for some universal constant C' > 0.

The constraint system S’ is constructed by replacing every empty constraint in S by
the triangular prism gadget from Lemma 4.5.4.

We can also use Lemmas 3.3.6 and 3.3.8 and Lemmas 3.3.7 and 4.5.2 to relate traces

on A, (S, ") and A._, (S, 7).

Proof. First, via Lemma 4.5.1, for each 7 = 1,...,my, we have that
D (), (]2 < 144 Y [ Me(a)Te(u) |2 = 144> (|06
a,beZs3 cEZ3 ¢¢T,‘*;ﬁzg

Also, using Lemma 4.5.4, we have that for each i = mg + 1,...,m,

D Ma (), T (y]II7 <6240 ) - (M) ey 2 + I TLe(ya) e (z4) 12 + |TLe(z) e () |12

a,bEZs3 cEZLs3
() ()12 + T + [T ()]
T )2 + T () L) 12 + 1T () T2 12)
=620 3 |y, 2

6eEp'r'is'm

¢¢Tie *7523
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Therefore, as A,(S) is a subalgebra of A,(S"), the defect

mo m
def(7] 4, (8); Mo + Hacomm) = Y 7(@0) D NPyl +D_w()) Y [Ma(2), ()]l
i=1 O, i=1 z,y€V; a,beZ3
mo m
<S5y w(@i) Y NPueli+6240 Y w(i) Y Pyl
i=1 90&7‘1'*7523 i=mo+1 eeEpTism

(bgTie *¢Z3
< 56160 def (7).

Now, due to Lemma 3.3.7, there exists a trace 7/ on A._,(S,7) such that def(r) <
56160 poly (k%) def(7), which is a constant as k = 3, L = 2. ]

Theorem 4.5.7 (Part 3 of Theorem 4.2.4 and Part 2 of Corollary 4.2.6). There exists
a constant s € [0,1) such that SuccinctCSP,({#z,})], and SuccinctCSP._,({#z,})7 , are
RE-complete.

Proof. We proceed similarly to Theorem 4.4.31. By Theorem 4.3.3, we know that the
promise problem SuccinctCSP._, ({#z,, Z3})} ,, is RE-complete. Next, using Corollary 4.5.6,
we can replace the commutation constraints by gadgets over the assignment algebra, and
find that SuccinctCSP,({#z,})] ,, is RE-complete. Finally, using Lemmas 3.3.7 and 4.5.2
and Lemmas 3.3.6 and 3.3.8, we find that SuccinctCSP._,({#z,})} ., is also RE-complete.

1,s2
O
1 1
E E
i l< 1 i l< 1
p~ 0.864 p~ 0.864
€ EXP eP
(a) Succinct entangled 3-colouring (b) Entangled 3-colouring

Figure 4.6: Transitions in complexity based on soundness parameter for entangled 3-
colouring
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An interesting consequence of part 3 of Theorem 4.2.4 is that there exists a constant
soundness parameter s € [0,1) such that the class of succinct graph 3-colouring games is
RE-complete with entanglement. On the other hand, Culf, Mousavi, and Spirig show that
entangled graph 3-colouring with s = 0.864 is in P, and thus the succinct version with this
soundness is in EXP [19]. This situation is illustrated in Figure 4.6. The question of what
the complexity is when s is between these two values is an interesting open problem.

4.5.2 The case of 2-CSP (k)

Definition 4.5.8. Define the CSP 2-CSP(k) = CSP(T'), where T = {C CZ2}. This
corresponds to the set of all 2-CSPs over an alphabet of size k. Define the corresponding
promise problems as 2-CSP(k). s = CSP(T').s, Succinct-2-CSP (k). s = SuccinctCSP(I).. s,
2-CSPy,(k); , = CSP(I); ,, Succinct-2-CSP,, (k) ; = SuccinctCSP,(I'); ;, where w € {c—
¢,c—v,a,a+ comm}.

Next, we relate the assignment algebra for the language of all 2-CSPs to a language
where the c-v algebra is hard.

Proposition 4.5.9. Let k > 3 and set C = {(a1,...,3;) € Z’g‘ﬂ!i. z;=1}. Note that
|C| =k, so for a € Zy, let c, € C be the element with 1 in the a-th position. Consider
some BCS S = (X, {(V;,r;,C)}™,) € CSP({C}) and a probability distribution ™ on [m).
Define a k-ary 2-CS S" = (Y, {(Wiaz, Dy) Yicpmlzev;) by Y = XU {yili € [m]}, Wiy = {wi, v},
and D, = {(a,0)|f(z) =0,for;=ca} U {(a,b)|f(x) =1,for;=c,,b#0} C Z2. Let
'(i,x) = T‘(/Z‘) Then, there is a trace T on A.—,(S, ) with def(7) = ¢ if and only if there
is a trace 7' on A, (S, 7") with def(7) = €.

Proof. Let T be a trace on A._,(5), and 7 = p o ¢ be its GNS representation. Let x be
the representation of A,(S’) defined by

0 otherwise,

Dy, if there is f € r;,C. for; =c,
X(a(ys) = {g)( Vo) d I

x(o(2)) = ¢(lo(0'(2))), x((x)) = (Il (0" (2))), and x(Ila(x)) = 0 for a # 0,1. Take
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7" = pox. Then, the defect

W)= Y ) Y Imem@E= Y TS i)

i€[m],x€V; (a,b)¢Dy i€[m],xeV;

(2
> ,éf( DRERICIRNCIC) N S T<q>w,fnl<o'<x>>>>
i€m],zeV; " a.(a,0)¢ Dy a.(a,1)¢ Dy,

feri C. fori=cq feriC. fori=cq

(e
= 3 T Y sl - () = de(r).
icmlaeV; " ger,C

Conversely, suppose that 7" is a trace on A,(S’) with GNS representation 7" = p’ o
¢'. Then, define the representation x" of A.—,(S) by X'(Pvi ) = > 0 rorime, ¢ (Hal¥i)),

X (Uo(o'(x))) = ¢'(Lo(x)), and x'(Ii(0"(x))) = >0 ¢ (Ha(x)). Let 7 = p'ox'. By a
similar calculation as above, we have that the defect

def(r) = > Wsj) D 1@yl = Ty (0'(2))))

l’ oeri, C

i€lm],z€V;
:ZW,@( Y ) Y T<<1>vhfno<a'<x>>>)
1€[m)| zeV;, fer . C zeV;, fer; C

f(z)=0 f(z)=1
S m,x)( Y Y Leme) Y T'<na<yi>no<m>>)
i€[m],a€Zy z€eVj, b#0 €V,

fori=caq,f(x)=0 fori=ca,f(x)=1
= > iz > 7 (Ma(y)y(x)) = def(r'). O
i€lm],z€V; (a,b)¢ Dy

Theorem 4.5.10 (Part 3 of Corollary 4.2.6). There exists s € [0,1) such that the promise
problem Succinet-2-CSP, (k)] , is RE-complete.

Proof. Let C' be as in Proposition 4.5.9. By Theorem 4.4.31, we know that the promise
problem SuccinctCSP._,({C})], is RE-complete. But, by Proposition 4.5.9, there is a
value-preserving mapping from instances of the SuccinctCSP._,({C})}, to instances of
the assignment problem Succinct-2-CSP, (k)7 ,, completing the proof. O
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4.6 Constraint-variable to constraint-constraint for CSPs

Proposition 4.6.1. Let T be a set of k-ary constraints with (Vo, Co) € T and v € Vy such
that for all a € Zy, there exists ¢ € Cy such that ¢(v) = a. Let S = (X, {(V;,r,.Ci)}™,) €
CSP(I"), and let w be a probability distribution on |m|. Then, there exists a CS S' =
(X' {(V/,rl,C™,) € CSP(T) and a probability distribution on [m/], such that there is a
2-homomorphism o : Ac_,(S,7) = Acy(S',7') and a L-homomorphism 3 : A.—(S', 1) —
Ac_p(S, 7). Also, there exists a probability distribution 7 on [m]x[m] and a 3-homomorphism

v A (S, 1) = Ao (S, 7).

As will be shown below in the proof of Corollary 4.2.5, note that all the sets of con-
straints considered in Theorem 4.2.4 satisfy the necessary condition of this proposition.

Proof. Define S = (X', {(V;,7:,.Ci) }i2y U {(Va, 72:Co) }aex ), where X' = X U |J,cx Vi,
Ve =2 U {ug|u € Vo\{v}}, and

Tx(u>:{$ U =7

u, otherwise.

Define 7'(i) = @ and 7'(z) = 3 i cev; % Taking « to be the natural embedding

A (S, m) = A, (S, 7") gives a 2-homomorphism. Next, we can take 3 to be the identity
on Ae_o(8,7) C Aco(S,7) and then take f(o4(x)) = o'(x), and Ao’ (us)) = B0 (uz)) €
(o'(x)) such that they give a satisfying assignment to 7,,Cy. Therefore, the terms corre-
sponding to (V,,7,,Cop) are sent to 0 and we have that
2
> [ousll = M@’ @)[)

&L (i)
5(Y
=1 |‘/7,| zeVi,per; . C;
I~ 7(d)
-2 ; 14

giving the wanted 3-homomorphism.

2

Y

> [Pue(l =Ty (o'(2)))

z€V;,0€ri,.C;

Now, take 7”(i,4) = n"(x,x) = 7" (x,i) = 0 and




Let 7(®v; ) = Pvig, 1(0'(2)) = Y(02(2)) = 0u(z), and y(0"(uz)) = Y(0w(ua)) = 0u(us).
Then, we have that

(X

i

S [Pvs(l = T (@ @) )

xeVi,0er; . C;

(i) 2
=2 a2 [Puel -~ Tuo(oa(@)
=1 ¢ Ie‘/“(z)erz*
1
<3 S rllon(e)
i€[m],zeV; ¢€Ti*ci7a?é¢(ff)
1
=3 oo > Py, 6 Pv,
i€[m],zeV; ¢€7’¢*Ci,'¢)€'fx*co
lv,nve ZYlvinvy
1 " 2
<3 Z DL JPC 2 i
j=1 ¢€Ti*ci,¢€Tj*Cj
olv;nv; Z¥lv;ny;
giving the wanted %-homomorphism. ]

Proof of Corollary 4.2.5. Let T" be a set constraints satisfying the conditions of Theo-
rem 4.2.4. In the case that I' is boolean, there must be a variable that takes both as-
signment 0 and 1, as there must be at least one constraint that has two distinct satisfying
assignments. Next, in the case that ' = {7, }, either of the two variables can take all three
values in Z3. Finally, in the case that I' is non-TVF, there is a pair of variables that can
take any pair of values, so in particular either one of them can take any value. In all three
cases, I satisfies the condition of Proposition 4.6.1. Further, we know by Theorem 4.2.4
that SuccinctCSP._,(I')] ; is RE-complete. Then, by the first part of Proposition 4.6.1,
the instances of this problem can be mapped to a subset of the instances in such a way
that the constant gap is preserved. Then, using the second part of Proposition 4.6.1 and
Lemma 3.3.5, we find a C-homomorphism between these instances and the corresponding

*

constraint-constraint algebras, thus SuccinctCSP,_.(I')] , is also RE-complete. O
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Chapter 5

Two prover perfect zero knowledge
for MIP*

This chapter shows that MIP* admits two prover perfect zero knowledge proofs. Our
proof uses weighted algebras to show that a modified version of a two prover perfect zero
knowledge protocol for NP due to [21] is sound against entangled provers. We use an
algebraic argument to show that the players’ strategy in an accept instance employs a
correlation that the verifier can simulate efficiently.

5.1 Definitions

An MIP protocol is perfect zero knowledge if the verifier gains no new information from
interacting with the provers. If the players’ behaviour in a game G = (I,{O;}ier, 7, V)
is given by the correlation p, then what the verifier (or any outside observer) sees is
the distribution {m (7, j)p(a,bli,7)} over tuples (a,bli, j). Consequently an MIP* protocol
({G.},Q,V) is said to be perfect zero-knowledge against an honest verifier if the players
can use correlations p, for G, such that the distribution {7 (i, j)p(a, bli, j)} can be sampled
in polynomial time in |z|. However, a dishonest verifier seeking to get more information
from the players might sample the questions from a different distribution 7’ from 7. To be
perfect zero-knowledge against a dishonest verifier, it must be possible to efficiently sample
{7'(i,7)pz(a,bli, j)} for any efficiently sampleable distribution 7/, and this is equivalent to
being able to efficiently sample from {p,(a, b|i, j)}neo;x0, for any 4,j. This leads to the
definition (following [17, Definition 6.3]):
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Definition 5.1.1. Let P = ({G.},Q,V) be a two-prover one-round MIP* protocol for
a language L with completeness ¢ and soundness s, where G, = (I;,{O4}, 7z, Vy). The
protocol P is perfect zero knowledge if for every string x, there is a correlation p, for
G, such that

1. for alli,j € I, the distribution {p.(a,bli,7)} can be sampled in polynomial time in
||, and

2. if x € L then p, € Cyy and w(G,,p,) = 1.

The class PZK-MIP*(2,1, ¢, s) is the class of languages with a perfect zero knowledge two-
prover one round MIP* protocol with completeness ¢ and soundness s.

By replacing Cy, with C,., we get another class PZK-MIP®. If we replace MIP* pro-
tocols with BCS-MIP* (resp. BCS-MIP“) protocols and Cy, with C, (resp. Cj,) we get
the class PZK-BCS-MIP* (resp. PZK-BCS-MIP).

5.2 Parallel repetition

Let G = (I,{O;}icr, m, V) be a nonlocal game. The n-fold parallel repetition of G is the

game
G®n = ([H’ {01}161”7 7.‘.®n’ V®n)a

where
1. I™ is the n-fold product of I,
2. lfl € In, then Ol = Oi1 X Oig X oo X Oin;
3. if4,j € I", then 7®" (i, j) = [ [,_; m(ix, jx), and

4. ifi,j € I", a € Oy, b € Oy, then V= (a, bli, j) = [[j—; V(ax, bilir, jr)-

In other words, the players each receive a vector of questions i = (i1,...,4,) and j =
(j1,---,jn) from G, and must reply with vectors of answers (ay,...,a,) and (by,...,b,) to
each question. Each pair of questions (ix, jx), 1 < k < n is sampled independently from m,

and the players win if and only if (ag,bx) is a winning answer to questions (i, ji) for all
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1 < k < n. If G has questions of length ¢ and answers of length a, then G®" has questions
of length ng and answers of length na.

If p is a correlation for G, let p®" be the correlation for G®" defined by

n

p®n(gvb’27 l) = Hp(aka bk|Zk’7jk>

k=1

It is easy to see that p®" is a quantum (resp. commuting operator) correlation if and only if
p is a quantum (resp. commuting operator) correlation, and that w(G®"; p®") = (G, p)™.
Hence if t0,(G) = 1 (resp. w,.(G) = 1) then w,(G®") = 1 (resp. W,(G®") = 1) as well. If
1,(G) < 1, then w,(G®") > w,(G)™ (and the same for the commuting operator value), but
this inequality is not always tight. However, Yuen’s parallel repetition theorem states that
the game value goes down at least polynomially in n:

Theorem 5.2.1 ([69]). For any nonlocal game G, if 6 =1 —w,(G) > 0, then w,(G*") <
b/ poly(d,n), where b is the length of the answers of G.

Suppose B = (X, {(V;,C;)},) is a BCS and that 7 is a probability distribution on
[m] x [m]. For any n > 1, let X := X x [n], and Vi(k) =V, x {k} € X", We can
think of X(™ as the disjoint union of n copies of X, and V;(k) as the copy of V; from the

(k)

kt" copy of X. Since Vi(k) is a copy of V;, we can identify Z;/" with Zy' in the natural

: v v
way. If i € [m]", let V; = U, V¥ and C; = Cj, x - x € € Zy' = Zy" X oo X Zy'* .
Let B™ := (X" {(V;, Ci)iemi»}). Given a distribution 7 on [m] x [m], consider the game
G(B™, 7®"), where 7®" is the product distribution as above. In this game, the players are
given questions i and j from [m]" respectively, and must reply with elements ¢ € C; and
¢ € Cj respectively. They win if and only if ¢ and ¢ agree on V; NV = Ui, Vlik) N Vjik)
But this happens if and only if ¢, and v agree on V;, N'Vj,. Thus G(B™, 7" is the
parallel repetition G(B, 7)®™. We record this in the following lemma:

Lemma 5.2.2. If G is a BCS game, then so is the parallel repetition G*™.

To illustrate the purpose of parallel repetition, suppose that ({G,}, @, V) is an MIP*(2, 1,
protocol for a language £, where G, = (I,,,{Oy;}, 7z, V) and has answer length a,. If n,
is a polynomial in |z|, then 7% can be sampled in polynomial time by running @ in-
dependently n times, and V,®"* can also be computed in polynomial time by running V'
repeatedly. If Q¥ and V"= are these Turing machines for sampling 78"+ and computing
V& regpectively, then ({GZ"=}, Q%"= V®"=) is an MIP*(2,1, 1, s’) protocol for £, where
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s' = a,/poly(1 — s) - poly(n,). Since a, is polynomial in |z|, if 1 — s = 1/ poly(|z|), then
we can choose n, such that s’ is any constant < 1. By Lemma 5.2.2 the same can be done
for BCS-MIP~*.

For the one-round protocols that we are considering, parallel repetition preserves the
property of being perfect zero knowledge.

Proposition 5.2.3. Let ({G.},S,V) be a PZK-MIP*(2,1,1,s) protocol, and let n, be a
polynomial function of |x|. Then the parallel repeated protocol ({GZ"=}, S®™= V=) is also
perfect zero knowledge.

Proof. Let p, be a correlation for the game G that satisfies the two requirements of Defini-
tion 5.1.1. Then {pZ"=(a, bli, j)}4» can be sampled in polynomial time in |x| for all 4, j by
independently sampling from {p,(a, b, is, j¢) }ap for each pair (iy, jo) from i = (iy,...,iy,,)
and 7 = (J1,...,Jn,). If © € L, then w(GZ";p2") = 1, and it is not hard to see that
P2 € Cla. O

5.3 The tableau construction

We will now prove the main result of this chapter that any proof system in BCS-MIP* or
BCS-MIP® can be turned into a perfect zero knowledge BCS-MIP* or BCS-MIP protocol.
For this purpose, we use the perfect zero knowledge proof system for 3SAT due to Dwork,
Feige, Kilian, Naor, and Safra [21], slightly modified to prove quantum soundness. For the
construction, we assume that we start with a BCS-MIP* protocol (and in the proof of the
main result, this will be a 3SAT-MIP* protocol). Following [21], the new proof system is
constructed in three steps. First, we apply a transformation called oblivation, then turn
the resulting system into a permutation branching program via Barrington’s theorem [(],
and finally rewrite the permutation branching programs using the randomizing tableaux
of Kilian [11]. We start by describing obliviation.

Definition 5.3.1. Given a BCS B = (X, {(V;,C;)}™,) and n > 1, let Z = X X [n], and
Ui = V; x [n] for any 1 < i < m. To make the elements of Z look more like variables,
we denote (x,4) by 2(i). Let E; C ZY' be the set of assignments ¢ to U; such that the
assignment © to V; defined by ¥ (x) = ¥ (x(1)) - - - (x(n)) is in C;. The obliviation of B
of degree n is the constraint system Obl,(B) = (Z,{(U;, E;)}"1). We call the variables
of Obl,(B) oblivious variables.

The point of obliviation is the following:
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Lemma 5.3.2. Suppose B = (X, {(V;,C;)}™,) is a BCS, and let B' = Obl,(B) for some
n > 1, using the notation from Definition 5.53.1. Then:

(a) There is a classical homomorphism o : Ac_o(B) — Ac—o(B') such that a(o;(z)) =
oi(x(1)---x(n)) for all i € [m] and x € V;, where o; is the inclusion of the ith factor
for Ac_(B) and A._.(B’).

(b) Let T' be the set of sequences x1, ...,z in Z of length 1 < k < n — 1, such that there
is some i € [k] with x; # x; for all j € [k] \ {i}. If m is a probability distribution
on [m] x [m], and 7 is a tracial state on A._.(B), then there is a tracial state T on
Ae_o(B') such that 7 = 7 o o, def(T; i) = def (75 pn), and 7(oy,(x1) -+ 04, (zx)) = 0
for all sequences xy,...,x; in I' and indices iy,...,ix € [m] such that x; € U;; for
all 1 < 5 < k. If 7 is finite-dimensional (resp. Connes-embeddable), then T is also
finite-dimensional (resp. Connes-embeddable).

(c) For any 1 <i<m, the set {][],cqx: S C U, |S| <n/2} of monomials in U; of degree
less than n/2 is linearly independent in A(U;, E;).

In particular, if 7 is perfect then 7T is perfect.

Proof. Define f; : ZY' — 7' for each i € [m] by f;(¢)(z) = p(2(1)) - - - p(2(n)) for ¢ € ZY
and z € V;. By definition, ¢ € F; if and only if f;(¢) € C;, so fi(E;) = Ci. If fi(¢)(z) #
fi(1)(x) for some ¢ € Z5i, ¢ € 7Y and x € V;N V;, then we must have ¢(z(7)) # ¢ (z(7))

for some i. Since
oi(x(1)---z(n)) = Z [i(9)(@) Py,
perdi
for all x € V;, i € [m], the functions f; correspond to a classical homomorphism « :
A._o(B) = A._.(B') with a(o;(x)) = o;(x(1)---x(n)) for all i € [m] and x € V;. This
proves part (a).

Conversely, given y € Z?X[n_u and ¢ € Zy', define ¢, € Z5 by ¢,(z(1)) = é(2)y(z, 1),
oy(2(7)) = y(x,j—1)y(z,j) for 2 < j <n—1, and ¢y(x(n)) = y(x,n—1). Since fi(¢,) = o,
the function ¢ — ¢, sends C; to ;. Alsoif ¢ € Zy and 1) € Zgj, then ¢, |v,~v; # Vylu,n; if
and only if ¢|v,nv; # ¥|vinv;, so the functions ¢ — ¢, determine a classical homomorphism

By : Ace(B') = Ac—e(B) with B, (04(x(1))) = o3(x)y(z, 1), By(0i(x(j))) = y(z,j—1)y(=, j)
for 2 < j<n-—1, and By(o;(x(n))) = y(z,n —1) for all i € [m] and = € V;.
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Given a tracial state 7 on A._.(B), define a tracial state 7 on A._.(B') by T =
2~ Xl(n=1) >, T © By, where the sum is over all y € 75" Notice that if 7 is finite-
dimensional (resp Connes-embeddable), then 7 is also finite-dimensional (resp. Connes-
embeddable). Since /3, o a is the identity on A._.(B), T o« = 7. Since §, and a are
1-homomorphisms,

def(7 o By; pr) < def(7; p1r) = def (7 0 By 0 a; pur) < def(7 0 By; pir)

for any y, so def(7 o B,; pir) = def(7; i) and hence def(7; p1) = def (75 pur).

Finally, if z1,..., 2 is a sequence in Z, and iy,...,1 is a sequence in [m] such that
x; € Uy, then there is an element a € A._.(B) and set S € X x [n — 1] such that

Byloi, (x1) - - - 03, (k) = my7(a)
forall y € ZXX[n 1 , where m,, := H(m)es y(x,j). Ifzq,..., 2, isin T, then S is non-empty,
and > m, = 0. Hence

Flog (x1) - - - 04, (2)) = 27 XIn=1) Zm 7(a) = 0.

y
This proves part (b).

For part (c), pick a tracial state 7 on the finite-dimensional C*-algebra A(V;, C;) (since
C; is non-empty, this algebra is non-trivial). As in the proof of part (b), we can define a
tracial state 7 = 2XI(n=1) >, 7o By on A(U;, E;) with the property that 7(zq---a5) = 0 if
1<k<n-—1and xy,...,z; € U; are distinct. If S,T" C U;, then

Iz 11== 1] =
zeSs zeT rESAT

where SAT := (SUT)\ (SNT). If |S|,|T| < n/2, then |[SAT| < n, and SAT = {) if and
only if S = T. Hence by part (b),

_ 1 S=T
T(H‘T'Hx):{o S#T’

z€eSs zeT

It follows that the monomials {[],.qx : S C U;,|S| < n/2} are linearly independent.  [J

A permutation branchlng rogram of width 5 and depth d on a set of variables

X is a tuple P = (X, {(:L‘,,?Tl ,7r ‘DL, 0) where z; € X and 7r1 ,7r()1 are elements of the
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permutation group Ss for all 1 <¢ < d, and o € S5 is a 5-cycle. A permutation branching
program P defines a map P : Zz — Ss via P(¢) = Hle 7T((;()wi). A program P recognizes
a constraint C' C Z5 if P(¢) = o for all ¢ € C, and P(¢) = e for all ¢ ¢ C, where ¢ is
the identity in Sj.

Theorem 5.3.3 (Barrington [6]). Suppose a constraint C' C Zs is recognized by a depth
d fan-in 2 boolean circuit. Then C is recognized by a permutation branching program of
width 5 and depth 4¢ on the variables X .

For the rest of the chapter, we assume that we have a canonical way of turning con-
straints described by fan-in 2 boolean circuits into permutation branching programs using
Barrington’s theorem.

The final ingredient is randomizing tableaux, which are described using constraints of
the form x; ---x, = 7, where the variables x4, ..., z, take values in S5, v is a constant
in S5, and the product is the group multiplication. Since |S5| = 120 < 27, we can encode
permutations as bit strings of length 7 by choosing an enumeration S5 = {¢ = vo,..., 719},
and identifying v; by its index j in binary. This means that any permutation-valued vari-
able can be represented by 7 boolean variables. Similarly, a permutation-valued constraint
x1---x, = 7y can be rewritten as the constraint on 7n boolean variables which requires the
boolean variables corresponding to z; to encode a permutation value, and the product of
all the permutations to be equal to v. Since we want our final output to be a boolean con-
straint system, we use permutation-valued variables and permutation-valued constraints
as short-hand for boolean constraint systems constructed in this way. We can now define
randomizing tableaux, still following [21] with small modifications.

Definition 5.3.4. Let B = (X, {(V;,C;)},) be a BCS, where each C; is described by a fan-
in 2 boolean circuit. Let P; = (V, {(xz-j,ﬂ”),w%)) ?i:l,ai) be the permutation branching
program. recognizing C;. For each i € [m), let

Wi =Viu{Ti(p,q) : (p,q) € [4] x [di]} U{ri(j, k) : (4, k) € [3] x [d; — 1]},

where Ti(p,q) and r;(j, k) are new permutation-valued variables (and thus represent 7
boolean variables each), and let

Y = XUA{Ti(p,q),:i(j, k) : (i,p,q,7, k) € [m] x [4] x [d;] x [3] x [d; — 1]}

be the union of all the original and new variables. The variables T;(p,q) are called tableau
elements, and the variables r;(j, k) are called randomizers.

Let D; be the constraint on variables W; which is the conjunction of the following
clauses:
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1. Ty(1,q) = Wg(ciqq) for all q € [d;],

2. Tilp+1,9) = rilp.q = V)" Tip, q)rilp, @) for q € [di] and p € [3], where we use the
notation r;(p,0) = r;i(p, d;) = e,

3. H1§q§diTi(4aQ) = 0y, and

4. a trivial constraint (meaning that all assignment are allowed) on any pair x,y of
original or permutation-valued variables which do not appear in one of the above
constraints.

The tableau of B is Tab(B) = (Y, {(W;, D;)}~,), interpreted as a boolean constraint
system. For a fixed i and p, we call the set of elements {T;(p,q) : 1 < q < d;} a row of the
tableau for constraint i. We further let {(Wy;, Di;)}i2y be a list of the clauses in (1)-(4)
making up D;. The subdivided tableaw of B is Tab,(B) = (Y, {(Wij, Di;) Yicpmljeimi)-

Compared to [21], we've added the trivial constraints (4), as well as an extra row of the
tableau. As mentioned above, the product in the constraints on the permutation-valued
variables in parts (1)-(4) of the definition is the group product in S;. The constraints in
part (1) involve both original variables x, and permutation-valued variables 7;(1, q), and
say that the value of T;(1,q) is either ﬂiq) or WY? depending on the value of z,. In part
(4), x and y can be either an original or a permutation-valued variable. If one of them
is a permutation-valued variable, then all the corresponding boolean variables encoding
the permutation-valued variable are included in the constraint (so the constraint on x and
y may involve up to 14 boolean variables). Since the constraints in part (4) are trivial,
they do not contribute to D;, but they are included in the list of clauses (W;;, D;;) of the
subdivided tableau. The point of the constraints in part (4) is that, with them, Tabg,,(B)
is a subdivision of Tab(B). The extra row of the tableau is needed to compensate for the
inclusion of these constraints in Tabg,,(B) (see Remark 5.4.4). As in [21], the constraints

D, encode the constraints C; as follows:

Lemma 5.3.5 ([21]). Suppose B = (X, {(Vi,Cy)}™,) is a BCS with tableau Tab(B) =
(Y, {(W;, D))}™,). If o € Dy, then 9|y, € C;. Conversely, if r € S, where R; =
{ri(4,k) : (4, k) € [3] x [d;]} is the set of randomizers in W;, and ¢ € C;, then there is a

unique element ¢, € D; such that ¢.|y, = ¢ and ¢.|g, = 7.
In this lemma, the statement that ¢,|g, = r means that for every randomizer r;(j, k) €
R;, the restriction of ¢ to the boolean variables corresponding to 7;(j, k) is the encoding of

the permutation r(r;(j, k)).
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Proof. 1f ¢ € D;, then by constraint (2), [[, Ti(p + 1,q) =[], Ti(p, q)- Since [], Ti(4,q) =

o; by constraint (3), || . Wg(ciq) = 0;. Since the permutation branching program P; recognizes
C;, we conclude that 9|y, € C;.

Conversely, given an assignment 7 € St¥ to the variables R; and ¢ € C;, we can set
Ti(1,q) = 7% and Ty(p + 1,0) = r3(p.q — 1) Ti(p )ra(p, @) o get an assignment where
Hqﬂ(47 q) = 05. O

5.4 Perfect zero knowledge

Although the permutation-valued variables in Tab(B) are shorthand for boolean vari-
ables, it is helpful to be able to work with the permutation-valued variables directly in
A._.(Tab(B)). Suppose for a moment that xy,...,z7; are variables in a set V, and C' is
a constraint on V' which includes the requirement that zq,...,x; encode a permutation-
valued variable z. Let S = {xy,...,27}. If ¢ € Z5, then ®54 = 0 in A(V,C) unless ¢
is the binary representation of an index 0 < j < 120, in which case we also write ®g, as
®g ;. Hence the subalgebra of A(V, C) is generated by the single unitary Zl. 90 ezmj/lQOCIDSJ,

=
which we denote by the same symbol as the permutation-valued variable x. In particu-

lar, if B = (X, {(V;,C;)}*,) and Tab(B) = (Y, {(W;, D;)}*,) as in Definition 5.3.4, then
we can refer to T;(p,q) and r;(j, k) as unitary elements of A(W;, D;) of order 120, and
they generate the same subalgebra as the boolean variables encoding them. Since these
variables do not occur in any other context W, for j # i, we also use T;(p,q) and 7,(j, k)
to refer to o0;(T;(p,q)) and o;(r;(4,k)) in A._.(Tab(B)). We use the same convention for
A(Wis, Dyy), although since the variables T;(p, ¢) and r;(j, k) occur in more than one con-
straint of Tabg,,(B), we are stuck with the notation o (7;(p,q)) and o;(r;(j,k)) when
refering to these variables in A._.(Tabg,(B)). With these conventions, we can state the
following noncommutative version of Lemma 5.3.5.

Lemma 5.4.1. Suppose that B = (X,{(V;,Ci)},) is a BCS with tableau Tab(B) =
(Y, {(W;, D;)}y). Let Ry = {ri(4,k) : (j,k) € [3] x [d; — 1]} be the set of randomizers in
Wi, and let R =, R;.

(a) The natural map

is an isomorphism. In particular, A(W;, D;) is generated as an algebra by V; U R;, and
A._.(Tab(B)) is generated by |J,{oi(x) : x € V;} UR.
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(b) The natural inclusion a : A.—.(B) — A._.(Tab(B)) defined by a(o;(x)) = o;(z) for
i € [m] and v € V; is a classical homomorphism.

(c) If r € SE, then there is a classical homomorphism B, : A._.(Tab(B)) — A._.(B) such
that for alli € [m), if v € V; then B.(0i(x)) = 04(x), and if v € R; then B,(z) = e>71/120
where r(x) = v; in the enumeration of Ss fized above.

(d) Let M be the set of monomials in A._.(B) of the form uc;(2)*v, where z € R; for some
i€ [ml],1<a<120, andu andv are monomials in {o;(x) : j € [m],z € V;UR;} which
do not contain z. If w is a probability distribution on [m| x [m|, and T is a tracial state
on A.—.(B), then there is a tracial state T on A._.(Tab(B)) such that T = T o cr, where
« 1s the classical homomorphism from part (b), def(T; p,) = def(7; pur), and 7(y) =0
for all y € M. Furthermore, if T is finite-dimensional (resp. Connes-embeddable),
then T is also finite-dimensional (resp. Connes-embeddable).

Proof. For part (a), the algebra CZ%O has a basis consisting of the joint spectral projections

Cpp= [[A0@)" ] (@—e™), rezfly,
TER; YeFT ()

where A(y;) = [, (€2™9/120 — 2™ik/120) " Hence A(V;, C;) ® CZi5, has a basis consisting
of the elements ®y; , ® g, for ¢ € C; and r € Z%o- Using the enumeration of S5 fixed
earlier, we can interpret Z!5; as the set S of permutation-valued assignments to R;. The
natural homomorphism A(V;, C;) ® CZ15, — A(W;, D;) sends @y, 4 @ ., to > Pwiws
where the sum is across all ¢ € D; such that 9|y, = ¢ and ¥|g, = r. By Lemma 5.3.5, the
restriction map ¢ — ¢|y,ur, is a bijection between D; and C; X S5Ri, so this homomorphism

is an isomorphism.

Parts (b) and part (c) follow immediately from Lemma 5.3.5 and the definition of a
classical homomorphism.

The proof of part (d) is similar to the proof of Lemma 5.3.2, part (b). Given a tracial
state 7 on A._.(B), let T be the tracial state on A._.(Tab(B)) defined by 7 = ﬁ >, TO
f,, where the sum is over r € Sf. If 7 is finite-dimensional (resp. Connes-embeddable),
then 7 is finite-dimensional (resp. Connes-embeddable). Since f,(0;(z)) = o;(x) for all
i € [m] and x € V}, 5, o «v is the identity on A._.(B), and 7o« = 7. By parts (b) and (c),
def(7 0 f3,) < def(1) = def(7 0 5, o ) < def(7 0 3,). This means that def(r o 3,) = def(7),
so def(7) = def(7). Finally, suppose y € M, so y = uo;(z)% for some z € R;, 1 < a < 120,
and monomials u, v which do not contain z. By part (c), there is some monomial y" in
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{oj(x) : j € [m],x € V;} such that for all » € S¥, we have B,(y) = > /1 20¢_y/ where
r(2) = 7;, and ¢, € C depends only on 7" = r|g\(»}. Hence

120
(y) = om D 7(B:(4) = o y_ I Y eorly) =0,
reSs 7=0 7‘/655\{2}
finishing the proof of part (d). O

We need one more general fact about permutation-valued variables.

Lemma 5.4.2. Let f: SI" — S5 be a function, and suppose (V,C) is a boolean constraint

encoding the constraint x = f(y1,...,Ym) on permutation-valued variables x,y1,. .., Ym. If
1 <n <120, then

= Yty
for some coefficients ¢, € C, where the sum is over all integer vectors a = (ay, ..., ay,) with
0<ai,...,an <120. Furthermore, if for every my,...,mm_1 € S5, we have the equality

{f(me, o T, T, Ty e, T1) = ™ € S5} = S,

then c, = 0 if ap = 0.

Proof. Let Y; be the set of boolean variables representing ¥, and let X be the set of

boolean variables representing x. The constraint z = f(yi, ..., yn) states that
®X7£ = Z (thjl e ¢Y7YL7jm7
(Yig e Yim ) EF 1 (ve)
where {70, ..., 7119} is our chosen enumeration of S5. Since Py, ;, is a polynomial in y;, and
2™ is a linear combination of the projections ®x , for 0 < ¢ < 120, we get 2" = g(y1, - - -, Yn),
where g = > _cyf -+ -y is a polynomial in yi,...,Y,. Since y;?° = 1, we can further
assume that the sum is over vectors a = (aq, ..., ax) with 0 < a; < 120 for all k.

Given 0 < ji,...,Jm < 120, let ¢; : A(V,C) — C be the homomorphism sending
Dy, o > 0y, for all 1 < k < k. This homomorphism sends y;, — w’ and x — w’, where
w = e/ and v, = f(vj,,- -, )- We use the notation

Ay A A
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to denote the list Aq,..., A,, with the element A, omitted. If, for some k, we fix 0 <
Fiyee ke jm < 120, then

Z ¢j(g):ZCanjtat Z wjkak:h(wjlj.."&/}jk7.”’wjm)7

0<j, <120 a t£k 0<4j, <120

where h = g(y1, .-, Yk—10, Ykt1, - - s Ym)- IE{LF (Vs -575m) 1 0 < ji < 120} is equal to

Sy, then
Y ogilam = D wh=0

0<4j, <120 0<£<120
for 1 < n < 120, and we conclude that

h(w™, ..., &%, . . . wm™) =0.

If this occurs for all choices of 0 < jq,... ,jk, ooy Jm < 120, then h must be the zero
polynomial, so ¢, = 0 if a; = 0. O

Although Lemma 5.4.2 is stated for general functions f, we are only going to use it for
the group multiplication and inverse functions, i.e. f(y1,%2) = y1y2 and f(y) = y~!. For
these functions, the additional hypothesis on f holds for all indices k. Thus the lemma
states that if (V,C) encodes the constraint & = y;ys, then z is a polynomial in y; and yo
such that all monomials contain both ; and y,, and similarly for the constraint z = y~!.

We can now prove the main algebraic lemma that we use to prove perfect zero knowl-
edge.

Lemma 5.4.3. Given a BCS B = (X, {(V;,C;)},), let Tab(B) = (Y, {(W;, D;)}!™,), and
let Tabu(B) = (Y, {(Wij, Dig)Yicimepmy). Let B = {ri(G, k) : (i, k) € [3] x [di — 1]} be
the set of randomizers in W;. Then:

(a) Suppose (Wi;, Dyj) is a constraint from Tabg,(B) of type (1), (2), or (4) in Defini-
tion 5.3.4. If y is a polynomial in Wj, then y is equal in A(W;, D;) to a polynomial
in SUR;, where W;; NV; CS CV; and |S| < 2.

(b) Suppose (Wij, D;;) is a constraint from Tabg,,(B) of type (3). If y is a polynomial in
Wi; then y is equal in A(W;, D;) to a polynomial in V; U R; where every non-scalar
monomial contains a variable from R;.

(¢) If y is a polynomial in W;; and z is a polynomial in Wy, for some i € [m], j, k € [m],
then yz is equal in A(W;, D;) to a polynomial in V; U R; in which every monomial
either contains a variable from R; or has degree < 4.
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Proof. Fix i € [m], and consider the permutation-valued variables T;(p, q) in A(W;, D;).
The constraints of type (1) in Definition 5.3.4 imply that 7;(1, ¢) is a polynomial in z, for
all ¢ € [d;]. The constraints of type (2) along with Lemma 5.4.2 imply that T;(p + 1, q)
is a polynomial in {r;(p,q — 1), r:(p,q), T;(p,q)}, and vice versa T;j(p,q) is a polynomial
in {r;(p,q — 1), ri(p,q), Ti(p + 1,¢q)}. Recall that r;(p,0) = r;(p,d;) = 1; for notational
convenience we use the convention that they are present in every monomial, although note
they aren’t elements of R;. It follows that T;(p,q) is a polynomial in {z,} U {r;(p/,q —
1),7i(p',q) : 1 < p’ < p}, and also a polynomial in {7i(4,q)} U {r:i(p’,q — 1),7:(p",q) : p <
p’ < 3}. Finally, the constraint of type (3) implies that for any ¢ € [d;], the variable T;(4, q)
is a polynomial in {T;(4,q') : ¢ # q}.

For part (a), suppose that y is a polynomial in W;;. By the previous paragraph, if
(Wij, Dyj) is a constraint of type (1), then y can be written as a polynomial in z,, where
{z,} = Wiy nV,. If (Wi, D;;) is a constraint of type (2) then y can be written as a
polynomial in {z,} U R; for some ¢ € [di] (and W;; N'V; = (). If (W;;, D;;) is a constraint
of type (4) then W;; has size two, and y can be written as a polynomial in {z,,z,} U R;
for some ¢, ¢ € [d;], where W;; N V; C {x,, x,}. This finishes the proof of part (a).

For part (b), if (W;;, D;;) has type (3), then we can write y as a polynomial in {7;(4, ¢) :
q € [d; — 1]}. Suppose M = T;(4,q1)* ---T;(4,qr)™ is a monomial in this latter set of
variables, where £k > 1,1 < ¢ < ... < qx < d;; and 0 < aq,...,ar < 120. By Lemma 5.4.2,
Ti(4,q;)% is a polynomial in {z,} U {ri(p',q; — 1),7:(p',q;) : ' € [3]} such that every
monomial contains all the randomizers. When we multiply these polynomials together to
get the monomial M, some of these randomizers may cancel out. However the randomizers
ri(p',qr) for p' € [3] appear only in the polynomial for 7;(4,q). As a result, M is a
polynomial in V; U R; such that every monomial contains 7;(p', q) for all p’ € [3]. We
conclude that y can be written as a sum of monomials in V; U R;, such that each non-scalar
monomial contains the randomizers {r;(p/,q) : p’ € [3]} for some ¢ € [d; — 1]. In particular,
every non-scalar monomial contains some randomizer, finishing the proof of (b).

For part (c), suppose y and z are polynomials in W;; and W;; respectively. By part
(a), if (Wi, Dyj) and (Wi, Dyi) are constraints of type (1), (2) or (4) then y and z both
have V;-degree less than or equal to two, and thus yz has V;-degree less than or equal to
four. Suppose without loss of generality that (W;;, D;;) is the constraint of type (3). If
(Wik, Dix;) is the same constraint, then yz is a polynomial in W;;, and is covered by part

(b).

Suppose (Wix, D) has type (2), so Wiy, = {ri(p,q —1),7:(p, q), Ti(p, q), Ti(p + 1, ¢) } for
some p € [3], ¢ € [d;]. If p € [2], then z is a polynomial in {z,} U {r;(p',q — 1),7:(p', q) :
1 <p' <p}. Since y can be written as a polynomial in V; U R; such that every non-scalar
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monomial contains 7;(3, ¢) for some ¢ € [d; —1], yz can be written as a polynomial in V;UR;
such that every monomial either has V;-degree at most one or contains 7;(3, ¢) for some
q € [d;—1]. If p = 3, then z can be written as a polynomial in {7T;(4, q),r:(3,q—1),7:(3,q)}
for some ¢ € [d;]. For any 0 < a < 120, T;(4, ¢)%y can be written as a polynomial in V; U R;
such that every non-scalar monomial contains the randomizers 7;(1,¢’), r;(2,q’) for some
q € [d;—1]. So yz is a polynomial in V; U R; such that every monomial either has V;-degree
zero or contains 7;(1,¢’), r;(2,¢") for some ¢’ € [d; — 1].

Next suppose (Wi, D;x) has type (4), and let F; = {T;(4,q) : q € [d;]}. For q € [d}],
Ti(1,q) can be written as a polynomial in z,, T;(2,¢) can be written as a polynomial in
{zq,mi(1,q—1),r:(1,¢)}, and T;(3, ¢) can be written as a polynomial in {7;(4,q),7:(3,q —
1),7:(3,q)}. Hence every element W; can be written as a polynomial in V; U R; U F; of V;-
degree at most one such that no monomial contains 7;(p, ), 7;(p', ) for some ¢ € [d;—1], and
p # p'. Thus z can be written as a polynomial V; U R; U F; with V;-degree at most two, and
such that for all ¢ € [d; — 1], no monomial contains all the randomizers {r;(p,q) : p € [3]}.
If M is any monomial in F; then My can be written as a polynomial in V; U R; such that
every non-scalar monomial contains {r;(p, q) : p € [3]} for some ¢ € [d; — 1]. Hence yz can
be written as a polynomial in V; U R; where every monomial either has V;-degree at most
two or contains a variable from R;.

Finally if (Wi, Dj) has type (1), then z is a polynomial in z, for some ¢, and as in the
previous paragraph, yz can be written as a polynomial in V; U R; where every monomial
either has V;-degree at most two or contains a variable from R;. We conclude that part (c)

holds. O

Remark 5.4.4. Note that the proof of Lemma 5.4.3, part (c) fails if we use a three-row
tableau in Definition 5.3.4 rather than a four-row tableau. Indeed, suppose we used three-
row tableauz. If (Wi, D;;) is the constraint of type (3), and (Wik, Diy) is the constraint
of type (4) with Wiy, = {r;(1,q),7:(2,q)}, then it is possible for yz to have monomials of
degree > 5 that do not contain any randomizers. For instance, when q = 5, we can take
y =T;(3,1)---T;(3,5). This corresponds to the fact that, with three-row tableaux, we can
recover the group product T;(1,1)---T;(1,q) from the variables T;(3,q"), ¢ € [q] and the
randomizers r;(1,q), 1(2,q).

Intuitively, Remark 5.4.4 prevents the three-row tableau from being perfect zero knowl-
edge, since the verifier can gain access to a product of more than five of the permutations
from the first row of the randomizing tableau. Using this information, the verifier may be
able to construct one of the original non-oblivious variables from the BCS — MIP* protocol
we reduce from. It is not necessarily possible to simulate the distribution of the players’
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strategy for even one of the original variables in polynomial time. Adding a fourth row
to the tableau solves this problem, as the verifier would need to learn three randomizers
to reconstruct a product of elements on the first row of the tableau from an assignment
to a type (3) constraint. No question allows the verifier to learn three randomizers. In
the classical setting, constraints of type (4) are not necessary because everything already
commutes, so a three-row tableau is enough.

Combining Lemma 5.4.3 with Lemma 5.3.2, for any BCS B we can define a perfect
correlation p for the BCS game G(Tabg,;,(Obls(B))) such that p is a quantum correlation
if and only if G(B) has a perfect quantum strategy.

Proposition 5.4.5. Suppose B = (X, {(V;,C;)}",) is a BCS with m constraints, and
7 s a probability distribution on [m] x [m] such that w(i,5) > 0 for all i,j € [m]. Let
(Y, {(Wij, Dij) Yicim)jepma) - Let Ry = {ri(4, k) : (j, k) € [3] x [d; — 1]} be the set of ran-
domizers in W;. For any i € [m] and n > 1, let A;,, be the set of non-scalar monomials
over U; U R; which either contain an element of R;, or have degree at most n. Let A be the

subspace of A._.(Tab(Obls(B))) defined by

A=Cl & span U oi(AN;4) @ span U oi(Ni2)oi(A2),

i€[m] i#j€[m]

and let f : A — C be the linear functional defined by f(1) = 1, f(o;(x)) = 0 for all
r € Nig, and f(o;(x)oj(y)) = Oy for all x € N;o, y € Nj2, where 64 is the Kronecker
delta, i.e. g = 1 if a = b, and is 0 otherwise. Let o : A._.(Tabg,(Obls(B))) —
A._.(Tab(Obls(B))) be the homomorphism sending o;;(x) — o;(x) for all x € A(Wi;, Dij),
as tn Proposition 3.4.5.

For every i,k € [m],j7 € [my],l € [mg] and assignments ¢ and ¢ to Wy; and Wy,
respectively, let

p<¢7¢|ij7 kl) - f(a((bwij7¢®wkl’w))'

Then p is a perfect correlation for the BCS game G(Tabgy,(Obls(B)), Tsuw), and p € C,
(resp. Cya, Cyc) if and only if G(B, ) has a perfect quantum correlation in C, (resp. Cya,
Cye)-

Proof. We first observe that the linear functional f is well-defined, by showing that it can
be defined on a larger subspace. Indeed, for any set of variables S, let M(S) be the set of
non-scalar monomials in S, and let M,,(S) C M(S) be the subset of monomials of degree at
most n. Since we're assuming that (V;, C;) has at least one satisfying assignment, A(V;, C;)
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has a tracial state. Applying part (b) of Lemma 5.3.2 to the constraint system containing
the single constraint (V;, C;), we see that A(U;, E;) has a tracial state 7; such that 7;(z) = 0
for all x € My(U;). Hence C1 Nspan My(U;) = {0} in A(U;, E;). By Lemma 5.3.2, part
(c), the set My(U;) is linearly independent in A(U;, E;). Hence we can choose a basis =;
for A(U;, E;) which contains {1} UMy(U;), and such that span My (U;) C spanZ;\ {1}. By
Lemma 5.4.1, part (a), the set {ab: a € Z;,b € M(R;)} is a basis for A(W;, D;). Let ©;
be the set of non-identity elements in this basis. Because A._.(Tab(B)) is a free product
of the algebras A(W;, D;), the set

O .= {l}U U Ui(@i)u U Ui(@i)aj(@j)

i€[m] i#j€[m]

is linearly independent in A._.(Tab(B)). Define a linear functional f on the span of © by
setting f(1) =1, f(oy(x)) =0 for all z € ©;, and

1 x and y are both in My(U; NU;) and x =y
0 otherwise

floi(x)a;(y)) = {
for all z € ©,, y € ©; with ¢ # j. The image of the set A;4 in A(W;, D;) is contained
in the span of ©;, so the span of © contains the subspace A. Furthermore, if x € A; 4,
then f(o;(z)) = 0. Suppose z € A;» and y € A, with ¢ # j. If x contains an element
of R;, then z is contained in the span of {ab : a € M(U;),b € M(R;),b # 1}, and
f(oi(x)o;(y)) = 0 = 0,y. The same is true if y contains an element of R;. If neither
x or y contains an element of R; or R; respectively, then @ € My (U;) and y € My(Uj)
are elements of ©; and ©; respectively. The only way for x and y to be equal is if both
belong to My(U; NU;), so f(oi(x)0;(y)) = duy. Thus the restriction of f to A is the linear
functional defined in the proposition.

Since f is well defined, Lemma 5.4.3 implies that p is well defined. Since ) s Pwio =
1, it follows that >, ,p(¢,lij,kl) = 1 for every i,k € [m],j € [m;] and | € [my].
To show that p is a perfect correlation for G(Tabg,,(Obl;(B))), we need to show that
p(o,|ig, kl) > 0 for all ¢ € Dy;, b € Dy, i,k € [m],j € [m;] and | € [my], and that
p(o,0lig, kl) = 0 if dlw,,awy, # Ylwrwy,- If @ = k, then a(®w,, 4) and a(Pw,, ) are
both projections in the commutative algebra A(W;, D;), and thus their product is also
a projection. Since C; is non-empty by assumption, A(V;,C;) has a tracial state. If
B; = (V;,{(V;,C;)}) is the constraint system for the single constraint C;, then Obl;(B;) =
(U, {(U;, E;)}) and Tab(Obls(B;)) = (W;, {(W;, D;)}). By Lemma 5.3.2, part (b), there is
a tracial state 7; on A(U;, E;) such that 7,(z) = d,, for all z € My(U;). By Lemma 5.4.1,
part (d), there is a tracial state 7; on A(Wj;, D;) such that 7;(x) = 7;(x) for all z €
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M(U;), and 7;(x) = 0 for all monomials z € M(U; U R;) containing an element of R;.
Since 7;(1) = 1 and 7;(x) = 0 for all © € A;4, the linear functionals f and 7; agree on
Cl@AiAﬂ and f(a<q)Wij7¢(I)Wkl7¢)> = ﬁ(a(q)wij@q)wklvw)) > 0. If (b Wi;snWi 7£ ¢
O‘((I)Wij7¢)a(q)wkz,¢) =01n A(le Di>’ and f(a<q)Wij,¢<Dsz,¢)) = 0.

If i # k and neither (W;;, D;;) or (Wy;, Dy;) are constraints of type (3) in Defini-
tion 5.3.4, then by Lemma 5.4.3 there exist S; C U; and S, C U, of size at most two,
such that Wi; N U; € S;, Wiy N U € Sk, P, ¢ is a polynomial in S; U R;, and Py, 4 is
a polynomial in Sk U Ry. Since My(S;) is a linearly independent in A(Uj;, E;), part (a) of
Lemma 5.4.1 implies that the subalgebra of A(W;, D;) generated by S; U R; is isomorphic
to CZ? X Z?ﬁo’ and similarly with the algebra generated by Sy U Ry in A(Wy, Dy). Hence
the subalgebra C of A._.(Tab(Obls(B))) generated by S; U Sy U R; U Ry, is isomorphic to
the group algebra of (Z5' x Z%,) * (Z3* x Z%). Let H be the quotient of this free product
group by the relations o;(x) = oy(x) for all € S; N Sk, where o;(x) and ox(x) are the
group generators corresponding to x in the first and second factors of the free product
respectively, and let

W,; Wiy then

q: (Z3 X Ii%) % (Zy* X Ligy) — H

be the quotient map. Observe that
H = 7359 5 3 Bi98 /(o = ya for 2,y in S; U R; or Sy U Ry,)

is a graph product. By the normal form theorem for graph products [28], if g € M(S;UR;)
and h € M(S; U R;), then ¢(gh) =1 if and only if g,h € M(S; N S;) and g = h. Hence if
7 is the canonical trace on the group algebra CH, then 7o q(o;(g)or(h)) = f(oi(g)or(h)).
We conclude that f(a(®w,, ¢Pwyw)) = 7o q(a(Pw,; ¢Pw,,p)). Since Py, 4 and Py,
are projections, 7 o q(a(®w;,; ¢Pw,,.4)) > 0. Suppose ¢(x) # (x) for some x € Wy N Wi.
Then we must have x € U, N U, so ¢ € S; N S,. Since WCDWU@ = Py, 4 and

—H_w(x):t CDWklﬂ/J = (kalﬂ/)’ we have

q((Pw;.6Pwiw)) = 4 (Q(@Wingz’ (%) Ok (%) @(q’wkl,w))

=t o) (50 (B glat) =0

Thus f(a(q)Wij,d)q)kab)) = 0if (b WiinWi 7£ 1/}

Finally, suppose @ # k and (W;;, D;;) is a constraint of type (3). By Lemma 5.4.3,
part (b), we can write a(®yw,; ) = A1 + ) c,@ for some coefficients A, ¢, € C, where the
sum is over monomials z € M(U; U R;) containing an element of R;. Let 7; and 7 be the

Wij MW+
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tracial states on A(W;, D;) and A(Wy, Dy) defined above. Since 7; is equal to f on A; 4 and
Qw6 is a projection, A = f(a(Pw,;¢)) = Ti(a(Pw,, »)) > 0. Similarly, f(a(Pw,,v)) =
Te(o(Pw,,p)) > 0. If 2 € M(U; U R;) contains an element of R;, then za(®w,,,) €
O'i<A7;’4) D O-i(Ai,2)0-k(Ak,2>, SO f(xa(q)wkl’¢)) = (0. We conclude that f(Oé(CI)Wiwqg@Wkl’d,)) =
M (a(®Pw,,4)) > 0. Tt is not possible to have ¢|w,,w,, # ¥|wi,rw,, When i # k and
(Wij, Di;) has type (3), since W;; N Wy, = 0.

This finishes the proof that p is a perfect correlation for G(Tabg,,(Obls(B)), Tsuw). If p €
Cye (resp. Cya, Cy), then G(Tab(Obls(B)), 7) also has a perfect strategy in Cy. (resp. Cyq,
C,) by Proposition 3.4.3. This means that there is a tracial state (resp. Connes-embeddable
tracial state, finite-dimensional tracial state) 7 on A._.(Tab(Obls(B))) with df (7; u,) =
0. By Lemma 5.4.1, part (b), and Lemma 5.3.2, part (a), there is a 1-homomorphism
A.e(B) — A._.(Tab(Obls5(B))), and pulling back 7 by this 1-homomorphism yields a
perfect strategy for G(B,7) in Cy (resp. Cue, C,). Conversely, if G(B,n) has a per-
fect strategy in Cy, then there is a tracial state 7 on A._.(B) with def(7;u,) = 0. By
Lemma 5.3.2, part (b), there is a tracial state 7" on A._.(Obls(B)) such that def(7’; pi) = 0,
7'(0i(x)) = 0 for all z € My(U;) \ {1}, i € [m], and 7/(0;(x)0;(y)) = 0 for all x € My (U;),
y € My(Uj), i # j € [m] with z # y. By Lemma 5.4.1, part (d), there is a tracial
state 7 on A._.(Tab(Obls(B))) with def(7; ) = 0, 7(u) = 7'(u) for all monomials u in
{oi(x) : i € [m],z € U;}, and T(uo;(z)) = 0 for all i € [m], z € R;;, 1 < a < 120, and
monomials u,v in {o;(z) : j € [m],z € U; U R;} which do not contain z. Observe that
7(1) =1, and 7(0;(x)) = 0 for all x € A; 4. Similarly, if v € A;» and y € A5 are not equal,
then 7(o;(z)o;(y)) = 0. By Proposition 3.3.3, def(7; ftinter) = 0, and since m (i, j) > 0 for
all i, j € [m], ||o;(z) — oj(z)||z =0 for all x € U;NUj. Since || - ||z is unitarily bi-invariant,
we get that ||o;(x) — oj(2)||z = 0 for all x € M(U; N U;), and hence 7(o;(x)o;(x)) =1 for
all v € M(U; NUj). It follows that 7|y = f, so p(¢, ¥lij, kl) = 7 o a(Pw,; Pw,, ) for all
¢ € Dij, ¥ € Dy, i,k € [m], j € [my], | € [my]. We conclude that p € Cye. If A._(B)
has a perfect strategy in C, (resp. C,), then we can take 7 to be Connes-embeddable
(resp. finite-dimensional), so 7 will be Connes-embeddable (resp. finite-dimensional), and
p € Cyq (resp. Cy). O

Remark 5.4.6. The correlation p in Proposition 5.4.5 is described algebraically. Alter-
natively, it’s not hard to see that the correlation p(¢,1)|ij, kl) can be simulated using the
following procedure: If neither (Wi;, D;;) or (Wi, Di) has type (3), then pick an assign-
ment to the variables Z U R uniformly at random, and fill in the variables T;(p, q) so that
the constraints (Wi;, Dy;) of types (1), (2), and (4) are satisfied, to get an assignment v
toY. Output ¢ = y|w,, and ¢ = lw,,. If one of (Wij, Dij) or (Wi, Dya) has type (3),
then for each r € [m|, pick an assignment to R, and a satisfying assignments to (U,, E,)
uniformly at random, and fill in the variables Tj(p,q) to get a satisfying assignment =,
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0 (WraDT‘)' OUtPUt ¢ = %
probability p(¢,¥|ij, kl).

wy,; and Y = Yilw,,. This procedure will output ¢, with

The description of the correlation p in Remark 5.4.6 is simpler than the algebraic de-
scription. On the other hand, without the algebraic description, it’s harder to see that the
correlation generated in Remark 5.4.6 is quantum when A._.(B) has a perfect quantum
strategy. In fact, if we use three-row tableaux rather than four-row tableaux in Defini-
tion 5.3.4, then the procedure in Remark 5.4.6 is still well-defined, and simulates a perfect
strategy for the game. However, by Remark 5.4.4, the simulated correlation is not neces-
sarily quantum even if A._.(B) has a perfect quantum strategy — something that is not
immediately apparent from the description of the procedure.

We are now ready to prove this chapter’s main result.

Theorem 5.4.7. Let ({G(B,,7:)}, Q,C) be a BCS-MIP* protocol for a language L with
completeness 1 and soundness 1 — f(x), such that each context of B, has constant size,

and m, is E- dmgonally dominant for some constant £ > 0. Then there is a PZK-BCS-
MIP* protocol ({G(B.,7.)},Q,C) for L with completeness 1 and soundness 1 — D f(z),

where D > 0 is the a universal constant. If m, is uniform, then w’, is also uniform, and if
G(By, ;) has a perfect finite-dimensional tracial state, then so does G(B., 7).

Proof. Let B, = Tabg,,(Obls(B;)), and let 7, be the subdivision of 7, corresponding to
the subdivision of Tab(Obls(B,)) into Tabg,,(Obls(B;)). If 7, is uniform, then 7/, is also
uniform. Let p, be the correlation for G(B., ) defined in Proposition 5.4.5. Because B,
has contexts of constant size, Obl;(B,) and Tab(Obls(B,)) also have contexts of constant
size. As a result, the number of clauses in the constraints of Tab(Obls(B,)) is constant,
as is the size of each clause (where by clause we mean the constraints of type (1)-(4) in
Definition 5.3.4). Hence the Turing ; machines () and C' can be turned into Turing machines
Q and C such that ({G(B.,7.)},Q,C) is a BCS-MIP* protocol. Similarly, since all the
constraints of Tab(Obls(B)) have constant size, there is a Turing machine which, given
questions and answers i, j, ¢, ¢ for G(B., n’), can produce p,(¢, i, j) in polynomial time
in 7, j, and x. Since the number of answers for any question is constant, the correlation p,
can be simulated in polynomial time in .

If z € £, then B, has a perfect strategy in Cyq, s0 p, € Cy,, and hence G(B., 7)) has a
perfect strategy in C,. Similarly, if B, has a perfect strategy in C,, then G(B., ) has a

perfect strategy in C, as well. Conversely, suppose that 7 is a tramal state on A._.(B.).
Since the size of contexts and number of clauses in each constraint of Tab(Obls(B,)) are
constant, the parameters L, M, and K in Theorem 3.4.4 when going from Tab(Obls(B,))
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to Tabs,,(Obls(B,)) are all constant. Theorem 3.4.4 implies that there is a tracial state
70 on A._.(Tab(Obls(B,))) with def(ry) < poly(2F, M, K) def(7). Since there is a classical
homomorphism A._.(B;) = A._.(Tab(Obls(B,))) by Lemmas 5.3.2 and 5.4.1, we conclude
that there is a tracial state 7, on A._.(B,) with def(r;) < poly(2F, M, K) def(7). Hence
if © ¢ L, then there is no synchronous strategy p for G(B., ) with o,(G(B,,7.),p) >
1 — f(n)/poly(2F, M, K). Hence ({G(B,,7.)},S,C) is a BCS-MIP* protocol for £ with
soundness 1 — f(x)/poly (2L, M, K). O

Theorem 5.4.8. There is a perfect zero knowledge BCS-MIP*(2,1,1,1/2) protocol for the
halting problem in which the questions have length poly(n) and the answers have constant
length. Furthermore, if a game in the protocol has a perfect strategy, then it has a perfect
synchronous quantum strategy.

Proof. By Corollary 3.1.2, there is a BCS-MIP* protocol ({G(B,, m:)}, @, V) for the halting
problem with constant soundness s < 1, where B, has exponentially many contexts of
constant size. Furthermore, if ({G(B,,7,)}, @, V) has a perfect strategy, then it has a
perfect synchronous strategy. Then by Theorem 5.4.7 there is a perfect zero knowledge
BCS-MIP*(2,1,1,s") protocol for the halting problem with constant soundness s’ > 0,
polynomial length questions and constant length answers. A constant amount of parallel
repetition yields the result. O

The proof of Theorem 5.4.8 implies that the halting problem is many-one reducible to
membership in C,. In fact, there is a reduction such that if the Turing machine does not
halt, then the corresponding correlation is bounded away from the closure Cy, of Cj:

Corollary 5.4.9. There is a polynomial-time computable function p from Turing machines
to synchronous correlations such that if M halts then p(M) € C¢, and if M does not halt
then there is a linear functional f on the space of correlations such that f(p(M)) =1 and
f) <1/2 for all p' € Cy,.

Proof. Let ({G(Bas,ma)}, S, C) be the BCS-MIP* protocol for the halting problem with
completeness one and soundness 1/2 constructed in the proof of Theorem 5.4.8, where the
index M runs through Turing machines. Let p(M) be the correlation for G(Bys, ) as
in Definition 5.1.1. That p(M) is in C, follows from Theorem 5.4.8, and the fact that if
p € Cy, then p®" € C,. The corollary then follows with the linear functional f defined by

f(p') = w(G(Bar, ), p')- O

Note that the number of inputs for the correlation p(M) depends on the size of the
Turing machine M.
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If we change the input protocol of the reduction, we can get a PZK — MIP* protocol for
the halting problem with a uniform question distribution at the cost of polynomial length
answers. Consider the following strong version of MIP* = RE due to Natarajan and Zhang

[55].

Theorem 5.4.10. There is a two-prover one round AM*(2) protocol ({G,},Q, V) for the
halting problem with completeness ¢ = 1 and soundness s = 1/2, such that G, is a syn-
chronous game with constant length questions, and polylog(|x|) length answers. Further-
more, if G, has a perfect strateqgy, then it has a perfect oracularizable synchronous quantum
strategy.

Recall that AM*(2) is the complexity class of languages with two-prover MIP* protocols
where the verifier chooses their messages to the prover uniformly at random. We can now
show the following.

Theorem 5.4.11. There is a perfect zero knowledge BCS-MIP*(2,1,1,1 — 1/ poly(n))
protocol for the halting problem in which the wverifier selects questions according to the
uniform distribution, the questions have length polylog(n), and the answers have constant
length. Furthermore, if a game in the protocol has a perfect strategy, then it has a perfect
synchronous quantum strateqy.

Proof. By oracularizing Theorem 5.4.10, there is a BCS-MIP* protocol ({G(B, m,)},S,V)
for the halting problem with constant soundness s < 1, in which B, has a constant number
of contexts and contexts of size polylog(|z|), and 7, is the uniform distribution on pairs of
contexts. Furthermore, if G(B,, m,) has a perfect strategy, then it has a perfect synchronous
quantum strategy. By applying CSP reductions in each context ({G(B,,m,)},S,C) can
be turned into a BCS-MIP* protocol ({G(B.,m)},S,C) where B, = (X.,{(W#, DF)}),
D; is a 3SAT instance with number of clauses polynomial in |z|, and |W7| is poly-
nomial in |z|. Then by subdividing the B! into a 3SAT we obtain a 3SAT protocol
({G(B35AT 7354TY1 'S (') with number of clauses polynomial in |z|, and 73547 is uniform.
There is a 1-homomorphism Ac_o(B354T i ssar) — Ac_o(By, fix, ), 50 if G(B,, m,) has a
perfect synchronous quantum strategy, so does G(B354T 7354T) The theorem follows from
Theorem 5.4.7. [l

Theorem 5.4.12. There is a perfect zero knowledge BCS-MIP*(2,1,1,1/2) protocol for
the halting problem in which the verifier chooses questions uniformly at random, and the
questions and answers have length poly(n). Furthermore, if a game in the protocol has a
perfect strategy, then it has a perfect synchronous quantum strategy.
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Proof. Let ({G(B.,m:)},S,C) be the BCS-MIP* protocol from Theorem 5.4.11, so in par-
ticular B, has m, contexts, where m, = poly(|z|), and 7, is the uniform distribution on
[my] X [mg]. Since the uniform distribution is 1/2m,-diagonally dominant, Theorem 2.5.1
implies that ({G(B,,m)},S,C) has soundness 1 — 1/ poly(n) when considered as a MIP*
protocol. The result follows from Theorem 5.2.1 using a polynomial amount of parallel
repetition. O

Finally, we also have:

Theorem 5.4.13. PZK-BCS-MIP“’(2,1,1,1—1/ poly(n)) = BCS-MIP*(2,1,1,1—1/ poly(n)).

The proof is similar to the proof of Theorem 5.4.8, but without the parallel repetition.
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