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Abstract

In 2020, alandmark result by Ji, Natarajan, Vidick, Wright, and Yuen showed that MIP*, the class
of languages that can be decided by a classical verifier interacting with multiple computation-
ally unbounded provers sharing entanglement in the tensor product model, is equal to RE. We
show that the class MIP°, a complexity class defined similarly to MIP*, except that the provers
share entanglement in the commuting operator model, is equal to the class coRE." This shows
that giving the provers two different models of entanglement leads to two completely different
computational powers for interactive proof systems. Our main result, in addition to provid-
ing another disproof of the Connes embedding problem, Kirchberg’s problem, and Tsirelson’s
problem, also yields several corollaries in continuous model theory and the theory of noncom-
mutative polynomials that do not follow immediately from the MIP* = RE theorem. Along the
way, we introduce several innovations to compatibility theory and the commuting operator
model of entanglement which we list below:

We introduce a new equivalence condition for RE/coRE-complete problems, which we call
the weakly compressible condition. In addition to non-local games, this new condition could
also potentially be applicable to other classes of promise problems.

Additionally, we prove that any two-party correlation in the commuting operator model can
be approximated using a tracially embeddable strategy, a class of strategies defined on a finite
tracial von Neumann algebra, which we define in this thesis. Using this characterization, we
show that many known theorems in the tensor product model, such as the so-called “rounding"
theorem by Vidick [JMP 2022], as well as the quantum soundness of the quantum tensor code
test from Ji et al. [FOCS 2022] extend naturally to the commuting operator model.

We also give the first information-theoretic parallel repetition proof for non-local games
in the commuting operator model of entanglement. This is done by combining the anchored
parallel repetition proof by Bavarian et al. [SIAM J. Comput. 2022] along with the relative en-
tropy framework given by Araki [PRIMS 1977]. We also define several analogues of information-
theoretic tools for the tracial von Neumann algebra setting, such as mutual information and
relative entropy, which may be of independent interest.

By using these innovations, we prove MIP* = RE and MIP®® = coRE simultaneously by
showing that the compression theorem from the original MIP* = RE proof satisfies the same
completeness and soundness guarantees in the commuting operator model. This shows that
both MIP* and MIP satisfy this condition through the compression theorem, and thereby
establish that the uncomputability of MIP* and MIP® can be proved under a unified frame-
work (despite these two complexity classes being different). Notably, this approach also gives
an alternative proof of the MIP* = RE theorem, which does not rely on the preservation of the
entanglement bound. By using this compression theorem, we show that deciding whether a
game has its tensor product value equal to its commuting operator value is equivalent to the
halting problem. This shows that there are infinitely many examples of “Bell test" which dis-
tinguish between the tensor product model and the commuting operator model (although this
also means that one cannot use a computer to perform a brute-force search for such a Bell
test.). We also give a more streamlined proof of the compression theorem for non-local games
by incorporating the synchronous framework used by Mousavi et al. [STOC 2022], as well as
the improved Pauli basis test introduced by de la Salle [ArXiv:2204.07084].

1We remark that the co modifiers on both sides of MIP = coRE refer to different things!






Samenvatting

In 2020 toonden Ji, Natarajan, Vidick, Wright en Yuen in een baanbrekend resultaat aan dat
MIP*, de klasse van talen die kan worden beslist door een klassieke verifier die communiceert
met meerdere computationeel onbegrensde provers die entanglement delen in het tensorpro-
ductmodel, gelijk is aan RE. Wij tonen aan dat de klasse MIP°, een complexiteitsklasse die op
vergelijkbare wijze is gedefinieerd als MIP*, met als enige verschil dat de provers entanglement
delen in het model van commuterende operatoren, gelijk is aan de klasse coRE.” Dit laat zien
dat het toestaan van twee verschillende modellen van entanglement voor de provers leidt tot
twee volledig verschillende computationele vermogens voor interactieve bewijssystemen. Ons
hoofdresultaat heeft, naast een nieuw tegenbewijs voor het Connes-inbeddingsprobleem, het
probleem van Kirchberg en het probleem van Tsirelson, ook verschillende gevolgen voor de
continue modeltheorie en de theorie van niet-commutatieve polynomen die niet onmiddellijk
volgen uit de stelling MIP* = RE. In dit proefschrift introduceren we verschillende vernieuwin-
gen in de compatibiliteitstheorie en in het model van entanglement met commuterende oper-
atoren, die we hieronder opsommen.

We introduceren een nieuwe equivalentievoorwaarde voor RE-/coRE-volledige problemen,
die we de zwak comprimeerbare voorwaarde noemen. Naast niet-lokale spellen zou deze nieuwe
voorwaarde mogelijk ook kunnen worden toegepast op andere klassen van belofteproblemen.

Daarnaast bewijzen we dat elke tweepartijencorrelatie in het model van commuterende
operatoren kan worden benaderd met behulp van een traciéel inbedbare strategie, een klasse
van strategieén die we in dit proefschrift definiéren op eindige traciéle von Neumann-algebra’s.
Met behulp van deze karakterisering tonen we aan dat veel bekende stellingen uit het tensor-
productmodel, zoals de zogenoemde “afrondingsstelling” van Vidick [JMP 2022] en de quan-
tumcorrectheid van de quantumtensorcodetest van Ji et al. [FOCS 2022], op natuurlijke wijze
kunnen worden uitgebreid naar het model van commuterende operatoren.

We geven tevens het eerste informatietheoretische bewijs van parallelle herhaling voor niet-
lokale spellen in het model van entanglement met commuterende operatoren. Dit doen we
door het bewijs van verankerde parallelle herhaling van Bavarian et al. [SIAM ]J. Comput. 2022]
te combineren met het door Araki [PRIMS 1977] ontwikkelde raamwerk voor relatieve entropie.
Daarnaast definiéren we verschillende informatietheoretische begrippen voor de setting van
traciéle von Neumann-algebra’s, waaronder wederzijdse informatie en relatieve entropie. Deze
definities kunnen ook op zichzelf van belang zijn.

Met behulp van deze vernieuwingen bewijzen we MIP* = RE en MIP®® = coRE gelijktijdig
door aan te tonen dat de compressiestelling uit het oorspronkelijke bewijs van MIP* = RE in het
model van commuterende operatoren dezelfde volledigheids- en correctheidsgaranties biedt.
Dit laat zien dat zowel MIP* als MIP° via de compressiestelling aan deze voorwaarde voldoen,
waardoor we de onberekenbaarheid van MIP* en MIP® binnen één uniform raamwerk kun-
nen bewijzen, ondanks het feit dat deze twee complexiteitsklassen verschillend zijn. Deze be-
nadering levert bovendien een alternatief bewijs van de stelling MIP* = RE op dat niet athanke-
lijk is van het behoud van een bovengrens op de hoeveelheid entanglement. Met behulp van
deze compressiestelling bewijzen we bovendien dat het beslissen of de waarde van een spel in
het tensorproductmodel gelijk is aan zijn waarde in het model van commuterende operatoren,
equivalent is aan het stopprobleem. Hieruit volgt dat er oneindig veel voorbeelden van “Bell-
tests” bestaan die onderscheid maken tussen het tensorproductmodel en het model van com-
muterende operatoren. Dit betekent echter ook dat men niet met behulp van een computer via
brute force naar een dergelijke Bell-test kan zoeken. Ten slotte geven we een gestroomlijnder
bewijs van de compressiestelling voor niet-lokale spellen door gebruik te maken van het syn-
chrone raamwerk van Mousavi et al. [STOC 2022] en van de verbeterde Pauli-basistest die werd
geintroduceerd door de la Salle [ArXiv:2204.07084].

2We merken op dat de aanduidingen co aan beide zijden van MIP® = coRE naar verschillende zaken verwijzen!
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CHAPTER 1

Introduction

This thesis proves a simply stated theorem, MIP®® = coRE. Using slightly more techni-
cal jargon, this thesis shows that the complexity class defined by an interactive proof system
with the commuting operator model of entanglement is equivalent to the non-halting problem.
However, this weird title' or the long, cryptic statement doesn't give proper credit to the main
result of this thesis and the story behind it. This theorem makes an interesting connection be-
tween computational complexity theory and operator algebra through quantum information,
and also has various interesting implications for these communities. Before diving into this
theorem and the rigorous mathematics that proves this statement, it would be interesting to
first go into the history behind these connections.

1.1 Background information

The history behind the complexity class MIP®® is also an interesting story in itself, as it has been
considered by three different research communities independently, with very different goals in
mind! Much like the proverb of “the blind men touching an elephant", different viewpoints
reveal different facets about the same problem, yet none alone captures the full story. One
might tell a similar story about a dragon: in Chinese culture, the dragon is not a single creature
but a composite being, assembled from the features of many animals. Seen from one angle, one
notices the horns; from another, the scales; from yet another, the claws. Only by bringing these
perspectives together does one see the complete dragon emerge from the sky. I want to start
this thesis by giving a (relatively) basic, intuitive summary of all three research communities
in this section, and hopefully give you all the different perspectives required to see the dragon
emerging from the night sky.

1.1.1 Modelling entanglement: the physics perspective

Our story begins with the study of quantum mechanics back in the 1920s, when the notion
of entanglement, where subatomic particles can be correlated over a long distances, was first
proposed. Of course, there was a lot of skepticism back then because of how counter-intuitive
this sounded in comparison to classical mechanics. The debate between Bohr and Einstein
on this topic marks an important page in the development of modern physics and quantum
mechanics. However, these debates naturally stayed in the theoretical landscape, and a very
natural question back then was whether one could come up with an experimental setup which
would give us concrete evidence for particles being correlated over distances in the real world.

This question was answered by John Bell in the 1960s with the introduction of the Bell
test [ ]. There are many formulations of the Bell test, but the most famous one given is

lwhich my office mate jokes that it sounds like a complexity theory paper title generated by ChatGPT



X y XAY a b aseb
0 0 0 0 0 0
1 0 0 1 0 1
0 1 0 0 1 1
1 1 1 1 1 0

Figure 1.1: The logic table for x A y and a & b.

the formulation due to Clauser, Horne, Shimony and Holt back in the 1960s [ ]. In this
formulation, the experiment can be described using two cooperating players, Alice and Bob,
and a referee whom I named Richard”. In this setting, Alice and Bob are trying to win against
Richard, and the experiment goes as follows: Richard will first pick two uniformly random bits
x,y €1{0,1}, and send x to Alice and y to Bob. Then Alice (resp. Bob), depending on x (resp. y),
will send a bit a € {0, 1} (resp. b € {0, 1}) back to Richard. Alice and Bob win this theoretical game
if

XAy=aeb,

where A and @ are described in Figure

In this experiment, Alice and Bob can strategize before the game begins, but cannot com-
municate with each other once they have received their bit from Richard. Since Alice’s answer a
can only depend on x and Bob’s answer b can only depend on y, by looking at Figure 1.1 care-
fully, one can deduce that Alice and Bob can win this scenario with probability at most 0.75.
However, by the laws of quantum mechanics, if Alice and Bob prepare an entangled pair be-
tween them, then they could potentially sample from a richer set of probability distributions,
or “correlations”, between them. Given this larger correlation set, it can be shown that Alice
and Bob can win with probability cosz(%), which is around 0.85 (and in fact, under the mod-
els of quantum mechanics, they cannot perform better than cosz(%)). Hence, the experiment
goes as follows: The referee first asks Alice and Bob to prepare many different entangled pairs
ahead of time, then asks Alice and Bob (in this case, it could be two different experimental labs
thousands of kilometres apart) to repeatedly play the game. If their win rate on average hovers
around 0.75, then this is evidence against quantum entanglement, and consequently, if their
win rate hovers around 0.85, then this is evidence that particles indeed can be “correlated" over
long distances.

The scenario described above is known as the CHSH game in the literature, and this ex-
periment, along with subsequent work by Alain Aspect and Anton Zeilinger, forms the basis
of the Nobel Prize in Physics for 2022 | ]. This experiment has been implemented many
times after its discovery (see, for example [ 1), and the fact that this thesis is funded and
published provides evidence that particles can be correlated over long distances.

Given the CHSH game, a natural follow-up question is whether there are more scenarios
which can distinguish between the “classical" model (or models where entanglement does
not exist) and the “quantum" models of entanglement. This is where the notion of non-local
games arises in the literature, where intuitively, a non-local game is a generalization of the
CHSH game. To be more precise, a non-local game ¥ is specified by two finite sets, a ques-
tion set 2, and an answer set <, a question distribution u ~ 22 and a verification function
V :%? x o/? — {win,lose}. The game plays out similarly to the CHSH game, except Richard
samples the question distribution (x, y) ~ u (instead of (x, y) ~ {0,1}? in the CHSH game). Af-
ter receiving the answer pair (a, b) € of 2 (instead of the answer pair (a, b) € {0, 11%), the referee
decides whether Alice and Bob win the given game based on the outcome of V(x, y, a, b).

It turns out that there are many known examples of non-local games in which the players
can achieve a strictly higher success rate when given entanglement in comparison to players

2In honour of my master’s supervisor, Richard Cleve.



without entanglement, and one such example is the Mermin-Peres magic square game [ ;
]. Non-local games will be one of the key objects studied in this thesis.

Tsirelson’s problem

In addition to finding a concrete experimental setup to verify quantum entanglement, an-

other natural question about entanglement was considered by the physics community: What is

the best mathematical framework for describing quantum entanglement? The “conventional”

physics axiom” used to model entanglement is called the quantum tensor product model of
entanglement. In this model, a pair of entangled systems is described by a vector state |[¢) €

Sy ® ', where A, and A are two (potentially infinite-dimensional) Hilbert spaces. Intu-

itively, #£4 and /5 describe the space for each system, and any measurement operator made

on one system is defined locally in their respective Hilbert spaces (i.e. the measurement oper-

ator on system A is defined as A, ® I € B(#4) ® Ip). This model is commonly known as the

quantum tensor product model in the literature. For a non-local game ¥, the tensor product
value of the game is defined to be the optimal success rate for players sharing the tensor prod-

uct model of entanglement, and I use w*(¥) to denote this quantity in this thesis. As explained
in the next subsection, the tensor product is a more “analytic" way of defining entanglement.

The commuting operator model is another natural model used to model entanglement,
which is used in, e.g., the Haag-Kastler axioms of quantum mechanics | ]. In this model,
a pair of entangled systems is described by a vector state |y¢) € # defined within a single
Hilbert space ., and the only restriction is that the measurement operators associated with
the two systems must pairwise commute. To be more precise, for any measurement operator
A € B(H) for the first system and B € B(H) for the second system, it must be the case that
[A,B] = AB — BA = 0. Similarly, the commuting operator value of the game is defined to be the
optimal success rate for players sharing the commuting operator model of entanglement, and
I use w°°(¥9) to denote this quantity in this thesis. In some sense, this is a more “algebraic" way
of defining entanglement.

If the measurement operator is defined in two separate tensor factors, then they automat-
ically commute (i.e. [A®[p,04 ® B] = 0). This implies that the commuting operator model is a
more general notion of entanglement. In fact, these two models of entanglement are equivalent
to each other mathematically when the underlying Hilbert space is finite-dimensional. Boris
Tsirelson asked, in 1993, whether these two models of entanglement are equivalent [ 1.
This question was partially answered by William Slofstra in 2016, as he showed that the set of
probability distributions generated by the tensor product model, or the set of tensor product
correlations, is not closed [ 1, while the set of commuting operator correlations is closed.
However, a more interesting question is whether there exists a non-local game such that the
tensor product value of the game is strictly smaller than its commuting operator value. This is
one formulation of the famous TSirelson’s problem in the literature, and a positive resolution of
this problem would imply that there are no non-local games which can be used to distinguish
these two models of entanglement (hence, roughly speaking, implying equivalence between
the two models).

1.1.2 Classifying von Neumann algebra: the operator algebra perspective

The story from the mathematics side comes from the classification of von Neumann algebra.
For readers without a background in von Neumann algebras, it is helpful to think of a von Neu-
mann algebra as a generalization of an algebra of infinite-dimensional matrices. This set of

3There are many debates about what is considered conventional, but we will not discuss this further in this thesis
since this is not the main focus.

4He technically did not ask this question, but rather assumed, without proof, that they are equivalent in this
work. This was later pointed out to be nontrivial.



algebras contains many nice theoretical properties which make them ideal for modelling quan-
tum mechanics, along with many other applications.

In 1976, Alain Connes showed that a von Neumann algebra can be classified by the different
type of traces that they admit. Roughly speaking, a trace function 7 for a von Neumann algebra
is alinear functional which satisfies the cyclic property (i.e. 7(AB) = 7(BA) for all Aand B in the
algebra). As the name suggests, a trace function is designed to mimic the structure of a trace
for finite dimensional matrix algebras. In the seminal work by Connes [ ], he showed that
any von Neumann algebra can be decomposed as the direct product of the following 5 types of
von Neumann algebras, where a von Neumann algebra is ...

1. ... I, if it admits a trace which maps projectors to {0, ,n} for some integer n. This
intuitively corresponds to a matrix algebra .4, (C) in the finite dimension setting.

2. ... I, ifit admits a trace which maps projectors to {0, - - - ,00}. This intuitively corresponds
to a matrix algebra over an infinite-dimensional Hilbert space.

3. ... I if it admits a trace which maps projectors to [0,1] (i.e. a continuous mass between
Oand1).

4. ... Il if it admits a trace which maps projectors to [0, co].
5. ... I11if it admits a trace which maps projectors to 0 or co.

In the same work, he proposed a question which relates type I,, von Neumann algebra with type
I1; von Neumann algebras. To understand this question, we have to first define a hyperfinite 11,
factor. The definition of the hyperfinite I factor starts with the matrix algebra %, = .4, (C), or
the algebra generated by the set of two by two matrices. #) can be embedded into %, = .#,2(C)
by mapping
A 0
A->L®A= [0 A],
and the (normalized) trace can be extended accordingly. One can further embed this into %5 =
M3 (C) using a similar embedding and define {#,,} ,eny accordingly. The hyperfinite I'T; factor
Z is defined as the weak *-closure (a key topology used to define a von Neumann algebra) of
the infinite union of %,. Z# naturally admits a trace 7, since by definition each %#,, admits a
trace which extends to %, for any n < m. Since each projector P € Z originates from one of
the %,, (and hence 7(P) = zin for some [ between 0 and 2" — 1), this implies that T maps any
projector to [0, 1], thus showing that Z is a type II; von Neumann algebra. In his seminal work,
Connes asked the following famous question:

Can every I1; factor on a separable Hilbert space be embedded into the free ultrapower of %,
the hyperfinite 11, factor?

This is known as the Connes embedding problem in the literature. In the statement above, a fac-
tor is any von Neumann algebra whose centre (i.e. the intersection between the von Neumann
algebra and its commutant) consists of scalar multiples of the identity’. A Hilbert space is sep-
arable if it contains a countable basis. For the sake of intuition, one should interpret a type
I factor on a separable Hilbert space as a “natural” type 11; von Neumann algebra. An ultra-
power, in essence, can be thought of as a generalization of a limit, and the free ultrapower of #Z
can be intuitively interpreted as “infinite copies" of #. Since by definition, the hyperfinite I
factor can be approximated by finite-dimensional matrices, or type I,, von Neumann algebras,
a less scary/hand-wavy way to think about the Connes embedding problem is the following:

5This class of von Neumann algebras is actually the class for which Connes proved the famous classification
theorem mentioned earlier in this subsection.



Can every type 11; von Neumann algebra be embedded into another algebra defined by the
limits of finite-dimensional matrices?

This problem is a famous open problem in operator algebra, and it has also been shown to be
related to different problems in non-commutative probability and non-commutative real alge-
braic geometry. However, the most interesting connection” is to the different tensor product
models of C*-algebras, which I summarize below.

Roughly speaking, a C*-algebra is an abstract algebra equipped with a norm || - || and an in-
volution operation * that satisfies |a* al| = || all? for all a in the algebra (in this case, one should
intuitively think of the involution operation as an abstraction of the complex conjugation for
finite-dimensional matrices). A C*-algebra is concrete if it is represented as a subalgebra of
some %B(A). The well-known GNS construction [ , p- 11.6.4] states that every C*-algebra
can be represented on some %B(A).

Given two C*-algebras < and %, one can define the tensor product between .2/ and % in
one of two ways. The first way, known as the minimal tensor product in the literature (labelled
as ®min), is by first mapping .7 and % into the concrete representations which have underlying
Hilbert spaces $B(#4) and %B(A#) respectively, using the GNS construction. Then one can
take advantage of the underlying concrete representation 28(#4) ® %(#p) in order to define
& ®min A. This is the more analytic approach, and the resulting norm is the smallest possible
norm which can arise from any tensor product construction.

The second way, known as the maximal tensor product (labelled as ® nax), instead considers
the algebra &7 © % defined as follows: <7 © 4 is defined in terms of linear combinations of
elements of the form a® b for a € o/ and b € Z. Furthermore, the algebra satisfies the following
rules:

* (a1 ©b1) (ax©by) =(ay-az) ©(by-by)
e (aob)* =(a*ob*)

Under these multiplication rules, <7 © % forms an x*-algebra, and in order to make it a C*-
algebra, one takes the maximal norm || - | nax to be

(@ © b)llmax = supllz ((@© b)) |

where the supremum is taken over all concrete representations of .7 © . The resulting norm
constructed above is the largest possible norm arising from any tensor product construction.

An interesting question is: given a C*-algebra .27, in what scenario is the algebra o7 ®max &7
equivalent to &7 ®min 7. A C*-algebra is called nuclear iff the norm defined by &7 ® nax %7 coin-
cides with .&7 ® in & | , Definition 11.9.4.1]. .7 is known to be nuclear if .«7 is abelian (i.e.
the multiplicative structure is commutative) or represented within a finite-dimensional Hilbert
space. The interesting scenario is when .27 is taken to be C* (F2) or the group C*-algebra over
the free group over two generators. In this case, the free group [F, is generated by 2 genera-
tors and their inverses, or {s1, 57", 52,5, '} where ;57 = I for all i € {1,2} (with no commutation
relationships defined). One can transform F; into a C*-algebra by considering the unitary rep-
resentation over some (). To this end, we have the following question:

Is the C*-algebra C* (F,) nuclear?

This is one of the formulations of the well-known Kirchberg’s problem in the literature | ].
This problem is shown to be equivalent to the Connes embedding problem by Eberhard Kirch-
berg in the same paper. To be more precise, if C*(Fs) is nuclear, then every I, factor on a
separable Hilbert space can be embedded into the free ultrapower of R.

8with some bias.



It turns out, Kirchberg’s problem is also quite relevant to quantum information. Let [/,
denote the free group with m generators and order n (i.e. s = I foralli € {1,..., m}). Kirchberg’s
problem can be formulated as the following problem:

Is the C*-algebra C* (F;)) nuclear for all n, m € N?

To relate the problem back to quantum information, consider n sets of PVMs each with m
outcomes, i.e. {P}},cq,. n for POVMs indexed by x € {1,..., m}. By considering the unitary
observable

n .
2mi
U=y P,
k=1

forall x € {1,---,m}, U* is precisely a representation for C*(F,). In this case, the minimal ten-
sor product between two copies of C*(F,) corresponds precisely to the tensor product model
of entanglement between two quantum systems with z different measurements, each with m
measurement outcomes. Similarly, the maximal tensor product between two copies of C*(F)
corresponds to the commuting operator model of entanglement. Hence, if Tsirelson’s problem,
introduced in the previous section, has a positive answer, this immediately implies that both
Kirchberg’s problem and Connes embedding problem are true!

Since the focus of this thesis is not on von Neumann algebra theory, I refer the reader to the
excellent survey paper by Isaac Goldbring [ ] and an excellent paper by Tobias Fritz [ ]
for more details on the implications of Connes embedding problem and how Tsirelson’s prob-
lem is related to it.

1.1.3 Interactive proof system: the computer science perspective

Finally, I will bring the story back to the theoretical computer science community, with one of
the (still open) Millennium Prize Problems, P vs NP. P and NP are perhaps the most famous
complexity classes in the literature, where P is the set of decision problems which are solvable
by a deterministic polynomial-time Turing machine, and NP is the set of decision problems
solvable by a nondeterministic polynomial-time Turing machine. There are many definitions
for these two complexity classes, but the definition that I use in this introduction will be in the
languages of proofs. There are many notions of proofs for mathematical statements'.

In complexity theory, a language L is a subset of {0,1}* and, from the proof perspective,
corresponds to the set of “correct” statements (or the binary encoding of correct statements).
From this point of view, a decision problem in complexity theory can be phrased as follows:
given a statement x € {0,1}*, decide whether x is “correct”, i.e. whether x € L or x ¢ L. In this
case, P corresponds to the set of languages in which one can deduce whether the statement
is correct given a polynomial-time algorithm, and NP corresponds to the set of languages for
which there exists a polynomial-time algorithm that can verify a statement when given a proof
string y. Clearly, if one can deduce the statement correctly, one can also verify (even without
using the proof) the statement correctly. So fundamentally, P vs NP is about whether all prob-
lems which can be verified efficiently can also be proven efficiently.

It turns out, proving whether P = NP is true is very hard. So people began to define a more
“relaxed" notion of NP in hopes of making progress on this problem. One such simplification
is the interactive proof system model, introduced by Shafi Goldwasser, Silvio Micali and Charles
Rackoffin 1985 | ]. Roughly speaking, this model is defined in terms of two parties, a ver-
ifier known as Arthur and a prover known as Merlin. Given a language L < {0,1}*, Arthur, when
given an instance x € {0,1}*, wants to decide whether the instance corresponds to a correct
statement using a polynomial-time algorithm. However, Arthur can also query Merlin prob-
abilistically, and through multiple rounds of interaction (i.e. Arthur can make the next query

7As some statements which are 10 characters long would require a 50 page paper followed by a 167 page paper,
along with a few more previous results in order to show that the statement is correct.



based on the answer he gets in the previous round). Merlin is assumed to be computationally
unbounded, but he is always trying to convince Arthur that x € L (even in the case where x ¢ L).
This becomes an interesting scenario, since Arthur needs to find an intelligent way to query
Merlin to make sure that Merlin is not deceiving him. A language L is in the complexity class |IP
if there exists an interaction between Arthur and Merlin such that

e (Completeness) If x € L, then Arthur always “accepts” the given instance (i.e. Arthur con-
cludes that x e L).

* (Soundness) If x ¢ L, then no matter how Merlin responds during the interaction, Arthur
will accept the given instance with probability at most 0.5.

Ijust wanted to quickly remark that this is not the standard completeness/soundness gap used
in the literature describing IP°. Intuitively, one should interpret P, NP and IP in the following
manner:

* P intuitively corresponds to you, as the reader, trying to prove a statement is correct with-
out any assistance.

* NP intuitively corresponds to you, as the reader, trying to verify the statement when given
a paper that claims to prove the statement.

e |P intuitively corresponds to you, as the reader, trying to verify the statement in a refer-
eeing process for a paper. You can query the author freely, but the author of the paper is
determined to convince you that the paper is correct (even in the case where the paper
might contain an error).

Given the above intuition, it is unsurprising that IP is known to be more powerful than
NP. A seminal result due to Adi Shamir [ ] shows that IP is equal to PSPACE, where,
recall, PSPACE corresponds to the set of problems which are solvable by a polynomial space
algorithm.

In a follow-up work, Laszl6 Babai, Lance Fortnow and Carsten Lund introduce the notion
of a multiprover interactive proof system | ]. In this model, the verifier can additionally
interact with multiple non-interactive provers, or provers that cannot interact with each other
during the verification procedure. The provers can coordinate their answers beforehand, but
they do not know the question given to the other provers during the verification process. At
first glance, it might seem that the verifier cannot gain any additional advantage by interacting
with multiple provers. However, the additional provers give the verifier the power of “cross-
referencing”, meaning that the verifier can ask two different provers the same question, and
expect the same answer back from both provers. In this case, the provers will look extremely
suspicious if they gave different answers to the same question. In the same paper, Babai et
al. show that MIP, the set of languages decidable by a multiplayer interactive proof system,
is NEXP-complete, where NEXP corresponds to NP but with exponential validation time and
proofsize. Interestingly, it can be shown that the verifier only needs to make one round of com-
munication simultaneously with two provers in order to verify a NEXP instance. The proof of
MIP = NEXP has led to many foundational results in modern computer science. This includes
some of the early development of the probabilistic checkable proofs (PCP) [ ; ], and
the unique games conjecture [ ] for the hardness of approximation of NP-hard problems.

Moving forward to the 2000s, a natural question is whether there is a quantum analogue of
IP or MIP. The first attempt was given by John Watrous by defining the notion of a quantum in-
teractive proof system (QIP), where the verifier is now given access to a polynomial-time quan-
tum computer and allowed to share a quantum proof between the provers [ 1. However,
it turns out this did not give a computational advantage to the verifier, as John Watrous, along

8The standard definition usually requires a (2/3, 1/3) completeness/soundness gap



with Rahul Jain, Zhengfeng Ji and Sarvagya Upadhyay showed that QIP = PSPACE | .
Similarly, Hirotada Kobayashi and Keiji Matsumoto gave a notion of a quantum multiprover
interactive proof system (QMIP), and also showed that this did not offer any advantage in com-
parison to classical MIP [ 1.

The more interesting scenario, and the one which we focus on in this thesis, is the case
where the verifier is still classical, and is restricted to classical messages. The provers still can’t
communicate to each other, but they are allowed, in addition to coordinating answers, to pre-
pare a shared entangled state between them. For players sharing the tensor product of entan-
glement, this is known as a multiplayer interactive proof system with the tensor product model of
entanglement or MIP™ in the literature. If we restrict MIP* to the scenario where the verifier is
only allowed to make one round communication with two (entangled) provers, we see that this
protocol, by definition, is extremely similar to the notion of a non-local game introduced back
in Section , as the players (Alice and Bob) in a non-local game correspond to the provers
in the interactive proof system model, and similarly, the referee (Richard) corresponds to the
verifier. This connection was noticed by Richard Cleve, Peter Hoyer, Ben Toner and John Wa-
trous back in 2004 [ ]. Due to this connection, we can describe the problems in MIP*
by the (1, %) -tensor product value problem, which is a promise problem given as follows: given
anon-local game ¢, decide whether

e (Yes case): w*(¥9) =1,

¢ (No case): w*(¥) = %

We remark that although a two-prover one-round MIP seems similar to a non-local game, there
are some minor differences between these two complexity classes on how the problem is rep-
resented. A non-local game is represented by a tuple (¥, </, u, V), while an interactive proof
system only requires a description of two Turing machines which implement ¢ and V respec-
tively. Intuitively, g, in the interactive proof system setting, is the function which implements
the sampling procedure for the verifier to sample a pair of questions to the provers, and V cor-
responds to the decision function of whether the verifier will accept the given instance or not.
We remark that although there are no question and answer sets in the interactive proof model,
since both u and V are assumed to run in polynomial-time, and hence only be able to read a
polynomial number of bits as input, the question and answer size is effectively strings of size
poly(n).

At the time, it was not immediately clear what the complexity of MIP* should be, or even
whether it was more powerful than NEXP at all! On the one hand, giving the provers entangle-
ment could potentially let them “collude"” more effectively in some instances, which weakens
the power of the verifier. However, this also allows the verifier to create a new and inventive
protocol which takes advantage of the entanglement they share, potentially giving the verifier
more power.

The only trivial upper bound for MIP* that we knew at the time was RE, the complexity
class which is complete with respect to the halting problem. More precisely, a decision problem
L <{0,1}* is in RE if there exists an algorithm A such that

¢ if x €L, then A, on input x, halts and returns 1.
¢ Otherwise A, on input x, might never halt.

It is not hard to see that if one can solve the halting problem, one can decide L. We know
that MIP* < RE due to the well-known search-from-above algorithm, a brute-search based
algorithm which allows one to compute a sequence x; such that x; < x, < --- < 0w*(¥4) and
limy .00 X = 0* (%) for all games ¢. Intuitively, each x; corresponds to the best-performing
strategy for the prover for ¢ when restricted to finite-dimensional strategies defined within



CleC! (up to an error of %). Since both %(#4) and %(#) can be approximated by finite-
dimensional matrices, the limit of this sequence converges to the tensor-product value of the
game ¢%. Hence, if 0*(¢) = 1, then one can compute this sequence until x; > %, thus correctly
deciding the yes case for the (1, %)-tensor product value problem. However, if w*(¥4) < %, then
computing this sequence might never give a certificate which verifies w* (¢) < %

In 2008, Miguel Navascués, Stefano Pironio and Antonio Acin developed another algorithm
which gives a computable sequence y; = y» = --- = w*(¥), but lim,_ ¥ = ©°(9) [ 1.
This sequence, known as the NPA hierarchy in the literature, uses the commuting assumption
from the commuting operator model of entanglement to define a sequence of semidefinite pro-
grams (SDPs) where the optimal value of the i-th SDP is precisely y;. Assuming that the afore-
mentioned Tsirelson’s problem is true (i.e. w*(¥4) = w°°(¥)), one can continuously compute
|y; — x;| until the difference is less than % in order to estimate w* (%) with error bound less than
3, thus giving a halting algorithm for the (1, 3)-tensor product value problem. In other words, if
there is no algorithm which solves the (1, %)-tensor product value problem (or MIP* = RE), then
Tsirelson’s problem, along with Kirchberg’s problem and Connes embedding problem, would
admit a negative answer!

MIP* was shown to be at least be as powerful as MIP in [ ] by Thomas Vidick and
Tsuyoshi Ito in 2012, where the authors showed that NEXP < MIP*. However, it was unclear
at the time whether the two complexity classes were equal. Numerous papers were published
in this area, attempting to explore the complexity of MIP* (see, for example [ 1, [ 1,
[ ]). It was not until 2019 that Anand Natarajan and John Wright showed that NEEXP, the
analogue of NP with doubly exponential proof size and running time, is contained in MIP™ [
thus showing that MIP* is strictly more powerful than MIP. Around the same time, Joseph
Fitzsimons, Zhengfeng Ji, Thomas Vidick and Henry Yuen showed that for any n € N, the (1,1 -
O(exp(—C-exp(---exp(n)))))-tensor product value problem (where the expression 1-O(exp(—C-
exp(---exp(n)))) contains n — 1 nested exponentials) is complete for the n-ary NE---EXP com-
plexity class (with n “E " behind the N) [ 1, thus showing that the (1, %)-tensor product
value problem could potentially be uncomputable.

Finally, in 2020, Anand Natarajan, Zhengfeng Ji, Thomas Vidick, John Wright and Henry
Yuen, in a landmark result [ ], showed that MIP* = RE by combining the one-layer
compression from [ ] with the recursive compression technique from | 17, thus giv-
ing a negative resolution to Tsirelson’s problem, Kirchberg’s problem and Connes embedding
problem all at once.

Multiplayer interactive proof system with the commuting operator model of entanglement

From this story, there is an obvious missing complexity class, multiplayer interactive proof sys-
tem with the commuting operator model of entanglement, or the complexity class MIP°. There
are many similarities between the complexity class MIP* and MIP®. For one, determining
the complexity of both these classes started out as a master’s project [ ; 1'"". An-
other similarity is that the problems in MIP® are described by a similar problem known as the
(1, %)-commuting operator value problem, which is a promise problem given as follows: given
anon-local game ¥, decide whether

¢ (Yes case): w°(¥) =1,
¢ (No case): w°°(¥) < %

From the NPA hierarchy described earlier, we know that MIP“® < coRE, where, a decision prob-
lem L < {0,1}* is in coRE if there exists an algorithm A such that

9Technically, this result was resolved in [ | by fixing a previous bug regarding the quantum soundness of
the low-degree test.
0j0kes aside, 1 think proving that MIP* = RE is a much more impressive masters project than my thesis, as a lot
of the techniques in this thesis are based on techniques used to prove MIP* = RE result.



e if xZL, then A, on input x halts and returns 0.
¢ Otherwise, A, on input x, might never halt.

It is well known that RE # coRE and RE n coRE contains the set of “computable” problems, i.e.
the set of problems for which there exists a halting algorithm that decides them.

One of the main challenges in determining the complexity of MIP®® is that the commut-
ing operator model is infinite-dimensional in nature, and hence it is unclear whether similar
properties in the tensor product setting would hold in this model. We remark that giving the
provers more correlation does not necessarily give the verifier more power. By a previous result,
if we give the provers a more general correlation model known as the non-signalling model, the
computational power of the verifier actually decreases to EXP, which is even weaker than the
classical model! In fact, if we allow the provers to communicate, the verifier naturally loses
the power to cross-reference the different provers and hence the computation power actually
drops down to PSPACE!

1.2 Main contribution of this doctoral thesis

Let’s repeat the sentence from the beginning of this chapter once again! This thesis proves
MIP® = coRE, or the complexity class defined by an interactive proof system with the com-
muting operator model of entanglement is equivalent to the non-halting problem. Along the
way, I introduced many tools for both the quantum information and the computational com-
plexity communities, which could be useful for other problems. I will start by first summarizing
some of the main contributions of this doctoral thesis in this section.

1.2.1 Tracially embeddable strategies

One of the main contributions in this thesis related to quantum information is introducing the
notion of tracially embeddable strategies into the literature. To be a bit more precise, for a non-
local game ¢, we use the term strategy to denote the entangled state and the measurement
operators for the players/provers used to play ¢. For a non-local game ¢ = (u, D, %, <), a ten-
sor product strategy consists of a state |[y) € /4 ® /5 on two (potentially infinite-dimensional)
Hilbert spaces #4 and #3, and two sets of measurements {A}} ycar € B(H4) and {B}}xear <
9B(Hp) each with outcomes in a € «/. Intuitively, A}, is the measurement performed by Alice
and B} is the measurement performed by Bob. Similarly, a commuting operator strategy con-
sists of a state |y) € /7, and the measurement operators are defined by {A}}, {B}} € B(#) such
that A} and B} pairwise commute.

Mathematically, a commuting operator strategy (A, [¢), {A}}, {BZ }) is tracially embeddable
if

¢ The underlying Hilbert space . arises from the standard form for some tracial von Neu-
mann algebra (<7, ), where the standard form for a tracial von Neumann algebra is when
the algebra is represented under the GNS representation of the tracial state 7.

e The measurement state i) is of the form o |7), where |7) is the vector state representation
of the tracial function 7,

* {A}} < «/. In other words, the observable of one of the players/provers is defined within
&/ under this representation.

* {BJ} < .&/'. In other words, the observable of the other player/prover is defined within the
commutant of ./ under this representation.



Intuitively, one should think of the standard form as the “vectorization" notation used in
quantum information, and because of this, one can find many analogues of properties and
techniques from finite-dimensional strategies when working with this class of strategies. I re-
fer the readers to Example for a more concrete example which illustrates the similarity
between tracially embeddable strategies and finite-dimensional strategies.

One of the key theorems that I show in this thesis is that any behaviour by the provers/players
in the commuting operator model of entanglement can be well approximated by provers/players
restricted to using tracially embeddable strategies. To be a bit more precise, the set of correla-
tions, or the set of probability distributions for outputting a certain answer pair given a ques-
tion pair when the provers are given access to tracially embeddable strategies is dense within
the set of correlations for provers with commuting operator strategies. One of the main ingredi-
ents needed for this result is Haagerup’s L, reduction | 1, which allows one to approximate
any von Neumann algebra with a series of tracial von Neumann algebras.

Due to the structure of the tracially embeddable strategy, and the approximation theorem
above, many known results in the finite-dimensional tensor product setting can be easily trans-
lated to the commuting operator model setting by a change of notation. Some examples in this
thesis include the rigidity theorem for the Pauli Basis test given in [ , Chapter 7], the
rounding theorem which allows one to approximate any approximately synchronous correla-
tions by exact synchronous correlations [ ; ], as well as several soundness property
results used in the proof of MIP* = RE. In addition to the theorems listed above, I believe this
class of strategies could be useful in translating other theorems about entanglement from the
tensor product model to the commuting operator model.

1.2.2 The compression paradigm

Inspired by the proposed proof of MIP®® = coRE given in [ ], one of the other main con-
tributions of this thesis is to introduce a new condition for a decision problem to be RE or
coRE-complete, which I named the compressible condition. This condition was considered
independently in an unpublished work'' by Andrew Marks, Seyed Sajjad Nezhadi, and Henry
Yuen [ |, and as far as I am aware, this condition is completely original in the literature.

Roughly speaking, a language L < {0,1}* is compressible if there exists a computable map
CompressL which takes as input a description of a function Seq : N — {0,1}* which runs in
O(poly(n)) time (with respect to the input size) and outputs a description of a “compressed"
version of the function Seq®°™P : N — {0, 1}* which satisfies the following:

¢ (Runtime) SeqComp runs in O(polylog(n)) time.
* (Completeness) For every n € N, Seq(n) € L = Seq®™P(n) € L.

* (Soundness) For every n €N, Seq(n) ¢ L = Seq“°™(n) ¢ L.

It's worth pointing out that Compress' is language dependent, and should work for all maps
Seq. Furthermore, Compress’ only gets the description of Seq as an input. Since Seq®™ is
restricted to run in only O(polylog(n)) time, the output SeqComp actually cannot depend on
running Seq, and must rely on the properties of the language itself. Intuitively, one should
think of the compression condition as a compression of the complexity of generating the prob-

lem instance itself. By [ ], it is known that the halting problem is compressible ( Exam-
ple ), and by using a similar trick using Kleene’s recursion theorem similarly to the original
MIP* = RE proof [ , Chapter 12], I show thatif L € RE (i.e. L is decidable if one can solve

the halting problem), then L being compressible is equivalent to L being RE-complete. If L is
compressible, the language {0,1}* \ L is also compressible, and hence the same condition can
also be used to show coRE-completeness for languages and decision problems.

Hynpublished at the time of writing this thesis.



Although we know that the halting problem is compressible, there are very few RE or coRE
problems that we currently know to admit a “natural" compression map (i.e. a compression
map that does not rely on the reduction back to the halting/non-halting problem). In prac-
tice, to use the compression paradigm, one often has to work with a succinct representation
of a problem, and has to show that the problem is NP-hard in a specific manner so that one
can actually simulate the succinct instance by a “smaller" instance of the same problem (in
the MIP*/MIP° case, self-testing of quantum states in combination with the PCP theorem
gives the desired property). I personally believe that these techniques offer a new approach for
proving uncomputability, and it is a very interesting open problem to see if one can use these
techniques for problems outside of quantum information theory.

Compression and MIP*/MIP®°. By leveraging this condition, I give a proof for both MIP* =
RE and MIP®® = coRE by showing the existence of a compression map for both the tensor
product/commuting operator value problems. To be a bit more precise, a uniform problem
instance for the tensor product/commuting operator value problem is defined as a Turing ma-
chine 7 : N — ¢, where to abuse notation, ¢ in this case is the set of all possible descriptions
for a non-local game. One could intuitively think of the uniform sequence as the “input Turing
machine Seq" for the above example.

I show that a specific subclass of game sequences, known as the “conditionally linear veri-
fier", admits a gap compression theorem described earlier in the introduction. The definition
of the conditionally linear verifier is very much tailored to the proof of the compression theo-
rem, and hence I will not go into detail here. Nevertheless, I give an informal version of the gap
compression theorem below.

Theorem 1.2.1 (Gap compression theorem, informal version of ). Forevery a €N, there exists a
polynomial time algorithm Gapcompress, that takes as input ¥ :N — %4, a conditionally linear
verifier such that ¥ (n) runs in O(poly(n)) time, each game in the sequence can be sampled and
decided in O(poly(n)) time. The algorithm runs in poly(|[(Gapcompress)|, @) time and outputs a
conditionally linear verifier g Comp .y . 4 such that, forte{x,co}:

1. (Runtime) ¥ ©°™P(n) runs in O(polylog(n)) time, and each game ¥ “°"P(n) can be sam-
pled in O(polylog(n)) time, and the decider function D,, runs in O(polylog(n)) time.

2. (Completeness) Ifw' (¥ (n)) = 1, then w' (¥ " (n)) = 1
3. (Soundness) Ifo' (¥ (n)) < 3, then ' (¥ “°"P(n)) < 3.

Roughly speaking, by considering the Gapcompress guaranteed by the theorem, this shows
that MIP*/MIP, when restricted to games generated by a conditionally linear verifier, are
compressible. Interestingly, even though the compression map for both MIP* and MIP is
the same, MIP* is RE-complete due to the search-from-below algorithm putting MIP* < RE,
and MIP° is coRE-complete due to the NPA Hierarchy [ ]. The proof of Theorem
is almost identical to the compression map given in the original MIP* = RE proof. The only
significant difference is that I also show the completeness/soundness condition for the com-
muting operator model by using tracially embeddable strategies described in the last subsec-
tion. In comparison to the original theorem, using the compression framework actually gives
a simpler proof for the MIP* = RE theorem, as one no longer has to keep track of the “entan-
glement dimension" property within the soundness clause in the compression theorem used
in the original MIP* = RE proof [ , Theorem 12.1].

Explicit separation between the models of entanglement. As a corollary of the MIP* = RE
theorem, the tensor product model of entanglement is mathematically different from the com-
muting operator model of entanglement. A natural follow-up question is whether one can find



an experimental setup similar to the Bell test scenario to determine the correct way to model
entanglement in our universe? | , Theorem 12.10] shows the existence of a game ¢ such
that w* (%) < % and w°° (%) = 1, which, in theory, could serve as the experiment to test which
model better describes our universe. However, the question and answer sets for the given game
have a magnitude of 10%°, making it impractical for experimental implementation.

I show that given a non-local game ¢, the promise problem of deciding whether w*(¥) =
w°°(¥9) or |w* (¥) — w°°(¥)| = ¢ for any fixed constant c € [0, 1] is RE-complete. In other words,
there is no algorithm which can be used to find an explicit separation between the tensor prod-
uct model and the commuting operator model for general non-local games! The proof follows
from a simple observation that Theorem also gives a compression map for the above de-
cision problem. Using the compression framework naturally gives a reduction for any non-
halting Turing machine to an instance of a game such that |[w* (¥) — 0w°°(¥)| = ¢, i.e. an experi-
mental setup which separates the tensor product model of entanglement from the commuting
operator model of entanglement; however, since the technique used is similar to the one given
in [ , Theorem 12.10], I suspect that the question size and answer size would be as large
as thosein [ ].

1.2.3 Relative entropy and Mutual information in the commuting operator model.

Tracially embeddable strategies are sufficient to generalize most theorems used in the proof
of MIP* = RE to the commuting operator model. However, one spot that it completely fails
is the anchored parallel repetition theorem from [ ]. One of the main gaps for proving a
quantum parallel repetition theorem for non-local games for the commuting operator model
is the lack of information-theoretic tools. These techniques are not known to generalize to
the commuting operator setting. Building up from the works by [ ], I gave an analogue
for a few information-theoretic tools, such as mutual information and Uhlmann’s theorem,
for states on a tracial von Neumann algebra. In addition to the anchored parallel repetition
theorem, I believe that these tools can be used to prove other variants of quantum parallel
repetition theorem for non-local games, and could potentially be independently interesting to
the quantum information community.

I wanted to remark that these tools on quantum information theory were done as a part
of my master’s work back in Waterloo, along with Henry Yuen, William Slofstra and Hamoon
Mousavi. I also want to remark that quantum information on von Neumann algebras has been
considered independently in other literature (see, for example, the Ph.D thesis for Lauritz van
Luijk [ .

1.3 Organization of this thesis

One of the main challenges that I had when reading the original MIP* = RE proof is the over-
whelming background required to understand the paper. Although the same problem is pre-
sented in this thesis, the goal is to minimize some of the dependency on background and to
give a clear picture about each individual piece for the MIP* = RE/MIP® = coRE proof. With
this goal in mind, I divided this thesis into four parts. I will describe the purpose of each of
the four parts in this section, and some of the background and content each part covers in this
thesis for the remainder of this section. Since the background notation is divided, I made an
index of all nomenclature which should hopefully make this thesis more accessible.

1.3.1 Part 1: The compression condition for uncomputable problems.

In this part, the main goal is to discuss the compressible framework described in the last sec-
tion. This part only consists of one chapter ( Chapter 2), and it consists of my main contribu-
tion to complexity as a whole. I choose to put this in a separate section because understanding



this part only requires basic complexity theory, which makes it easy to write a self-contained
section about it. This part introduces the compressible condition (Definition and Def-
inition ) along with a self-contained proof showing that if a language is in RE, then the
language being compressible also implies that the language is RE-complete (Theorem ).
Along the way, I also give a formulation for the compressible condition on succinct represen-
tation of languages Definition , a formulation which, in my opinion, is a lot more usable
for showing RE or coRE-completeness for different decision problems.

1.3.2 Part 2: Tracially embeddable strategies for non-local games

In this part, the main goal is to discuss tracially embeddable strategies, and some general im-
plications for the commuting operator model of entanglement. In a similar vein to Part 1 being
focused on complexity theory, the theme of this part is on mathematical physics, and discusses
some results about non-local games which are more oriented toward mathematical physics.
In Chapter 3, I give some basic definitions and results on basic von Neumann algebra theory
and quantum mechanics which I use for Part [T and Part I11. Essentially, this chapter contains
the “basic math background" needed to understand the rest of the thesis. On the operator
algebra side, I give a basic introduction to tracial von Neumann algebras and also give a finite-
dimensional example for a tracial von Neumann algebra in standard form. On the quantum in-
formation side, I will give a formal definition of non-local games, as well as the different models
of quantum entanglement in this chapter.

In Chapter 4, I define tracially embeddable strategies more formally Definition , and
prove that the closure of the set of correlations generated by the tracially embeddable strate-
gies forms the set of commuting operator correlations Theorem . Since the proof of The-
orem uses several advanced results in von Neumann algebra theory, we give a separate
preliminary on these tools in this chapter. Based on the structure of the tracially embeddable
strategies, I also define the commuting operator analogue for two classes of strategies, the sym-
metric and oracularizable strategies in this chapter.

Since tracially embeddable strategies are used quite extensively in this thesis, for readers
without any background in von Neumann algebra theory, we give a finite-dimensional example
in Example for intuition. Alternatively, I also give a translation chart for notations from
tracially embeddable strategies to finite-dimensional strategies in Table 4.1. T want to remark
that, by using this translation chart in this thesis, one could obtain a proof based on finite-
dimensional strategies for showing MIP* = RE.

By using Chapter 4, I give a proof for the “rounding" theorem for the commuting operator
model in Chapter 5. In essence, the rounding theorem states that any “almost synchronous cor-
relation” can be approximated by exact synchronous correlations. This result was proven in the

tensor product model in [ ; ]. Due to the result on tracially embeddable strategies,
one could mimic the proof from [ ] in order to obtain a similar result in the commuting
operator model.

1.3.3 Part 3: Interactive proof systems and the compression theorem

In this part, the main goal is to introduce and prove the compression theorem for the com-
plexity classes MIP* and MIP®°, and combine this theorem with the compression paradigm
introduced in Part | to show the main result of this thesis. The theme for this part is to treat a
non-local game as a multiprover interactive proof system, and show some results about them.

In Chapter 6, I define the notion of an interactive proof system, and give a formal version
of the compression theorem for MIP*/MIP® (Theorem ). Furthermore, I give the algo-
rithms “search from below" and “search from above" (Pseudocode 7 and Pseudocode 5) which
put MIP* € RE and MIP®® € coRE respectively, both of these algorithms are well known in the
literature. With these ingredients, I give a proof showing that MIP* = RE and MIP®® = coRE



in this chapter. I also give a proof for showing that giving an explicit separation between the
models of entanglement is equivalent to the halting problem. In essence, this section is about
how the compression theorem for non-local games is being used.

In Chapter 7, I formally define the notion of a conditionally linear distribution (Defini-

tion ) and conditionally linear verifier (Definition ). The conditionally linear distri-
bution is originally introduced in [ , Chapter 4], and the conditionally linear verifier is
a more streamlined version of the detyped verifier in [ , Definition 6.17]. Although a

conditionally linear verifier is one of the key definitions used to define the compression the-
orem, the definition itself is not quite important for using the compression theorem. This is
the main reason why I choose to define it in a separate chapter. I also give a proof outline for
the compression theorem, which can be quickly summarized by a limerick I wrote back in my
master’s thesis [ ], presented below:

Non-local games are Ar Ee complete,

This means max tensors are not quite discrete,
Introspect the sampler,

P-C-P the player,

and an anchor to parallel repeat!

As suggested by the limerick, the compression theorem is proven using three different trans-
formations, the question reduction protocol known as Introspection, the answer reduction
protocol which is based on a PCP construction, and the parallel repetition theorem which uses
an anchor transformation. Defining each of the three transformations is very complicated, and
each of them, in my opinion, requires different tools. The rest of Part 3 will be divided up in the
following manner

e Chapter 8 and Chapter 9 will be focused on the question reduction transformation.
e Chapter 10 and Chapter 11 will be focused on the answer reduction transformation.
e Chapter 12 will be focused on the parallel repetition transformation.

Each of the three portions above is written in a way so that they can be read independently,
assuming one understands Chapter 7. Similarly to the rounding theorem, the main contribu-
tion of this thesis is to show that the main property for these three transformations in the ten-
sor product model also holds for the commuting operator model using tracially embeddable
strategies. I will describe the key idea behind each of the three transformations below.

Question Reduction. The goal of the question reduction protocol is to force the provers to
make an “ideal" measurement in order for them to sample a question pair following the con-
ditionally linear verifier. The question reduction protocol is a combination of two tests: the
Pauli Basis test and the Introspection protocol. The Pauli Basis test uses self-testing techniques
in order to force the dishonest provers to prepare enough EPR pairs required to sample the
input distribution, as well as perform an X or Z measurement on all the prepared EPR pairs.
The Introspection protocol utilizes the EPR pairs guaranteed by the Pauli Basis test and forces
the provers to make the correct Pauli Z measurement so that the provers can sample a ques-
tion pair from the given conditionally linear distribution. The Pauli Basis test has a question
sampling complexity of polylog(n), and the Introspection protocol has a sampling complex-
ity independent of n (where both tests have a decision complexity of poly(n)), thereby reduc-
ing the complexity of Q from poly(n) to polylog(n). In this thesis, I use the simplification due
to [ ] for the Pauli Basis test, which circumvents the low-individual degree test subroutine
used in the original Pauli Basis test [ , Section 7]. As a result, the increase in soundness
error in the question reduction theorem proven in this thesis is independent of the size of the
game, an improvement over the polynomial dependency in [ 1.



In Chapter 8, I will introduce the Pauli Basis test (Figure 8.2), and prove the soundness
property needed for the question reduction protocol. In doing so, I also introduce several rep-
resentation theory tools, such as the state Gowers-Hatami theorem (Theorem ) and the
Poincaré inequality (Theorem ), which are used to prove the soundness of the Pauli Basis
test. Finally, I will introduce the introspection protocol in Chapter 9. I want to remark that
these two chapters are loosely based on | , Chapter 7, 8, Appendix A].

I want to remark that the idea of using self-testing to force an “honest sampling procedure”
has been used in many earlier works in quantum complexity, and I refer the reader to an elegant
paper by Alex Grilo [ 1, which shows that QMA, the quantum analogue of NP, is in MIP*
for more details.

Answer Reduction. The goal of the answer reduction protocol is to reduce the complexity of
the decider D from poly(n) time to polylog(n) time while retaining a polylog(n) runtime for the

sampler. Similarly to [ ; ], a classical probabilistically checkable proof (PCP) is
used on the verification Turing machine D,,. In particular, we use the same tailor-made PCP
procedure used within [ ]’s answer reduction protocol as a black box in this thesis. The

PCP procedure reduces checking computation steps of D, returning accept given the corre-
sponding question/answer pair into checking whether the two provers share the same collec-
tion of low individual degree polynomials with specific properties, which can then be checked
using the “quantum low-individual degree test" introduced in [ .

There is an immediate problem with this approach. Recall that for a classical PCP which
verifies an NP instance, the provers are intuitively trying to prove the following statement to
the verifier: “given x € L and a polynomial size circuit C, there exists a proof string s such that
C(x,s) = 1". Whereas in the non-local game setting, the provers are trying to prove: “given a
validation function D, for a non-local game, and a question pair (x, y), there exists an answer
pair (a, b), which is generated by two entangled provers, such that D,(x,y,a,b) = 1". In or-
der to compute the second statement in a PCP instance, both provers need to somehow play
the game using a predetermined entangled strategy and output their answers without com-
municating with each other. Then, the provers need to pass their answers so that they can
encode the computation step of D, (x, y, a, b) as a PCP instance. In order to get around this is-
sue, a transformation known as Oracularization is applied before computing the PCP instance
(see Section ). To ensure completeness is preserved through the oracularization transfor-
mation, we need an additional property in the completeness statement in the gap compression
theorem: The perfect strategies in the original game must use a special kind of strategy known
as an oracularizable strategy, which we defined back in Chapter

I will introduce the quantum low-individual degree test (Figure ) in Chapter 10, and
prove several properties related to it. I will introduce both the Oracularization transformation
(Figure ) and give a summary of the answer reduction protocol (Theorem ) in Chap-
ter 11. Since the answer reduction protocol is exactly the same as the one used in the original
MIP* = RE paper, I will not write down the transformation (which itself is based on the proof
for MIP = NEXP [ 1) in detail in this thesis. Instead [ will refer readers to | , Chap-
ter 10] for more details.

I want to remark that the PCP used in this thesis is vastly different from the more well-
known and more modern construction due to Irit Dinur | ]. While Dinur’s construction is
interesting in its own right, I personally would not recommend this to be the starting point for
learning the PCP construction for this thesis'~. To get a basic understanding of this construc-
tion, a good starting point would be the excellent course notes by Prahladh Harsha [ ]
(which covers a substantial part of the answer reduction protocol).

121n fact, it is an interesting open problem whether one can make this construction work for the MIP* model



Parallel repetition. Before introducing the parallel repetition theorem, [ would like to briefly
acknowledge that this part of the thesis originated from an early collaboration with Hamoon
Mousavi, William Slofstra, and Henry Yuen.

By applying the above two subroutines to a conditionally linear verifier ¥ : N — ¢ with
complexity O(poly(n)), the resulting conditionally linear verifier ¥’ : N — < runs in O(polylog(n))
time, such that for t € {*, co}

1. (Completeness) If w! (¥ (n)) =1, then 0’ (¥'(n)) =1,
2. (Soundness) If ! (¥ (n)) < %, then w!(¥”(n)) <1 - polylog(n).

Thus, in order to show Theorem , one would need to apply a logarithmic-fold parallel
repetition transformation to the game in order to amplify the “soundness" condition for ¥’ to
< % while retaining the “completeness" condition. Recall that a r-fold parallel repetition is a
transformation for the game ¢ in which r question pairs are sampled independently and sent
to the provers, and the provers must treat each of the r question pairs as independent questions
and reply with r corresponding answer pairs. The provers only win the r-fold parallel repetition
game if they win on all r independent instances of the game. I want to remark that applying a
logarithmic-fold parallel repetition to ¥ only increases the runtime by a logarithmic factor.

Unfortunately, a strong parallel repetition theorem, i.e. a parallel repetition theorem that
shows an exponential decay in the optimal success rate for entangled provers is an open prob-
lem. However, [ ] shows that by applying a simple transformation, the anchored transfor-
mation, the resulting game would have a strong parallel repetition theorem, and this version of
parallel repetition has been used in [ ]. we use a slight modification for the anchoring
transformation '~ in this thesis. I give a more detailed summary on the proof of the anchored
parallel repetition theorem in Section

In Chapter 12, we introduce the new information-theoretic tools for the commuting op-
erator model mentioned in the previous section. Although defining the information-theoretic
tools uses some advanced theory in operator algebra (for example, the Tomita-Takesaki modu-
lar transformation [ 1), the tools are actually quite tame in comparison to Chapter 4. Using
these tools, we translate the proof from [ ] into the commuting operator model.

I want to remark that the anchored parallel repetition for anchored games is actually based
on the classical parallel repetition proof due to Thomas Holenstein [ ]. Furthermore, to
understand why information-theoretic tools are needed in the quantum parallel repetition the-
orem, and some of the challenges in obtaining a general quantum parallel repetition theorem, I
recommend reading the excellent paper by Rahul Jain, Attila Pereszényi and Penghui Yao which
shows a quantum parallel repetition theorem for games with product distribution as their sam-
pling procedure [ l.

1.3.4 Part 4: Implications and open problem.

In, we discuss some of the implications, and open problems which arise from this thesis. We
give a brief summary of some of these implications and open problems below.

In a similar way that MIP* = RE gives a negative resolution to Tsirelson’s problem, Kirch-
berg’s problem, and the Connes embedding problem all at once, showing MIP“® = coRE also
gives a negative resolution to the same set of conjectures. However, there is a slight differ-
ence, from the operator algebraic standpoint, one should interpret MIP®® = coRE as an un-
computable result about the type II; von Neumann algebra following its connection to the
Connes embedding problem, and as an uncomputable result for the maximum tensor prod-
uct norm following its connection to Kirchberg’s conjecture. Hence, proving MIP*® = coRE
actually gives a few uncomputable results in continuous model theory and noncommutative

13The modification is designed to preserve synchronicity within the game.



polynomials that do not follow from MIP* = RE alone. We discuss some of these implications
in Section

I list several open problems which I found interesting in Section . One interesting prob-
lem I'want to highlight is whether the compression paradigm can be used for other problems in
operator algebra. To be more specific, the compression framework seems to be very good at an-
swering the question of whether an object which is infinite in nature can be approximated by
a finite object. One example is the Connes embedding problem, and another is the recently
disproved Aldous-Lyons problem by Lewis Bowen, Michael Chapman, Alexander Lubotzky,
Thomas Vidick [ ; ] which asks whether one can construct an infinite graph based
on a set of local neighbourhood statistics. One famous open problem of this nature is to show
the existence of a non-sofic group. This is a famous problem in operator algebra. Another inter-
esting problem is whether non-local games are really needed for these uncomputable results,
as both the disproof of the Connes embedding problem and the Aldous-Lyons problem require
a very specific set of games. While non-local games do offer a nice structure which can be used
to define a compression map, such as self-testing and PCPs, it does feel limiting when there are
no longer natural analogues of these structures (for example, in the case of LinMIP* when it
comes to the existence of a non-hyperlinear group). Thus, it would be natural to ask: Is there
another structure which falls nicely into the compression framework (as currently, the only two
known examples are non-local games and Wang tiling [ ; 1), and can one define
a natural problem based on Dinur’s PCP construction which falls into the compression frame-
work, and thus be compressible? Can these new uncomputable problems potentially be useful
for operator algebra? Can one apply the compression paradigm directly to operator algebraic
objects?
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CHAPTER 2

The compression paradigm

We start the technical portion of this thesis by discussing the compression paradigm. The
compression paradigm is a new condition for uncomputability based on the proof approach for
MIP®° = coRE given in [ ]. We remark that this condition is considered and formulated
independently in [ ]. As observed in [ ], there are already several known exam-
ples of the compression paradigm in previous literature (and we refer to their paper for more
details).

I choose to start my thesis on this technique not only because this is my favourite part of
my Ph.D,, but I personally believe that this is an alternative way to show uncomputability for
problems even outside of quantum information. This part of the thesis has a higher emphasis
on computability theory.

2.1 Turing Machine Preliminaries

We start this chapter by introducing some notation related to finite fields and Turing machines
we use for the remainder of this thesis. We use N to denote the set of natural numbers. For
integers n, we use [72] to denote the set {0,...,n — 1}, and for n = m we use to denote
the set {n,n+1,...,m—1}. We assume all log are in base 2 in this thesis. For n € N, we use

€ {0,1}1980"1 to denote the binary representation for the number 7, and for s € {0,1}",
we use to denote the unique integer i such that bin(i) = s. For a string s € {0,1}*, we
use to denote the length of the string s.

We use the Turing machine as the model of computation in this thesis. Let A(xy,...,X)
denote an m-input Turing machine. We assume that 4, in this case, consists of m input tapes,
a single work tape, and a single output tape. When specifying the output of an m-input Turing
machine, we might sometimes define it only for accepting fewer than m inputs; in this case,
we assume the Turing machine only reads the first n of the input tapes during the computation
step. We use (A)€ {0,1}* to denote the description of the Turing machine A. To abuse notation,
we use to denote the description of the Turing machine A being hardcoded to run x €
{0,1}* as input. For x € {0,1}*, we use A(x) to denote the output of A on input x, and likewise A()
to denote the output of A on the empty input. We note that A(x) might not be well defined as A
does not necessarily halt on the input x. We use |2| to denote the minimum description length
of A, and we note that the description of the Turing machine is a constant that is independent

of the input size. We use TIME,(xy,: -+, x;;) to denote the maximum of |A| and the runtime of
the Turing machine A running with input (xy,---,x). TIME,(x1,- -+, x;) could potentially be
oo if the Turing machine A does not halt on input (xg, - -+, X,,).

Let {f}nen be a sequence of functions that map m finite sets {S?}ie[m] to {0,1}%, i.e. fy:
Sy x-+-x 8 _, —{0,1}*. We say the Turing machine A computes the sequence of functions f,
if Ais an (m + 1)-input Turing machine in which forallne N

A(bin(n), x1,- - Xm) = fu(X1,*+ Xm),
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where each element of S is encoded using a binary representation with x; € S?'. If A is the
Turing machine which computes the functions {f},}, to abuse notation, we use A, to denote the

function f;,. For n € N, we use the notation to denote the maximum of the function
TIMEy(n, x1,-++, Xpn) over all input Xy -+ xp, € S x-+-x S7 ., and we use TIMEy(n, x1,-++, X)) =
oo if A does not halt on some input (x,- -+, X;;,). In this thesis, if f takes an integer as input, the

integer will always be represented under the binary representation, and hence any integer n is
considered a log(n)-bit input under this formulation.

We define alanguage L as anonempty subset of {0, 1}* and a decision problem D = (Lg)es, LD)
for two disjoint languages LyDes, LD < {0,1}*. We use to denote the complement of D (i.e.
L;g? =LP and LSP = LyDes). To abuse notation, we write x e D as x € LyDes uLD and, foraset S,
wewrite f:S—Das f:S— L}',Des ULP.. For two decision problems D; and D,, we write
if there exists a Karp reduction from D; to D, and if furthermore the reduction is
under polynomial time. For the standard definition of the Karp reduction, we refer the reader
to [ , Chapter 5.3] for more details. We define a uniform problem instance for D as a Tur-
ing machine Seq:N — D. Intuitively, this is a way to package a countable number of decision
problems from D in a uniform manner.

We ended this section by introducing two complexity class which will be important for this
thesis. Recall from the literature, the complexity class recursively enumerable languages, RE,
corresponds to the class of decision problems in which there exists an algorithm that can de-
cide any instance in Lyes in finite time (but the same algorithm could potentially run forever
for instances in Ly,). We say that a language L < {0,1}* is in RE (or L € RE) if there exists an
algorithm that can correctly decide whether x € L in a finite amount of time.

The halting problem is defined by Lyes = Lhaic and Lyo = Lnothalr, With the definition of
Lhatt» Lnothalt given below:

* Lpqie: The set of Turing machines (represented under the binary description) that halt on
the empty input,

* Liothait: The set of Turing machines which does not halt on the empty input.

The halting problem is complete for RE, meaning that (Lpai, Lhohait) € RE and for any language
L. € RE, we have L. < RE.

Similarly, the complexity class , or the complement of RE, corresponds to the class of
decision problems in which there exists an algorithm which can decide all instances in Ly, in
finite time. We say that L € coRE if there exists an algorithm that can correctly decide whether
x ¢ L in a finite amount of time (but could potentially run forever if x € L). The non-halting
problem is complete for coRE, where recall the non-halting problem is defined similarly as
the halting problem but with the “yes" and “no" instances being swapped, or L§25RE = Lyothalt,
LSORE = Lpay.

For a more comprehensive introduction on computability and complexity theory, we refer
the reader to [ l.

2.2 Compressible condition and the compression theorem

In this section, we introduce the compression condition for general promise problems, and
show the equivalence between a compressible language and the language being complete for
RE or coRE. We introduce the notion of a compressible promise problem below.

J',Des, LD)) be a promise problem. We say
that the promise problem D is compressible if there exists an algorithm Compress® which takes
as input (Seqp), a description of a uniform instance of D. Compress® outputs a description of a

uniform instance of D, (Se qgo'np ), such that the following holds:

Definition 2.2.1 (Compressible problems). Let D = (L
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* (Runtime): TIME 5,0 = O(poly([{Segp))).

* (Consistency of the output) Squom’g(n) € D for all n € N, even if the initial input for
CompressP is not a valid uniform instance of D.

e (Complexity bound for the output) TIM Eseqump = O(polylog(n)).
D

Furthermore, if TIME seqy = O(poly(n)), then for all n € N, the following holds:

* (Completeness) Seqp(n) € L)I?es = Squom”(n) € LJ'?es.

* (Soundness) Seqp(n) € LD — Squomp(n) elb.

Intuitively, one should interpret the algorithm CompressP given in the above as a property
associated with the promise problem rather than the uniform sequence itself. This means that
CompressP is a single algorithm which works for all uniform instances of Seqp. Intuitively,
the compressible property allows one to generate a problem instance more efficiently (even
though the new problem instance might be equally hard to decide). If D is compressible, then
coD is also compressible by definition. We use the following clever example given in [ ]
to show that the halting problem is compressible.

Example 2.2.2 (The Halting problem is compressible). For the Halting problem, consider the
compression algorithm Compress®!T for the halting problem defined by the following: given
the input (Seqy,; 1), Compress™LT returns a description of (Seqg o), described by Pseudocode 1.

1 Input: Integer n

2 Compute and return (Progfeq“”)), where the pseudocode for ProgfeqMT) is given

in Pseudocode

Pseudocode 1: The description of Squfgp.

1 Halt and return ERROR if (Seqy,; ) is not a valid description for a Turing machine.

Compute the description of (Seqy,; 1 (n)) using (Seqy,; 1) and n.

Run the program (Seqy,; (7)) and return the corresponding output, halt and return
ERROR if (Seqy,; r(n)) is not a valid description for a Turing machine.

w N

(Seqrr)

Pseudocode 2: The description of the output for Prog;, . We remark that the
above program depends on both Seqy,; 1 and n.
In the above example, one should interpret the description of (Progqueq““ﬂ) given in Pseu-

docode 2 as an instance for the halting problem (and hence, the runtime of line 1 from Pseu-

docode 2 is irrelevant). The program Squ;’f;p merely generates different instances of the halt-

ing problem by outputting the description of (Progilseq“”)).

Since the Turing machine Seqgora? (1) only returns the description for (Pro g eamur)y \which
depends on n, the description (Squfgp (n)) can be computed in O(poly(|(Seq)|)) time. Since

any integer input is represented under the binary representation, TIM EseqCOmp = O(polylog(n)).
D
Furthermore, for all integer n € N

e If Seqy,;r(n) returns a description of a halting program, then Seqﬁif}p (n) = (Pro gfeq“m))

is a description of a halting program.

* Otherwise, if Seqy,; 7 (n) returns a description of a non-halting program, then Seqﬁif}p (n) =
(Pro gilseq‘“‘”)) is a description of a non-halting program.

This shows that the halting problem is an example of a compressible promise problem.
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The above example also shows that all RE or coRE-complete problems are also compress-
ible. Although the compressible property offers a new condition for an RE or coRE-complete
promise problem, it is often hard to construct the Compress algorithm and make this charac-
terization practical. To this end, we give a weaker notion of compressibility below.

Definition 2.2.3 (Weakly compressible problems). LetD = (LJ',DeS, LD ) be a promise problem. We

say that the promise problem D is weakly compressible if for every a € N, there exists an algo-
rithm Gompressg, which takes, as input, {(Seqp), a description of a uniform instance of promise
problemsforD. Comp’r‘essg outputs a description for a uniform instance of promise problems for

D, (Squom’g ), such that the following holds: There exists an integer y = O(poly(a)) such that

1. (Runtime): TIMECOMPNSSB = O(poly(l(Squ’a)I,a)).

2. (Consistency of the output): Squomp(n) € D for all n € N, even if the initial input for

Compressg is not a valid uniform instance of D.

3. (Complexity bound for the output): TIM ESeqcomp = O(log(n)").
D
Furthermore, if there exists some constant ny € N such that for all n = ng

TIMEjg.q, < n%. @.1)

Comp _

Then there exists some constant n, = poly(y, ng) such that for alln = nOC omp

* (Completeness): Seqp(n) € Ly, = Squomp (n) € LY.

* (Soundness): Seqp(n) € LD, — Squomp(n) elD.

Instead of requiring a single Compress algorithm which works for all uniform problem in-
stances, the weakly compressible condition instead just requires a Compress, algorithm that
compresses all uniform problem instances that run in O(n%) time for all @ € N (i.e. these al-
gorithms could be different depending on «). If D is compressible, then it is trivially weakly
compressible. We have the following two theorems relating the compressible condition to RE
or coRE-complete languages.

Theorem 2.2.4 (Compression criteria for RE-complete problems). LetD = (L)',Des, LD) bea promise

problem. IfLD. € coRE, then the following are equivalent:
1. D is RE-complete.
2. D is a compressible promise problem.
3. D is a weakly compressible promise problem.

Theorem 2.2.5 (Compression criteria for coRE-complete problems). Let D = (LJ'?es,LBo) be a

promise problem. If L;l?es € coRE, then the following are equivalent:

1. D iscoRE-complete.
2. D is a compressible promise problem.
3. D is a weakly compressible promise problem.

Since whenever D is compressible/weakly compressible, coD is also compressible/weakly
compressible, this implies that Theorem implies Theorem being true. Hence, we
provide a proof for Theorem below. We remark that this proofis inspired by the suggested
approach for showing MIP®° = coRE in [ , Conjecture 1.4].
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Proof of Theorem . Note that (2) trivially implies (3), and by Example (1) implies (2).
Hence all that remains to show is (3) implies (1).
FixaD = (Ls?es, LD ) as per Theorem , and assume that D is a weakly compressible prob-

lem. Since by assumption, LD € coRE, let coREalgo, denote the coRE algorithm that halts
whenever x ¢ LEO and runs forever if x € LEO (this can be assumed by appending an infinite
loop whenever coREalgo| halts and correctly decides x € LD). The algorithm coREalgo|
already implies that D € RE. Hence the only thing we need to show is that D can be reduced to
the halting problem.

Hence, fix a Turing machine <% (& (pronounced “fish") is the only non-western character
used in this thesis, and we use it to emphasize the fact that it is an instance of the Halting
problem instead of a subroutine defined within this thesis'). We wish to find an instance x&,
such that whenever & halts, then x&, € L}',Des and x&z € LD otherwise. For every 8 € N, let

Compress['? be the compression algorithm guaranteed by the weakly compressible condition

given in Definition . Since we assume LYDes and LEO are non-empty in the preliminary, let
Xyes € L;?es and x0 € LEO be an arbitrary element in these two sets. Let &, Cy € N be two constants
to be specified later in the proof. We construct the following uniform game sequence Seqp, &

based on & in Pseudocode 3.

1 Input: Integer n.
2 Run & for n steps. If & halts in the given steps, return xyes.
3 Compute the description of (Seqp & )-
4 Compute (Squ’@ (Co)), the Turing machine which is hardcoded into computing
Seqp & (Co).
5 Simulate line 6-7 for max{0, n — Cy} steps, if line 6-7 halts in the given steps, return
Xno-
Run the Turing machine (Seqp, & (Co)) until Seqp, & (Cp) is computed.
Run coREalgo, ~with Seqp & (Co) as input.
8 Otherwise, apply CompressB with the input (Seqp, & ) to obtain the description for

comp

(Squ P ).
9 Compute and return Seq

N o

comp

D,&
Pseudocode 3: The description for Seqp & -

(n+1)

We point out that the length of the source code [(Seqp & )| only depends on the Turing
machine & . Inline 3, we use Kleene’s Recursion Theorem to allow (Seqp, & ) to perform com-
putation on its own source code. This step can be performed in

O(poly(I{(Seqp &) = O(poly(I&=1))

time. We also point out that Seqp, &=, is a valid uniform problem instance (i.e. its output range
isin D), since it can only terminate in line 2 and 5 (or else the output is xyes and xp, respectively,
which are both in D), and in line 9 (which is in D by point 2 of Definition ). We begin by
deriving the runtime for Seqp, & on input n € N by examining Pseudocode 3 line by line:

e For line 2, simulating €* for n steps takes time

poly(|&=*|, n).

* For line 3, by Kleene’s Recursion theorem, computing the description of (Seqp, & ) takes
time
poly(|&=1,[(Seqp & |, n) = poly(|&=|, n).

I The original choice for this symbol is the Chinese character for Turing machine, or & & (pronounced Tuling).
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* For line 4, the Turing machine (Seqp, & (Cy)) is essentially (Seqp, & ), but replacing ev-
ery instance of n occurring after line 1 with Cy. Since Cy is a constant, this takes time

O(poly(I{(Seqp &1, Co))-

¢ For line 5-7, simulating line 6-7 for max{0, n — Cyp} steps takes time

O(poly(|%c,|, Co, n)) = O(poly(n, Cy, | ).

¢ Forline 8 and 9, applying Compressg on the input (Seqp &= and computing Seqchfg (n+
1) takes time
O(poly(a, log(m)P°Y®, |(Seqp &z, 1))

by condition 1 and 3 in Definition

Although many parameters appear in the runtime analysis, the only variable which is not set to
a constant is n! By combining the runtime analysis above, we have

TIMEseq, o (1) = O(poly(n,log(m)P*" ), a, |&= |, Co)).

Since Cy does not depend exponentially on « in the above equation, there exists a choice for
a, ng € N such that by setting Cy = g(np,f(a)), where g is the polynomial used to define y and £
is the polynomial used to define ng °MP in Definition , we have

TII\/IESqu@ (n) < n%,

for all n = ny. Fix a, Cy and ny as the constant which satisfies the property above. By the
completeness/soundness condition of Definition ,forall n=nyg

c
* Seqpem €lpes = Sedp, o, (1) € Les:

* Segpez (M€ LEO = Seqpex (M E LI?O.

We argue that x& = Seqp & (Co) € D is the instance needed for the proof (i.e. x& € LyDes

if & halts, and x&, € LEO otherwise). We first show that (Squ,@ Y can never terminate at line
5 of Pseudocode 3. Consider Seqp & with input n < Cy; since line 5 does not perform any
operation by definition, it also can never terminate in this spot. Similarly, if & halts in time T,
for any input n > T, Pseudocode 3 terminates in line 2 before reaching line 5.

Hence, suppose for a contradiction that Seqp &z (1) terminates at line 5 for some input
n = Cy, and suppose that & does not halt on step n, and without loss of generality assume that
n is the smallest natural number such that Seqp &z (1) terminates at line 5. By definition, this
means Seqp & (1) = Xno € LD

Since (Squy@, (Cop)) is a terminating program, this implies that for Seqp &z (1) to termi-
nateatline5, coREalgo| (Seqp &= (Co)) also would terminate. By the definition of coREalgo, ,
we have Seqp & (Co) € LD . Since (Seqp &% ) isavalid uniform sequence, we have Seqp, & (Co) €
LD,

Now consider Seqp, & (n—1), since n is the smallest natural number such that Seqp, & (1)
terminates at line 5, and the Turing machine £ does not halt in n -1 steps. Seqp &z (n-1), by
default terminates on line 9 of Pseudocode 3. This means that Seqp & (n—1) = Seqp & (1)°"P €
LD by the weakly compressible condition. By an inductive argument, since n > Cy, this implies
that Seqp & (Co) € LD, contradicting the fact that Seqp &z (Co) € L?es. Thus, (Seqp &) can-
not halt on line 5 of Pseudocode 3.

We first focus on the case where & terminates in T steps. If T < Cy, then Seqp, & (T) =

Xyes € LS',Des by line 1 of Pseudocode 3. Hence, assume Cy < T. By line 2 of Pseudocode 3,
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Seqp,&x (T) = Xyes € L}',Des. Now, consider Seqp &z (T-1), since it cannot terminate at line 2 and

5 of Pseudocode 3, this implies that the Turing machine (Seqp, & (T —1)) will terminate on line

9 of Pseudocode 3. Hence we have Seqpex (T-1) = Squ’g (T € L}'?es by the weakly com-

pressible condition. Again, by an inductive argument, we have Seqp & (T - 1) € L}',Des, which
completes the proof for the case where &% halts in finite time.

Now, suppose & does not halt. By the above claim, coREalgo, also does not terminate
when given the input Seqp &= (Co) (or else Seqp &= terminates at line 5 of Pseudocode 3, de-
riving a contradiction). By the definition of coREalgo, , this implies that Seqp &, (Co) € LD
Hence showing that D is RE-complete. This shows (3) implies (1) in Theorem , which com-
pletes the proof for Theorem . O

2.3 Compression on succinct representation of languages

The compressible condition is a powerful new technique for showing uncomputability for dif-
ferent sets of languages. However, since the compressible condition requires an efficient com-
pression map for all uniform problem instances, it is often hard to construct such mappings in
practice. To make this technique more usable, it is often more convenient to consider the com-
pressible condition using the succinct description for a given decision problem. To this end, we
introduce a notion of a uniform succinct problem instance below.

Definition 2.3.1 (Uniform succinct problem instance). For a Turing machine Seq: N xN —
{0,1, 1}, we say that Seq is a uniform succinct problem for D if there exist a sequence {x,} pen € D
such that for n,i € N, Seq terminates and

Xn)i iflxplw<i
sequn. iy i i1l 02)
1 Otherwise.

Furthermore, we say that Seq runs in f(n) time if TIMEg.q4(n,i) = f(n) (i.e. only depends on n)
and x, < f(n).

For a uniform succinct problem instance Seq which runs in O(f(n)) time, since integers
are represented in binary in this thesis, generating each instance x, given the input n € N takes
0@2f™) time. Similarly to Definition , we define a compressible condition for a uniform
succinct problem instance below. We remark that the definition is more similar to the one given
in| 1.

Definition 2.3.2 (Succinct compressible problems). Let D = (LJE,)eS, LD) be a promise problem.

We say that the promise problem D is succinct compressible if there exists an algorithm CompressSuccP,
which takes, as input, {(Seqp), a description of a uniform succinct problem instance of D. Compress®
outputs a description of a uniform succinct problem instance of D, <Squomp ), such that the fol-

lowing holds:

* (Runtime): TIME ;4,0 ress5ucc0 = O(pOly(I{Segp) ).

* (Structure of the output) (SquomP ) is a uniform succinct problem for D with runtime of
O(polylog(n)).

Furthermore, if (Squo'np Y is a uniform succinct problem for D with runtime of O(poly(n)), let

{(xn} and {x,)"""} be the two sequence decision problems given by (Seqgp) and (Squomp ) respec-

tively. For all n € N, the following holds:

* (Completeness) x, € LJ'?eS = x," e LJ',DQS.

* (Soundness) x, € LD = x;""P e LD
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Similarly, one can define weakly succinctly compressible condition using a similar formu-
lation as Definition . By replacing Pseudocode 3 with Pseudocode 4, one can show the
following theorem:

Theorem 2.3.3 (Compression criteria for RE-complete problems). LetD = (L)',Des, BO) be a promise

problem. IfLY € coRE, then the following are equivalent:
1. D is RE-complete.
2. D is a succinct compressible promise problem.

3. D is a succinct weakly compressible promise problem.

Input: Integer n and i

Run & for n steps. If & halts in the given steps, return (xyes);.

Compute the description of (Seqp & )-

Compute (Squ,@ (Co,)), the Turing machine which is hardcoded into computing
Seqp &z with the first input fixed to Co.

5 Simulate line 6-7 for max{0, n — Cy} steps, if line 6-7 halts in the given steps, return

(Xno) je
6 Compute xc, by enumerating through Seqp & (Co, j) from j =1 until
Squ,@, (C(),j) =1.

W N =

7 Run coREalgo| with x; as input.
8 Otherwise, apply CompressB with the input (Seqp, & ) to obtain the description for
(Seqy e )-

9 Compute and return SeqcDog) (n+1,1)

Pseudocode 4: The description for Seqp, &, for proving Theorem , note that for
all n € N, x,, will always be finite (and bounded) due to the “structure of the output”

clause from Definition
In practice, the succinct description could vary depending on the language, or even a par-
ticular type of succinct description is sufficient to argue uncomputability. Intuitively, the uni-
form succinct problem instance allows one to extract a circuit which computes partial infor-
mation about the problem instance itself, which could potentially be useful in defining a more
concrete compression map. For example, as observed in [ 1, the proof of the uncom-
putability for the Wang tiling proof by Durand, Romashchenko and Shen | ] can be phrased
in this framework, but the succinct description used is actually a Turing machine which, given
four colours, decides whether the tile is in the tile set. As seen later in this thesis, the MIP* or
the MIP®® compression relies on the specific succinct representation, whereby the sample dis-
tribution and the decision function are encoded as a Turing machine. This encoding allows one
to use a variant of the low-individual degree based PCP theorem to construct such a compres-
sion map. Interestingly, both of these proof approaches build upon the problem being NP-hard
in a succinct manner.
We end this chapter by listing a few of the failed attempts in formulating the compression
paradigm for succinct problem. Let D = (LS',)eS, I?O) be a decision problem, and consider the

decision problem SuccpolyD = (SuccpolyLyDes, SuccpolylL)) defined as the following

D

D
yes }

* SuccpolylL yes

= {(Seq)|(Seq) runs in polynomial time, Seq() € L
* SuccpolyLP = {(Seq)|(Seq) runs in polynomial time, Seq() € L2}

In other words, SuccpolyD consists of the set of Turing machines that run in poly(n) time,
and output an instance of the original decision problem. By using a similar compression map
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as Example , one can show that SuccpolyD is compressible, however, one can just decide
the problem instance by running Seq) until it halts.

It turns out, SuccpolyLP is not in coRE. By Rice’s theorem, one can reduce the halting
problem into deciding whether (Seq) runs in polynomial time (and outputs something from
LD))?. SuccpolylD € coRE would imply that RE € coRE which is a clear contradiction. For a
similar reason, SuccpolyL?es as a language is also compressible, because SuccpolyL}l,Des is un-
computable.

2.4 Remarks about the generalized compression framework

In this section, we give some remarks about the compression framework. If we take a Turing
machine € which halts in time T € N and apply the argument from this chapter, the resulting
instance x& would be in Z by definition. However, it would take the “RE-algorithm" Algo .,
at least T steps before concluding that x € £. By constructing a series of halting Turing ma-
chine which takes an increasing amount of time to terminate, one can use the argument given
in this chapter to construct a sequence of problem from Lyes with increasingly number of run-
time to decide using the given RE-algorithm.

The instance x4 , after the reduction given by the proof of Theorem ,is not being rep-
resented as a string, but rather, the output for Seq(1), where Seq is the uniform sequence being
define in Pseudocode 3, which might be the reason why it takes atleast time T for Al1go o, to find
a certificate against the no case. So an interesting question is whether x4, , when represented
as a string, would still take time T for the algorithm Algo ¢, to find that x&, ? Or Algo o, running
with at least T steps on the input x4, simply a by-product of x4, having a dependency on the
Turing machine &% ?

Interestingly, in the proof of Pseudocode 3, since Cy is a constant, computing Seqp, & (Co)
takes O(poly(l@ I)) time. This shows that the reduction from the Halting problem to D is
a polynomial-time reduction. Interestingly, for the argument given above, independent of
whether & halts or not, we can never observe Seqp & halting at line 5. Thus, one might
be tempted to remove line 5-7 from Pseudocode 3 on the proof above. However, without these
three lines, we cannot argue that x&z € L2, whenever & does not halt. Interestingly, although
Xno is never actually returned, it still plays a critical role in the above argument. We highlight
this as an open problem: can one remove line 5 to 7, or remove the “no instances" (and retain
line 5 to 7 of Pseudocode 3) and still repeat the same argument for the proof above.

As pointed out before, every compressible promise problem is also a weakly compressible
problem. We show the converse of the statement above assuming that D € RE or D € coRE.
However, it is an interesting problem if the converse is true in general. The issue is that given a
description of a uniform instance (Seqp), there is no algorithm which can determine the small-
est @ € N such that TIMEgeq, = O(n%) (or whether TIMEseq, = O(poly(n)) at all). Hence, there
is no clear way to construct a universal CompressP algorithm given the Compressg algorithm.

2This is a well known classical result in computability theory.
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CHAPTER 3

Operator algebra and Quantum
Information Preliminaries

Part two of the thesis focuses on tracially embeddable strategies, a class of quantum strate-
gies for non-local games. Intuitively, this class of strategies can be used to approximate any
quantum commuting correlation. We will establish this result, along with some of its implica-
tions for quantum correlation and quantum information in Chapter

Before turning to our contributions in this area, it will be appropriate to first give general
preliminaries introducing some notation that will be used for the rest of this thesis.

3.1 Sets and strings

We begin this section by introducing some notation regarding finite sets and strings we use for
this thesis. For a finite set S, we use | S| to denote the number of elements in S, and for a,b € S,
we use for the Kronecker delta between the two elements, i.e.

5= 1 ifa=»b
ab= 0 otherwise

Given a (potentially infinite) set T and n € N, we use to denote the set of n by n ma-
trices over the set T. Given a distribution u, we use to denote the expectation over the
distribution p and for a set S, we use E,cs to denote the expectation over the set S.

For a bit string a, s, t € {0,1}"*, we use |s| to denote the Hamming weight of s and to
denote the inner product between s and ¢, or }_ s;t; mod 2. We use € {0,1}" to denote the

string
s; ifa;=1
(Sla)i = .-
0 otherwise

We use to denote the function which zeros out the first j entries of the string s and we
use 7<; to denote the function which zeros out everything except for the first j entries of the
string. In other words

H>j(80"" )Sl’l—l) = (0) )0) Sj"" »Sn—l) (3-1)

7[<j(30;"’)sn—1) :(SO)"';sj—l)O,"')O))

and we take the convention that 77 ; = 7> +1.
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3.2 Von Neumann algebras

In this section, we give some basic notation of von Neumann algebras we use for this thesis.
Recall, a Hilbert space is an inner product space which is complete with respective to the norm
introduced by the inner product '. Furthermore, we adopt the braket notation for this thesis,
i.e. for a Hilbert space ., we use |y) € A to denote a vector within the Hilbert space and (/|
to denote the of |y).

Let /# be a Hilbert space, and denote the set of bounded operators on /4. Given
ly) € A, we use to denote the vector norm. Recall, a (concrete, unital) C*-algebra o7 <
B (A) is a normed x-algebra with [z = [, and closed in the norm topology. We use /" to
denote the set of positive elements within .7 (i.e. elements of the form s*s for s € 7).

A stateon a C*-algebrais alinear function v : o — C, which is positive, meaning that v (a) =
Oforallae and satisfies y/(I) = 1. We use to denote the operator norm of ¥, or

lwll := supfy(2)lze o™, |zl op = 13,

and we write ||yl in order to emphasize the underlying algebra that the norm is taken over.
A state ¥ on &/ is said to be faithful if, for all a € «7*, we have y(a) = 0 if and only if a = 0.
Furthermore, we say that the state is a tracial state if w(st) = w(¢ts) for all s, ¢ € &7. The famed
GNS representation theorem states that every state 1y on a C*-algebra .« induces a representa-
tion (a x-homomorphism to some %(A#)) ny, onto %B(#,), and a unit vector |y) € #, such

that y(z) = (ylmy (2)|y) forall z € o, and o |y) = A (we refer to [ , Theorem 4.5.2] for
more details about the GNS representation). This representation is specified with the triplet
(T, z;ﬁ/p [w)).

An element P € <7 is a projector if P2 = P. An element V € &/ is a partial isometry if and
only if VV* and V*V are both a projector, and unitary if furthermore VV* = V*V =1,. For
two projectors P and Q, P is said to be equivalent to Q if there exist an isometry V if V*V = P
and VV* = Q. We use (&) to denote the set of unitary elements in .2 in this thesis. For
o < B(H), the commutant /' of o/ is defined to be the set of all elements which commute
with 7, or &7’ := {z € B(H) : zw = wz for all w € &7}. A C*-algebra </ € B(H) is said to be a
von Neumann algebra if o/ = o/". By the von Neumann bicommutant theorem, an equivalent
definition for von Neumann algebra .o is for <7 to be closed in the weak *-topology, where
recall, given S € %8(#°), the weak-operator topology consist of neighbourhoods of the form

N(a, {lyitietny, - 1P1), - 1pn) &) = {b: b e B(A), | (Yil(b-a)lp;) | <eforallie [n]}

forae S,neN, |lw;),l¢p;) € & and € > 0. It is well known that the weak-operator topology is
a finer topology than the norm topology. Since the weak *-topology is more coarse than the
norm topology, not every C*-algebra is a von Neumann algebra. Unless stated otherwise, < is
assumed to be a concrete von Neumann algebra for the remainder of this thesis.

In this thesis, we work with separable von Neumann algebra, meaning the underlying Hilbert
space ./ is separable. By [ , Proposition 3.19] and the remark after [ , Proposition
13.1.4], a separable von Neumann algebras always admits a faithful normal state, where a state
w on 7 is said to be normal v is continuous with respect to the weak operator topology.

Finally, we recall the following lemma, which states that every positive element inside a von
Neumann algebra admits a left and right inverse. We remark that this statement is true even if
o/ is a C*-algebra, as the proof below only uses the norm closure property of C*-algebras.

Lemma 3.2.1 (Existence of a left and right inverse). Let A,B € /" such that B < A, then there
1
exists some element R € &/ with R*R <1 and Az R = B. Furthermore, there exists some element
1
Le o/ withL*L<landLA? = B.

Hyust a good reminder for Stacey! Since she always forgets the definition of a Hilbert space in a thesis defence.
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Proof. Fix n € N, we see that 0 < ﬂ% <A+ H% < (1 Allop + %)I]_Qy, which implies that A + ﬂ% is
positive and invertible in <7. Let R,, = (A+ ﬂ%)_%B 2. We note that L, forms a Cauchy sequence
in the operator norm, and since B< A< A+ ”%, we have 0 < R R, <l.. Hence, since < is
closed in the operator norm, the sequence R,, converges to some positive element R € .o/ with
R*R <1, and by continuity, A?R = B2. The second part of the proof follows from considering
the sequence anB%(A+ “%)‘%. O

3.2.1 Tracial von Neumann algebras

We refer to a von Neumann algebra to be tracial if it admits a faithful normal tracial state 7,
and we use (7, T) to emphasize the existence of 7. Whenever <7 is finite-dimensional, we use

to denote the trace function for clearly”. The faithful trace T naturally gives the notion of a
“Hilbert-Schmidt” norm on <7, defined to be

= T1(A*A).

Recall that the standard form for a tracial von Neumann algebra (7, 1) is the GNS representa-
tion triplet (-, ,17)) of 7 for the tracial state 7, where %2(<7, 1) denotes the Hilbert
space for the representation. Note that the standard form for a tracial von Neumann alge-
bra is unique up to canonical isomorphism | , Proposition 7.5.1]. For simplicity of no-
tation, if (7, 1) is in standard form, for each a € 7, we use a to denote y.(a) as the opera-
tor defined within %(%2(<7,7)). In this representation, the vector |7) is cyclic, meaning that
1 () |T) = L2/, 1), and separating, meaning that for all z € o, we have z|7) = 0 if and only
if z = 0. This means that each o € .« gives a unique vector o |7) € £?(7, 1), and we can specify
the action of a acting on the Hilbert space £ (<7, T) by its left regular representation:

a(o|1)) = (ao)|1)

forallo e &7
Recall, given a von Neumann algebra <7, the opposite algebra :={a°P:ae o/} isavon
Neumann algebra which has the same linearity as <7, but has the opposite multiplication struc-
ture, or more precisely (ab)°? = (b)°P (a)°P. The algebra <7 °P can also be faithfully embeddable
onto B(L%(, 1)) by
17 @) = (ea)lr). 3.2)

This is known as the right regular representation for <. Clearly, y>" (<) € /', and in fact,
o = o | , Theorem 7.1.1]. For simplicity of notation, we use to denote y2”(a) in
this thesis. The map op : a — a°” forms a x-anti-isomorphism from &/ — /', meaning

Aa+b)°P = 1a°? +b°P, (ab)°? =b°Pa’? (a*)°P = (a)°P)*

foralla,be o7/, A €C.

3.2.2 Finite dimension example

To make the definition above more concrete, let n € Nand o7 = .#,,(C), we define the maximally
entangled state [IME,,) as the vector state on C" ® C" as
1 N ot
IME,,) := 7 Y liyeliy

ien

2We remark that the notation for the trace function for a finite-dimensional matrix is the same as the trace func-
tion for a finite field. In the context of the Tr function in this thesis, we typically use lower case letter for finite field
element and upper case letter for a matrix element.
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We remark that this is precisely the vector state which arises from applying the GNS theorem on
the normalized matrix trace Tr,(A) on the algebra .4, (C), the resulting vector representation
for Tr are IME,;). Under this representation, elements of .#,(C) gets mapped to .4, (C)®l,, with
the commutant being[l,,® .4/, (C). For all vectors |) € C"®C", we can always find some positive
element o € 4, (C)®l, such that o IME,), mainly, the canonical square root (the unique square
root which is also positive) of the reduced density on the first register. The opposite algebra
map, in this case, is the map op : o7 ®1,, — [,, ® o7 defined by op(A®[,) =1, ® AT where AT is
the transpose of A. As a further sanity check, for all A, B € .4,(C)

op(A®l,)(B&l,) [ME,) = (B® AT)IME,) = (BA®l,) [MEy,), 3.3)

consistent with the definition given above. For a more comprehensive introduction on von
Neumann algebra, we refer the reader to [ 1.

3.3 Quantum measurements

Let A be a (potentially infinite-dimensional) Hilbert space, and let 28(#°) denote the set of
the bounded operators on . If o is a finite set, then a positive operator-valued measure
(POVM) on A with outcome set «f is a collection of positive operators {A;} ger S B(HA), such
that ) 4c.s A = L. A projection-valued measure (PVM), or projective measurement, is a POVM
where each of the operators Ay is a projection operator (i.e. A2 = A,).

Letf: . — o be a function mapping a finite set .# to another finite set of, and let {A;} ey
be a POVM with measurement outcome in 7. For all s € ., we denote

= ) Ag (3.4)

af(a)=s

and Afs) = 0 if s is not in the image for f. Intuitively, this corresponds to performing the
measurement which first samples an element from A;, and apply the map f through the mea-
surement outcome. This is known as a “data processed measurement" in the literature. Before
ending this section, we recall the orthogonalization lemma, which is used to approximate a set
of POVMs on a von Neumann algebra by a PVM being defined on the same algebra.

Lemma 3.3.1 (Orthogonalization lemma, Theorem 1.2 of | D. Let o < B(AE) be a von
Neumann algebra and let |y) € 7€ be a unit vector. For any POVM{A,} € < suchthaty. , (w|A%|w) >
1—¢, there exists a PVM {P,} < </ such that

Y Wl(Aq— Po)*ly) < 9e.

If («7, 1) is a tracial von Neumann algebra in standard form, we can replace |y) by o |7) for
some o € .2/ for the lemma above in order to obtain a Hilbert-Schmidt norm approximation of
the original POVM.

3.3.1 Distance between quantum measurements

In this subsection, we introduce some distance between measurements which will be useful for
the analysis of non-local games. Let & be a finite set, y be a probability measurement, (<7, 1)
be a tracial von Neumann algebra represented under the standard form (y, L%, 1),|T)) and
ly) € £2(</,7). We say that the two sets of POVM, {A¥},cq- € & and {BY} eq < &', are §-
consistent with each other with respect to |[¢) and p if

Y (wlALBily) < 06), (3.5)

E
rH azb
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and we write
A* =5 B¥

a a

if {A}} and {B}} are 0-consistent with each other and |y) and p are clear from context.
For two sets of POVM {A}} vea, {Bi}xear © B(H), we say that {A} and {B.} are §-close with
each other with respect to |y) and p if

(2N (4GB ) 17 = 000), (3.6)
a
and we write

Ag =5 By

if {A}} and {B}} are §-close with each other and |y) and p are clear from context. We also use
the same notation to denote distances between matrices if the superscript “x" are omitted when
describing = or = distances. By definition, AY ~, B} is the same as writing (A% — B}) ~ 0. We
remark that both measurements distance defined above are analogous to [ , Definition
5.15,5.16].

For three sets of POVM indexed by x € &, {A}} seor, {B Y aeat {ChYacr © B(HE), if A, =5 B}
and B} =, C} over |y) € # and p by the triangle inequality, this implies that A} =5, C} over p
and |v). Since applying a function to the measurement output cannot decrease the probability
of two measurement outcome agree with each other, we get the following analogue of [ )
Fact 4.26].

Fact 3.3.2 (Data processing). Let X be a finite set, {A}} ey and {BZ}(a,b)e -2 be two sets of

POVMs, and f: 4 — 9B be a function. Then A}, =, B} implies that Afﬁa] =, B[);m]

We remark that the above fact does not work for the ~, measurement outcome and we refer
to [ , Fact 4.26] for more details. We show the following trivial lemmas about distances of
POVM measurements. The first lemma converts between closeness and distance for a pair of
commuting measurement. We remark that this is an analogue of | , Fact 4.13, 4.14]

Lemma 3.3.3 (Conversion between closeness and distance). Let & be a finite set, u be a distri-
bution over &, |y) € F and {A};} yey and {BZ}(u,b)Edz be two sets of POVMs in B(F€) such that
A%XB; =B} A% forall (x,y,a,b) € Z* x of*. Then the following holds:

o IfA} =5 BZ over u and |y), then A} =5 BZ over u and |v).

o IfAS =5 Bz over u and |y) and additionally both {A};}, {BZ} are PVMs, then A}, =5 Bi’ over
pand|y).

o IfA} =5 BZ over u and |v) and additionally either {A}} or {BZ} are PVMs, then A}, = 5 BZ
over i and |y).

Proof. By definition A* ~5 B), we have
E Y (wlALBily)=1-0(b)
x~pez
By expanding the definition of closeness, we have
E Y I(AS-By)lw)ylI>= E Y Wl(Ap*+(B))* —2A5B}lw)
x~p X~pez
y
< fu; (WIAL+ B} —2A%Bly)

<2-2 E Y (wlA;B}ly)
X~pz
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and item 1 follows accordingly. For item 2, ifboth {A}}, {BZ } are PVMs, then the above inequality
becomes an equality and the statement follows accordingly. For item 3, without lost of gener-
ality assume that {A}} is projective, then

1= E D WlAzBgly) = E D wI(AD [y =~ E 3 wlAgBgly)
(E L2 WA - (AG = B lw)
XEHZ IAZ [y - IICAZ = B) [y

\/XEJZ I AZ ly) IIZ\/XELZ I(AZ - BX) [y) ||2

IA

IA

where in line 2, we use the fact that {A}} is projective and a PVM, and the third line follows from
Cauchy-Schwarz and the forth line follows from Jensen’s inequality. Bounding the first term in
line 4 by 1 completes the claim for the lemma. O

The second lemma gives a way to combine measurements while preserving distances be-
tween the measurements, we remark that this is an analogue of | , Fact 4.20].

Lemma 3.3.4 (Combination of measurement preserves distance). Let ¥, </, € be finite sets, u
be a distribution over % with marginal distribution ux ~ % and uy ~ % over the first and
second coordinates respectively. For each (x,y) € Z?, let {AZ' plabes? and {B();, plabess? be two
sets of POVMs in B(A€), and let {CZ}’}(%C)EW/X% be a set of POVM in B(H). IfAZ’b S B;’b with
respect to |v) and either ux or py, then

X

XY ax Y pXx X XY X X,y
CCLC Aa,b ~6 Cd,CBa,b’ and Aa,bcﬂyc ~6 Ba,bcﬂ,c

where =g is over the state |y) and the distribution (x, y) ~ U.

Proof. Since both implication follows a similar proof, we only show the first one below. Fix
x,Nex 2and (a,b) € /2. By expanding the vector state, we see that

Y (Cat A, - CalBE, W12 = X (A%, - BX )" (Ch)* Cul (A%, ~ BE lw)
Cc Cc

< (Wl(Ag = By p) " (A7, = By Iy

=1(A%, - B, ) 1) 1P

where the second inequality follows from C being a POVM. The lemma follows accordingly. O

3.4 Quantum correlations

In this section, we introduce different notions of quantum information that will be used in this
thesis. Given two finite sets & and </, a (bipartite) correlation set with question set & and

answer set f is the set { Yoo pea? (abes? € 10, 11%*** such that
Z Cx,y,a,b =1
(a,b)ef?

for all (x, y) € Z2. For fixed question pair (x,y) € 2, u(a,b) = Cy, y.a,b forms a probability dis-
tribution over «#2. We remark that a correlation set could be defined with two different ques-
tion set and two different answer set, but the formulation above is equivalent by setting some
of the Cy,y 4, = 0. In this thesis, we are primarily concerned with two sets of correlations, the
quantum tensor correlations and the quantum commuting correlations, which we introduce
below:
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3.4.1 Quantum tensor correlations

A correlation set {Cy,y,4,b}(x, )22 (a,pess? 1S @ quantum tensor correlation, if there exist two
collections of POVM, {A}} e <M,,(C) and {B;}’}be « € M, (0), along with an entangled state
lw) € C" @ C" such that

Cxy,ab = (WIAL® B] ly)

for all (x, y) € 2 and (a, b) € /2. In this case, we refer to the set
S = (C"®C" {Al} acet) 1By et 1¥))

as the rensor product strategy (or a * strategy) which realizes the correlation Cy, 4. We use
Cy(Z, ) to denote the set of quantum tensor correlations with input set & and output set
& in this thesis or simply C,, if & and « is clear from context. To abuse notation, we write
Cq as C, so that it is consistent with the non-local games notation. For an integer n, we use

to denote the set of quantum correlations achievable by a tensor product strategies with
dimension n

Cl = {{(yI A% & BY 1Y) (x,y,a | W) € C" @ C", {AL}, {B}} are POVMs in M, (C)} .

For m < n, we have C;” c C,’; and furthermore

[e.°]

neN*

3.4.2 Quantum commuting correlations

A correlation {Cy,y,q,b} (x,y)e22,(a,b)ess? 1S @ quantum commuting correlation if there exist a (po-
tentially infinite-dimensional) Hilbert space #, two sets of POVM {A}} seor, {BZ Ybew S B(AE)
such that [AZ,BZ] =A}- BZ - BZ -Af =0forall (x,y) € 2% and (a,b) € o/2, and a vector state
ly) € A such that

Cryab = (WIAZCBy ly)

for all (x, y) € 2 and (a, b) € /2. In this case, we refer to the set

¢ = (S, (A} acet 1By Y beat 19))

as the commuting operator strategy (or a qc strategy) which realizes the correlation Cy, y, 4 5. We
refer to a strategy (for both tensor product and commuting operator) to be a projective strategy
if both the measurement operator {A};} and {BZ } are PVMs.

We use Cyc(¥, /) to denote the set of quantum commuting correlations with input set
& and output set «f and if & and «f are clear from context. Since any tensor product
strategy is a commuting operator strategy by definition (as [A} ®[,,1,, ® BZ 1), we have C; < Cyc.
As a consequence of the MIP* = RE theorem, we know that this inclusion is strict, or C; ¢
Ce | I

3.4.3 Synchronous correlations

In this thesis, we work with a set of correlations known as synchronous correlations. For ¢ €
{*, gc} and finite set Z and <, a correlation {Cx,y,a,b} € CHX,d)is synchronousiffforall x e &
and (a, b) € o2

Cx,x,a,b = 51,1,17;

and we use C; to denote the set of synchronous correlations for models ¢. Intuitively, a syn-
chronous correlation corresponds to the behaviour where the experimenters will always give
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the same question when given the same question. Synchronous correlations were first studied
in [ 1, and have been used in [ ] to study the complexity of zero gap MIP*. We
call a strategy that realizes a synchronous correlation to be a synchronous strategy. The set of
synchronous strategy for both the tensor product model and the community operator model
admits a nice structure, and we refer to Section for more details.

In this thesis, we also consider near-synchronous correlations. One of the main contribu-
tion is the so called “rounding theorem" for the commuting operator models, which intuitively
states that any near synchronous correlation is “close" (in the /; norm sense) to a synchronous
correlation. Since the notion of a near-synchronous correlations is closely tie to the “rounding
theorem", we refer to Chapter 5 for the definition when introducing the rounding theorem.

3.5 Non-local games

A two-prover one-round (non-local) game is described by a tuple “= (2, /2, 1, D), where &
is a finite set denoting the list of potential questions, &« is another finite set denoting the list of
potential answers,  is a distribution over 22 which corresponds to the question distribution,
and D : Z? x of/% — {0,1} is the evaluation map’. The game is played between two cooperat-
ing provers, Alice and Bob, and a verifier". In this game, the verifier first samples a question
pair (x, y) according to the distribution p and sends x to Alice and y to Bob. Upon receiving
their questions, Alice (and resp. Bob) must, without communicating with the other prover, re-
spond with answers a (resp. b) in &/ back to the referee, and the provers win if and only if
D(x,y,a,b) = 1. Conventionally, non-local games are usually expressed with provers sharing
different question and answer sets. However, by forcing the probability distribution u to be
zero on certain question pair, the formulations we give are equivalent to the conventional for-
mulation. In this thesis, we consider non-local games where the provers have access to the two
models of entanglement described in the previous subsection, which gives two different val-
ues, or the optimal success probability for the provers, for a given game . We introduce these
notions in the remainder of this subsection:

3.5.1 Values of a game

Under the quantum tensor product model, the provers first prepare a joint entangled quantum
state i) € C" ® C"" between them. After receiving the question from the verifier, the provers
then perform localized measurements on their respective register based on the question they
receive. The provers then respond to the verifier with the measurement output as their an-
swers. In this case, the behaviour of the provers precisely describes a tensor product strategy
defined in the previous subsection, and the probability of outputting the answer pair (a, b)
given the question pair (x, y) is Cy, 4,5, where {Cy, y 4 b} x,y,a,b IS the correlation generated by the
said strategy.

Given a quantum tensor correlation C = {Cy, ), 4 p} € Cq(Z, /), we define the success rate
for the correlation, or the value of the correlation to be

= ). pxy) Y, DXy abCyyap (3.7
(x,y)eX? (a,b)esd

Similarly, for a tensor product strategy ., we use w(¥,.”) to denote the value of the corre-
lation realized by the strategy .. The optimal success rate given quantum tensor model of

3We remark that this is slightly different from how we define the evaluation map in Chapter 1, in this case 0 maps
to “loses" and 1 maps to “win".

4We are adopting the notation from an interactive proof setting in this thesis. In other non-local games literature,
the provers might be referred to as “players" and the verifier might be referred to as the “referee"
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entanglement, or the tensor product value of a game ¥ is

= sup w(¥,0). (3.8)
{Cx,y,a,hecq}

We remark that since C, is not a closed set [ ], the supremum in the above equation might
not be realizable by a tensor product correlation.

Similarly, if the provers are allowed to use the commuting model of entanglement. The set
up is similar as above, except the provers use commuting operator strategies instead. Given
a quantum commuting operator correlation C = {Cy,y 4,5} € C4(&, /), the value for the cor-
relation is the same as (3.7). The optimal success rate given quantum commuting model of
entanglement, or the commuting operator value of a game ¥ is

= sup w(¥,C). (3.9)
{Cx,y,a,becqc}

For model ¢ € {*,co}, we call a strategy . in model t a perfect strategy for game ¥ if
w(¥9,.”) = 1. While the value of a game can be defined in terms of either quantum correla-
tions or quantum strategies, there is a distinction between correlations and strategies. From
the verifier’s point of view, he can only “detect" the correlation by sampling a pair of questions
and getting a pair of response from the provers. However, the provers can choose different
strategies (which the verifier cannot detect) in order to realize the same correlation.

3.5.2 Synchronous games

Given a game ¥, we call a game synchronous iff D(x, x, a, b) = 6 ; . In other words, the provers
must provide the same answer pair when given the same question pair. For a synchronous
game ¥, we call a question pair (x, y) to be synchronous iff x = y. For model ¢ € {,gc} and a
synchronous game ¢, we define the synchronous value for ¢4 in model ¢ to be

= sup w(¥9,0).
{Cx,y,a,becf}

Intuitively, a synchronous strategy corresponds to the set of strategies in which the provers
always give the same answer when given the same questions. Since C;, < C; (resp. Cf,c < Cqo),
we have w} (¥4) < 0*(¥9) (resp. w$°(¥) < w°°(¥4)). However, as seen by the following theorem,

these two values are equivalent whenever ¢ admits a perfect strategy.

Theorem 3.5.1 (Perfect quantum value implies perfect synchronous value, Theorem 3.2 of [
Let 4 = (Z,, 4, D) be a synchronous game such that u(x,x) > 0 for all x € . For model
re{0,1}, 0" (¥9) =1—wl(¥) =1.

As seen in Section 5.3, for a specific class of synchronous games, the above theorem is true
even if the optimal value of a game is not perfect.






CHAPTER 4

Tracially embeddable, symmetric and
oracularizable strategies

In this chapter, we first introduce a special class of commuting operator strategies, tracially
embeddable strategies. Intuitively, one should interpret this as a class of strategies with many of
the properties of finite-dimensional strategies. One of the key observations that we made is that
the correlation set from these strategies can be used to approximate all commuting operator
correlations! Using this definition, we introduce two classes of strategies, symmetric strategies
and oracularizable strategies in Section 4.3 and Section 4.4 respectively, and prove some useful
lemmas about these strategies. Both classes of strategies play an important role in proving the
existence of a compression map for MIP*/MIP°.

4.1 Tracially embeddable strategies

We start this chapter by introducing a special class of commuting operator strategies known
as tracially embeddable strategies, motivated by the standard form of a tracial von Neumann
algebra. We give the definition below.

Definition 4.1.1 (Tracially embeddable strategy). Let ¥ = (X2, 2, u, D) be a non-local game.

A quantum commuting strategy . = (J€,|1¢) ,{A}} seots {Bg}bed) for game 4 is called tracially
embeddable if there exists a tracial von Neumann algebra (<7, 1) with standard form

(7, L%, 7),|1)) and o € o/ * such that 7 = £* (1), W) = o |T), (AN} gey € and{BZ}bed c
.

In this thesis, we use . = (£2(«,1),01), {AT}, {(BZ)O’”}) to denote a tracially embeddable
strategy on the tracial von Neumann algebra (<7, 7)'. Furthermore, we call the set of possible
correlations generated by a tracially embeddable strategy as tracially embeddable correlations.
Similarly, we use <€qTC' (X, ) € €4c(X, <) to denote the set of tracially embeddable correla-
tions with input set & and output set «f . Intuitively, tracially embeddable strategies have a sim-
ilar structure as finite-dimensional tensor product strategies. Let . = (£?(/,7),0|1),{A%},
{(BZ)"”}) be a tracially embeddable strategy on the tracial von Neumann algebra (27, 7). We
can think of &7 (resp. /') to be Alice’s (resp. Bob’s) algebra, similar to the local Hilbert space
structure in the tensor product model. Since 1 = (7|o?|1) = ||a||§ and o € &/*, we can intu-
itively think of o2 as the reduced density matrix on Alice’s side. Furthermore, we can use the
opposite algebra map introduced in the previous section to perform “observable switching", or
to move Bob’s measurement operator to Alice’s algebra using the vector state |1). To make the
discussion more concrete, we consider the following example:

INote that the POVM {BZ } is defined in &7’ under this formulation.
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Example 4.1.2. Let o/ = M,,(C), recall, the GNS representation using the trace Tr(-) maps &/
to o7 ®;,, € M,2(C), where the state Tr(-) is mapped to the maximally entangled state |t) =
\/LEZ?:_Ol |ii). As a sanity check, we see that Tr(A) = (t|(A®[,)|T) for all A € M,(C). We note
that |7) is a tracial state for M, (C) ® [;, by definition, and for all |v) € C", there exists some
o € M, (C) such that (o0 ®1,) 1) = |v), showing that |7) is also cyclic. In this case, o? is also
the reduced density matrix for |y) on the first register. For all o ® [, € M, (C), the operator
I,®2/T € o/ maps

1@ AT) (081, 0) = (@Al 7).
Hence, we can define the opposite algebra in a similar fashion as Equation (3.2), where
(A1) =1,04".

Foranon-local game ¢ = (22,42, i, D) and a finite dimensional strategy ({A} ®1,}, {I]n®BZ}, )
defined on C" ® C". The correlation generated by ({A};, ® [}, {l, ® BZ },lw)) can be rewritten as

Cryab = (Tlo 81 (AL o1, (BN ©1,)” (@8,
for some o € M;,(C). Although o does not necessarily have to be positive, by the polar decom-
position of o = o U for some unitary element U, by replacing Bob’s observable by w7 *BZ url,

we can, without loss of generality, assume that o is positive regardless.

Finally, for audiences with no prior background in operator algebra, the reference chart
given in Table 4.1 may be helpful when reading some of the proofs in this thesis.

TES FD strategy (over C" ® C")
Algebra o M (C) 1,
Commutant o’ 0, ® A, (C)
Hilbert space () L% (1) C'eC"
Tracial state ) IME,,) = \/Lﬁ Y, lii)
Reduced density matrices o2 Trp(ly)Xyl)
POVMs for prover 1 (Alice) AY Arel,
POVMs prover 2 (Bob) BZ I, Bi)’
Observable switching trick AlTy = A°P|7) A®Il,|ME,) =1,® AT [ME,)

Table 4.1: A diagram translating components of a tracially embeddable strategy to its finite-dimensional
counterpart. We assume the finite-dimensional strategy is defined over registers A and B.
Where TES above stands for Tracially embeddable strategies.

As one of the main results for this thesis, we see that every correlation set C,4. can be ap-
proximated by a sequence of tracially embeddable strategies through the following theorem.

Theorem 4.1.3. Let & and <f be arbitrary finite sets. Then
Cal (X, ) = Cao X, ),
where the closure above is in the 1 -norm sense.
We give a proof for Theorem in the next section. We remark that this is a surprising re-

sult, as shown in our (well, my) masters thesis years ago, I personally would expect the above
theorem to be false (see [ ] for the embarrassing call  made back in the years).
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4.2 Approximation of tracially embeddable strategies

In this section, we give a proof for Theorem . The proofrelies on Haagerup’s reduction the-
orem [ ] which, roughly speaking, allows one to approximate any von Neumann algebra
by a sequence of tracial von Neumann algebras. Intuitively, since every commuting operator
strategy can be realized in a von Neumann algebra, one can use this approximation theorem to
define a series of tracially embeddable strategies which can be used to approximate the original
strategy.

We start by introducing additional tools required to prove the main theorem in this subsec-
tion. Since introducing Haagerup’s reduction theorem requires introducing deeper theories in
von Neumann algebra, we choose to include these theories below. We remark that understand-
ing the rest of the thesis, which is dedicated to potential applications of the main theorem, does
not depend on understanding the technical details from this subsection.

4.2.1 Additional theorems about von Neumann algebras

Recall, for a set S, the discrete topology is generated by open sets of the form {s} for s€ S. Let &
be a countable subgroup of (R, +) equipped with the discrete topology. Let a be a continuous
automorphic representation of ® on <7, or a continuous map a : & — a where each ag is a *-
automorphism acting on .« indexed by g € &. Let £?(®,C) denote the set of square integrable
functions from & to C. Since ¥ is a subgroup of R, for any function € ¢2(&,C), we have
Y gew lv()[1 < oo. This means that any functions in £*(®,C) can be represented as elements
in the Hilbert space ®gcCg by ¥ — @ e/ (g).

We say a von Neumann algebra .o/ € %B(#) is in standard form if it admits a cyclic and
separating vector in ./ for the algebra o7 (see [ ] for more details). We remark that in
the case where <7 is tracial, ./ being in standard form is equivalent to 7 represented under
the GNS representation of the trace function, which is consistent with the definition given in
Section

In order to define the modular automorphism group, we need to define the well known
Tomita-Takesaki construction [ ]. The Tomita-Takesaki construction will be used more
extensively later on in this thesis in proving a parallel repetition theorem for the commuting
operator model (in particular, the modular operator will be an important component for defin-
ing a notion of relative entropy between two states in the commuting operator model). Hence,
we list some properties necessary for the proof of Theorem in this section, and give a more
detailed explanation and a finite dimensional example in Section

Recall from [ ] that any von Neumann algebra in standard form admits a modular op-
erator A and a modular conjugation operator J acting on . such that

AP N =of, JA3=o', teR.

The above relation can be used to define a modular automorphism group for any subgroup &
of R. More specifically, let Aut(27) define the set of automorphisms on 7. For each t € &, we
define the function o; € Aut(«) as o;(A) = AL AN~ The modular automorphism group is
defined to be the continuous map o :  — Aut(</) given by

U(t) =0y,

for all £ € &. We remark that since & is assumed to be equipped with the discrete topology in
this thesis, o is continuous by default.

Recall from the literature that the crossed product of </ by & with respect to @, denoted
by % = is a von Neumann algebra acting on 02(8, 7) generated by {7 4(A)} sex and
{Aa(h)}pes, where

(Ta(AN(Q) =05 (AL AaM(Q=((g—h), for (el*®,7), geb.
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Since we assume & to be a countable subgroup of R in this thesis, if <7 is a separable von Neu-
mann algebra, then the von Neumann algebra 2 x4 & is also separable. Under this assump-
tion, the generator for &7 x4 ® can be specified by the operator {75 (A)} pc.y and {Ag (M)} e,
where
wg(A)= ) ATAN T et Ag(W) =1y @ ) 1= hX1l,
te® te®
for Ae o/ and h € &. In this case, the map 0 : &/ — &7 X4 & given by

0(A) =ms(A) (4.1)

gives a *-isomorphism from .7 to its crossed product construction with &. The following
proposition extends a normal state from o7 to .o/ x4 .

Proposition 4.2.1 (Proposition 13.1.4 of | ). Let & be a subgroup of R, o be a von Neu-
mann algebra and o be the modular automorphism group over &. For every normal state p
acting on &7, there is a normal state w acting on o/ X4 ® such that

w(A) =p ([l ®0s) Al ®[0s))) (4.2)

forall Ae of x5 &, where0 is the isomorphic map defined in (4.1), and Og should be interpreted
as the identity of the group (&, +).

Since A’ AA~0 = A for all A € 7, this implies that (I, ® (0g|)0(A) (I, ® [0g)) = A for all
A€ /. This means that we can replace (4.2) with

w(A) =p (I ®0s)0(A) [, ®[0s))).

In other words, the normal state given by Proposition also preserves the action given by 6.
For a von Neumann subalgebra % < .o, we say a completely positive contraction map @ :
o/ — 2 is a conditional expectation from <7 to % ifforall X € o7, A, B € &/, we have

®(AXB) = A®(X)B.

Furthermore, a conditional expectation is normal if it preserves the weak topology. We recall
the following reduction theorem below, which states that any separable von Neumann algebra
under the crossed product of & = ;127" - Z < R with respect to the modular automorphism
group can be approximated by a sequence of tracial von Neumann algebras.

Theorem 4.2.2 (Haagerup’s reduction, Theorem 2.1 of [ ). Let.of be a separable von Neu-
mann algebra in standard form, let ® =, 27" - Z <R and let @ be the corresponding modular
automorphism group of &. There exists a sequence (%n,Tn)n=1 0of subalgebras of Z = </ X o &
such that

* By S forallneN.
e Each %y, is a tracial von Neumann algebra with the normal trace being .

e For each n, there exists a normal faithful conditional expectation ®,, from %£ — %, with
®,(A)+®,(B) =®,(A+B);

o Ups1Zy isw* dense within %.

We remark that Theorem actually holds for o-finite von Neumann algebras according
to the original formulation. However, as seen in the remark after | , Definition 5.5.14], all
separable von Neumann algebra are also o-finite. Finally, we recall two theorems from the lit-
erature about tracial von Neumann algebras in standard form which we use in the proof of The-
orem . The first is an approximation theorem about normal linear functionals for tracial
von Neumann algebra in standard form.
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Proposition 4.2.3 (Proposition 7.3.4 and Theorem 7.3.8 of [ 1). For every positive normal
linear functional v on a tracial von Neumann algebra of < B(F) in standard form, there ex-
ists some vector |y) € S with y(A) = (y|Alw). Furthermore, there exists a sequence of positive
operators A, € &/ such that

lim || |y) = Ap|T)11=0
n—oo

Recall, given two linear functionals ¥; and ¥, acting on a C*-algebra o7, we say ¥, < v, iff
W, — 1 is positive. The second theorem is a variant of the Radon-Nikodym theorem.

Theorem 4.2.4 (Proposition 7.3.5. of [ D). Let o/ < B(H) be a von Neumann algebra, and
let w be a positive linear functional acting on o/ . Furthermore, there exists a vector state |y) such
that o < wyy), where wyy,y is the linear functional acting on </ such that wyy(A) = (y|Aly). Then
there is a positive operator H in the unit ball (<) of,sz/ such that

w(A) = (W H Aly)

forall Ae o7 .

4.2.2 The proof

We prove Theorem below.

Proof. Let Cy )4 € Cqc be an arbitrary commuting operator correlation, and let
S = (AR} B} 1), 7€)

be the commuting operator algebra strategy that realizes Cy, j, 4 - We first show that {A*} can be
realized by a separable algebra. By Fritz’s characterization [ , Proposition 3.4] of commut-
ing operator correlation, since both & and «f are finite sets, we can, without loss of generality,
assume # is separable. Let .4 be the von Neumann algebra generated by {ﬁ;}, since A is
separable, .4 is also separable by definition. .4 being separable implies that .4 admits a
faithful normal state, and this gives a o-weakly continuous isomorphism which maps .4 to its
standard form.

We first apply the cross product construction to .4” in order to apply Theorem .Let® =
Up=12""-Z =R as stated in Theorem , let o be the corresponding modular automorphism
group for 4 andlet Z = .4 x4 ®. Foreach (y,b) € X x <, let @Z : /" — C be the normal linear
functional given by ﬁ/i(A) = (&IA-EZI@) and let ¥ : .4~ — C be the normal linear functional
defined by ¥ (A) = (| Aly). Since each {Eg}bed is a set of POVMs, we have )}, &Z = for all
y € &f. By Proposition , each 1/7% (resp. ¥) extends to a normal state 1/7% (resp. ¥) on #Z such
that 1/7%(A) = 1/7%(0(A)) for all A€ .4, where the map 6 is the map defined in (4.1).

Let (%n,Tn)n=1 be the sequence of tracial von Neumann sub-algebras of & guaranteed
by Theorem . We wish to construct a sequence of strategies C)’Cly b € %chr (X, <) such

ya,
that

e For each n = 1, each C;’ya , can be approximated by a series of tracially embeddable

strategies defined in the standard form of (%, 7,),

* The limit of C;"y’a' , approaches to Cy, y, 4 p-
For each (y,b) € Z x &« and n € N, define {égyyya,b}(a,x)eyxd to be

ol o ®,00(AY). (4.3)

x,y,a,b =
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We see that
Z C\Jrcl,y,u,b = Z wi)/ o®;o0 0(;43)
a,b a,b
=Y Yl o®,00() A7)
b a
=y o®,(y)

where the second line follows from the functional 1/7%, ®,, and 0 being linear. By property 1 and
4 of Theorem , the sequence {®,, 0 0(X)},en is an increasing sequence of operators within
Z for all X € Z with lim;,_.o, ®,, 00 (X) = 8(X). In particular, we have

lim o @, (1) = 0.) = 1.

Let

ol — 1 C‘n
x,y,a,b ,(’poq)n(”%) x,y,a'b'

Since Y., , C" =1forall (x,y)eX 2 and n € N, this shows that {C" } is a correlation set
0~ x,y,a,b x,y,a,b
foreach n e N.
s n —_
We first show lim;, .o Cx'y,a' b=
tional ¢¢ is normal, we have

Cx,y,a,p- Since foreach (x,y,a,b) e ¥ 2 x of?, the linear func-

, lim, %o ®,00(AY) _ ~ e oy
hrllncn _lmy Py o®y a =w§°9(AZ):<W|A2'BZ|W>:CnyYa,b’

x,y,{l,b - hmn{poq)n(l]%)

hence showing the sequence of correlations nyw) , approximates Cy,y,q,b-

a,p CAN be approximated by a sequence of tra-

cially embeddable strategies defined within (#,,7,) to complete the proof. Let (7, fz(ﬂn,

T,),|T4)) be the standard form for (#,,t,). Fix n € N, since ®,, is normal, mzﬁo ®,isa
normal state on & (and hence for %, < %#). By [ , Theorem 6], there exists some vector
state |y ,) € L%(%,, T,) such that for all X € %#,,,

Now, we wish to show that each of the C)’zy

W0 ®,(X)

_ - = nX nl -
Tno®nly  VrlXlvm

Let AY" = ®,,00(AY) € %, since @, is linear

Y A =®,000) A} =1
a

a

and hence each {A}""} 4c.s is a POVM defined within (%#},). For each (y,b) € & x o/, the state

1 =y : : : . 1 ~y 1 ~
7o, Vp° ®,(A) is anormal linear functional with Fod, 0 Vp° D, < Zow, i VO ®,. Hence,
by Theorem , there exists a positive element BZ’” € %;l such that for all X e #

7,0 @n(X) Sy

To®, Uy (WnlBy " Xlwn).

Since forall ye &, X € A4, we have

Zf/}%o(bnoe(X):f/}o(Dnoe(X)
5 Wo®,(y) Yo,y

this implies that
YWl By Xl ) = (yal Xy p)
b
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for all X € #. This implies that Bg’n < lyp, with (yyl(lz, —Xp BZ’") [y, = 0. By adding
(%, —Xb BZ’") to one of the BZ’", we can further assume that each {BZ’"}bed forms a set of
POVMs in (#,)'. Finally, by Proposition , there exists a sequence of positive operators
O m € %, such that

rrlzl—r>rc1>o |||Wn>_0m|7n> | =0. (4.4)

Since |y) is a vector state, without loss of generality, we can also assume that 7, (afn) =llomlta)ll =
1 by normalizing each of the ,,. We see that for each m, (L2 P, Th), Tm|Th), {AZ", {BZ’"}) is
a tracially embeddable strategy, and by (4.4), we have

dim 37 ICT L~ Walom AG By o mlyn) |
x,y,a,b
i 1 7y Ax.n x,n phn
= lim 3 | Y, 0@, 00(A,") = (WnlomAZ" By o mlyn) |

m_)oox,y,a)b {/} © (Dn(”%)

= lim Y [yl A7 B W) = Walom AL By o mlyn) | =0,
x,y,a,b

showing that C )’C"y'a, b€ <€ng (%, &), thus concluding the proof of the main theorem.

O
4.3 Symmetric strategies
In this section, we introduce a natural generalization of symmetric strategy [ , Definition

2.3] for the commuting operator model using the structure of tracially embeddable strategies.

Definition 4.3.1 (Symmetric strategies). Let¥d = (& 2 A2, W, D) be a synchronous game and let
(L%, 1),01) 1A%}, {(BZ )°PY) be a tracially embeddable strategy. We call this strategy symmet-
ricif AL =B} forallxe & andac .

Symmetric strategies will be written as (£?(<7,1),0 1), {A%}) in this thesis. If a symmetric
strategy is also projective (i.e. {A¢} are projective) with o = [, then the given strategy is also
a synchronous strategy. By using [ , Theorem 5.5], and taking the double commutant
of the corresponding C*-algebra for Alice’s measurement operator, we can always write any
synchronous strategies as a projective, symmetric strategy of the form (L2, 71),|T), {A7]).

The following theorem shows that all synchronous correlations can be realized by a projec-
tive, symmetric strategy for which the underlying state is the tracial state of the algebra (i.e. the
maximally entangled state in the finite dimensional setting).

Lemma 4.3.2 (Synchronous correlations can be realized using a symmetric strategy). LetCy y q,p €
Cgc» then there exists a projective, symmetric strategy . = (L%, 7),IT),{AX}) which realizes
Cx,y,a,p- Furthermore, if Cy,y,4,p € Cj, then . is finite-dimensional.

The above lemma can be proven by first taking the double commutant of { A} from [ ,
Theorem 5.5], then applying point iii) of [ , Theorem 5.5] to get the desired result. Due to
this lemma, we can assume that all synchronous correlations are realized using synchronous
strategies guaranteed by Lemma . Hence we denote every synchronous strategy as a pro-
jective strategy . = (L2, 71),|T), {A%}) in this thesis.

We prove some useful lemmas related to symmetric strategies for the remainder of this
section.

4.3.1 Lemma related to symmetric strategies

The first lemma regarding symmetric strategies is bounding the synchronicity of any tracially
embeddable strategy by the synchronicity of the two symmetric strategies defined by their re-
spective measurement operators.



50 Chapter 4. Tracially embeddable, symmetric and oracularizable strategies

Lemma4.3.3. Let¥ = (%z,dz,u, D) be a synchronous game, . = (L%, 1),0|T),
{A}}, {(BZ )°P}) be a tracially embeddable strategy for the game 4, then

1- 5sync (9,7) < \/1 - 6sync((§, csﬂ(A’,;,olr)))\/l - 5sync((gy ZBZ’U”)),

where . ax o1y is the symmetric strategy defined by (£*(/,7),0|1),{A%}), and likewise with
S0l

Proof. By the Cauchy-Schwarz’s inequality and Jensen’s inequality,

1-0sync(¥,) = E Z(T|UA§0’B?0’|T>S\/ E Z(T|0’AZUA2|T)\/ E Z(T|O’BZ§O’B§|T)
x~p x~ps x~p

= \/1 - 6sync(g; %A’,j,alr))) \/1 - 6sync(g; ‘ZBZ,U|T>)' O

The following lemma is an analogue of [ , Lemma 2.10] with tracially embeddable
strategies, and the proof follows a similar structure.

Lemma 4.3.4. Let¥d = (X2, 42, u, D) be a synchronous game, and let ¥ = (£?(/,1),0|1),
{AY}, {(BZ)OP }) be a tracially embeddable strategies for the game 4. Let {C%} < </ be another set
of POVMs, with
_ X X2
y= X[E#;<T|O'(Aa CHolt),

for somey = 0. Then for the symmetric strategy . ax,q\1)) = (L2, 1),0|T), {AX}), we have

W E Do ALB) P olr) = (TloCLBY) P 1T) | < 6 (Sayncl, 7 ag.0100) + V).
Ve Fab

Proof. For simplicity of notation, let 4 = Osync(¥,-7(ax /7). We show this lemma using the
following three inequalities, followed by the triangle inequality:

E 2| (Tlo Af(B}) P alt) - (tlo(A})*(B))Polt) | < 26 4, (4.5)

Ly a,b

B (Tlo(A)*(B))Polr) — (1o (CH*(B)) P oly | <277, (4.6)
! a,b

i J[}EN#Z [<TloC(B))Polr) — (tlo(CH*(B)) P olry | <4 (ba+ V7). (4.7)
! a,b

For (4.5),
E Y KtloAL(B))Polt) — (tlo(AD*(B)Polt) = E Y (tlo(A}—(AD*)(B;)Polr)
Y~ a,b (x'y)~” a,b

X

=1- x@ﬂz (tlo(AL)?olT). (4.8)

By the Cauchy-Schwarz’s inequality and Jensen’s inequality,

1-64= E Y (Tl AL(4)Poln) < \/XE”Z <r|o(Az;)za|r>\/x§HZ (Tl ((A%)oP)20|T)

< \/X@MZuw(A;)me.

Solving for E,~, ¥ 4 (tlo(Af)?o|t), we have

1-264<1-28,+6% <

T x

E 2 (rlo(4p)’oln), (4.9)
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and hence (4.5) follows accordingly. For (4.6), we bound the inequality through the following
two inequalities:

)[/E 'UZ (‘L’IO‘((AZ)2 - AZC;) (BZ)OPUH) < \/?, (4.10)
xy= a,b

xﬁ”azbuw((cg)z — ALCHB)Palt) < /¥

Since the inequalities are proven in a similar manner, we will only show the proof for ( ): by
Cauchy-Schwarz’s inequality and Jensen’s inequality,

2 y
x}EwaZb(T'““AZ) — ACp) (B Polt)

< \/X‘)[E”%J<T|U(A§)2((BZ)2)OPU|T)\/x')[iu%)(ﬂg(jqz — C2g]7)

51-\/ E Y (lo(AX - CH2olt) < VF.
xy~pls

For (4.7), this is analogous to (4.5), except we are estimating ¢ = dsync(¥,-7(cz o1ry)) instead,
where .%(cx 7)) is the symmetric strategy (L2%(H,1),0|T), {C}}). To bound 6 ¢, let n denote the
synchronicity for the tracially embeddable strategy (£ (<7, 1),0|1),{C}}, {(AZ) oP}). By Cauchy-
Schwarz’s inequality and Jensen’s inequality,

n—08a SxEZ |(T1o(CH(AD P alt) - (Tlo (A} (AL) Polt) |
a

= x§ﬂ2| (rlo(C; — AP (A Polr)|

< \/ E Z(ﬂa(cg—Ag)Zam\/ E Y 1 ((4%2)% ol < V¥
x~pe x~pes
By solving for  and by Lemma ,64=2n<2(64+ /7). Proceeding the same way as (4.5)

X,

E Y |(loCBy) ol (xlo(C* By Poln| < 1- E 3 (1lo(Cy olr)
a,b 1"

<25c=4(64+V7). O
Combining Lemma and Lemma , we have the following lemma.

Lemma4.3.5. Let¥ = (%2,&{2,#, D) be a synchronous game, and let . = (L2(A,1),0|T), {A}}, {BZ})
be a §-synchronous strategy for 9. Then the symmetric strategy /' = (£?(</,1),011),{AL}) isa
O(0)-synchronous strategy with

E Y [tloALB])Palt) - (tlo AL(AD P olr) | < O(VE),
)~k

Proof. Let § 4 be the synchronicity of the strategy ., by Lemma ,04 <26 =0(0). For the
second part of the lemma, we see that by triangle inequality, we have

x@uwa«A’;—B;‘)OP)Zuw)sx@uZ(n(A;—(B;‘)"”)a|r>||2+||(A;—(A2)°”)a|r>||2). (4.11)
a a

For the first part of ( ), since (A’é)2 <A} <l,
xEu; 1AL - BDP)a D) |I” = x@ﬂ; ((rlo (A% 0lt) + (x|l (BHHPolt) — 2 (1|0 AX(BY) P o|T))

< E Y (2-2(1loA(B}) P aln) = 20.
a
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For the second part of ( ), by a similar calculation

[Eyz 1AL — (AP |1y ||? < [E#Z(z —2(1|0 A% (AP g|1)) <26 4 < O(5). 4.12)
~17a ~17a

Hence, by combining the above two equations, we have

E Y (tlo((AL - BY)°P)*olr) < 0(5).
x~pe

By Lemma and as well as Lemma apply on the symmetric strategy .7 % = (£?(#,1),0|1),
{B)}pess), we have

LE 2 IGlolagB)P ol — (tlo A4y P oln) | < 0(V8) + 0(dp) < O(V5)
LYI~Hab

where 8 denotes the synchronicity of .72 this concludes the second claim of the lemma. [

The following corollary shows that every §-synchronous correlation can be approximated
by some correlations generated by a symmetric projective strategy defined on the standard
form of a tracial von Neumann algebra (<7, 7).

Corollary4.3.6. Let¥ = (22, </, 1, D) be a synchronous game, and let (£*(</,7),0|7) ,{A%}, {B; })

be a &-synchronous strategy for 4. There exists a symmetric, projective and & i -synchronous
strategy (£%(<,1),017),{PX}) with
E |(Ay—-Px)oln) > < 0),

(er’)N.U
such that 1
Y. (Tlo AZ(By) Polt) — (tlo P4 (P))Palr)| < O(61), (4.13)
acA
Proof. Let. V™ = (%% (</,1),0\1), {A}} 4er) be a symmetric strategy. By Lemma y Osync(9,.7757™)
= 0(d) and

E
x~p

. Y [lo AL(B)) Polr) — (tlo AL(A)PolT) | < O(V). (4.14)
B =MD

By the Cauchy-Schwarz’s inequality,

1-00)= E Y (tlo 43497 0ln) < ¢£NZ<T|0(A2)ZG|T>,

or1-0(8) <Ex~p X a0 ¥l (A%)2|y). Hence, for all x € Z, by applying Lemma on {A}}, there
exists a set of projective measurements {P;} such that

x@ﬂ I (A= PHolr)I? = x@ﬂ (tlo (AL - P52o|1) < 0(6). (4.15)

By applying Lemma on {P}} for .7*V™ we have

E Y KrloAL (AN Polr) - (Tlo Py (A)) P alr)| < O(VE).
@V~H b

Let .72 = (L2 ,1),017), {AZ} aeor, {(P2)°P} 4eoy). By Cauchy-Schwarz’s inequality, and |7) be-
ing a tracial state, we have

Ssync(9,-S%) = Boync (4, .7V < [EZ (Tlo Ay (P) P o) —(tlo Ay (Ap)PolT)
a

< \/[;Z<r|a(A;)20|r>\/[;Z<r|a((A;': — P52)oPar)

<1 \/([;Z<r|(o)2((Ai; — PX)2)oP|7)
a

_ \/[Ezummg — P$)20|7) = O(V¥),
X a

and hence 8, < O(V/5). By repeating this argument again, on (A%)°” with .#, and together with
( ) and ( ) gives ( ). O
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4.4 Oracularizable strategy

Before we introduce the rounding theorem, we introduce a special class of strategies known as
an oracularizable strategy for synchronous games below. We remark that this set of strategies
follows an analogue of the “commuting" property, a property for finite-dimensional strategies,
givenin [ , Definition 5.8].

Definition 4.4.1 (Oracularizable strategy). A tracially embeddable strategy . = (£*(<7,7),0|7),
{AX}, {BZ 1) for a synchronous game G = (¥,<,u, D) is oracularizable if whenever u(x,y) > 0,
then for all (a, b) € o>

[A},B)] = A3By — B] A% =0.

We remark that in the above theorem, both {A}} and {(BZ )Op } are defined in .«7. Hence the
above condition does not follow immediately from the definition for a commuting operator
strategy.

The notion of an oracularizable strategy itself is pretty interesting in the overall literature
about MIP*/MIP. In particular, it is an integral part of the “completeness clause" for the com-
pression theorem, and as will be seen in Part |11, one has to carefully check that a perfect oracu-
larizable strategy must exist in each of the subroutine for the compression theorem. However,
the only purpose of maintaining such conditions is to prove the “completeness” clause within
the oracularization transformation within the answer reduction procedure (see Section for
more details).

Given the above summary on how oracularizable strategies are used, one might be quickly
tempted to think that they are not important to the uncomputability of non-local games. This,
however, is not the case, when one tries to generalizes the unique games conjecture [ ]
for MIP*/MIP° protocols. In an earlier work, Kempe, Regev and Toner shows that the unique

games [ ] in the entanglement setting is in P, hence showing that the unique games con-
jecture to be false under the MIP*/MIP®® model. However, by the recent work of Mousavi and
Spirig [ 1, if one were to restrict to the classes of allowed strategy to be oracularizable, the

landscape all of the sudden changes, and the “quantum oracularizable unique games conjec-
ture" could all of a sudden be true (and the complexity of unique games with perfect oracu-
larizable strategies is uncomputable )! Since this is not the main focus of this thesis, we refer
interested readers to the reference given for more details.






CHAPTER 5

Rounding almost synchronous
correlations

In this chapter, we introduce and prove the “rounding” lemma in the commuting operator
setting. This theorem was proven for the tensor product model by both [ ] and [ 1,
and it was proven independently in [ | for the commuting model. Interestingly, the
proof given in [ ] uses advanced techniques from von Neumann algebra theory (namely
the Tamita-Takesaki theorem). In comparison, our proof only relies on Theorem and
the structure of tracially embeddable strategies, which allows us to mimic the proof structure
of [ .

5.1 Theroundinglemma

Before introducing this lemma, we first introduce the notion of synchronicity given a corre-
lation. Given a distribution u ~ %2, we denote the synchronicity of the correlation set with
respect to y as

::max{ N[E Z Cx,x,a,b’ N[E Z Cy,y,a,b}» (5.1)
YHx azb YWy azp

where iy (resp. yy) denotes the marginal distribution of x (resp. y) over u. For a quantum strat-
egy -, we use dsync (4, -7’) to denote the synchronicity for the correlation generated by . with
respect to u. For a tensor product/commuting operator strategy .’ = . = (S, {A}} ae.wr {BZ Yheot 1U)),
by definition we have

Aa =5 gnew,7) Ba (5.2)

where =5__ (.7 is over the state |y) and both the distribution y, and u,. We define a cor-
relation C to be §-synchronous with respect to p if dsync(i, C) < 6 and §-synchronous if the
underlying distribution p is clear from context.

We are now ready to introduce the “rounding theorem" below.

Theorem 5.1.1 (Rounding for synchronous correlations). There exist a universal polynomial
. 1

sB4 10,11 — [0,1] such that sfeUnding(§) = O(5%) such that the following holds: Let p ~ %>

be a distribution and t € {q, qc}, and let {Cy, y,a,b} € 6:(%,) be a 6-synchronous correlation.

Then there exist a collection of {CJ/},y,u,b} Ael0,c0) € €5c(X, ) and a probability distribution P

over [0,00], such that

E Y

(x, )~ ab

*° .
Cx'y'a’b_/o P(A)'Cﬁ,y,a,bda < sRoundmg(é)_

Furthermore, ifCy, 4 1, is realized by a tracially embeddable strategy (LA, 1),01),{AL}, {(BZ )°PY,

then each of the C)’}y ..p can be realized by a synchronous strategy defined on the standard form

of some subalgebra of <7 .
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Intuitively, since the convex combination of synchronous correlations is still synchronous,
the above theorem essentially states that the set of §-synchronous can always be approximated
by the set of synchronous correlations.

5.2 Proof of Theorem

The proof of Theorem relies on a lemma originating from the seminal paper of Connes
[ ]. We remark that the finite dimensional variant of this lemma is an important tool used
in both [ ]and [ ], and [ ] generalized this lemma to the type III von Neumann

algebra setting using the core of the algebra.
For A € R, we define the characteristic function >, :R — R as

1 ifx=A

0 otherwise.

A=a(x) = {

We extend, via functional calculus, the above function acting on <7 *. Since fooo x> ﬂ(x) diA=x?
for all x € R, by extension, for all o € .o/ *

fo Xsyi(0)dA=0". (5.3)

We recall the following lemma due to Connes [ ,Lemma 1.2.6].

Lemma 5.2.1 (Connes’ joint distribution lemma). Let (7, 1) be a tracial von Neumann algebra
and p,o be two positive elements in </ . Then

o0
fo 1x-z(P) —sz(a)llgd/l sllp—-oll2-llp+oll2.
To show Theorem , we first show the following proposition. This proposition is anal-
ogous to [ , Theorem 3.1] in the infinite-dimensional case. It states that any projective,
symmetric, almost synchronous strategy defined on the standard form of some tracial von Neu-

mann algebra (7, 7) can be approximated by a set of synchronous strategies, each on some
subalgebra of <7.

Proposition 5.2.2. Let ¥4 = (¥ 2 of?, U, D) be a synchronous game and let (</,T) be a tracial
von Neumann algebra in standard form. Furthermore, let (£%(</,1),017),{A%}) be a projective,
symmetric and § -synchronous strategy. There exists a set of projectors {Pj}0,c0] < </ such that

(e.9)
f PydA=a?,
0
and for each A, there exists a set of PVMs {Ai’x }1e0,00] € PA/ Py, such that
oo x A,x 2 1

fo E XIS - APl = 06,

Proof. Let Py:= x, /(0), by (5.3) [5° Py = 0°. We first show
o0
f x[EﬂZII(AZ—P/IAZPA)PAHgd/I52\/5. (5.4)

0 *Fa

By Holder’s inequality

o0 o0
f E Y (A7 - PAAZP)Pall3dA < E f Y lI(AGPy - PAADI5dA.
0 X~uU a X~u 0 a
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2im

Let m = |¢/| and associate the answer set with Z,, and define U} :=¥.;"e e A7 Since A} is a
PVM, U; defines a unitary in </ for each a € o and b € Z,,. By substituting Ay with U;;

o0 (e, 0)
[Efo Y IIA’;PA—PAAZII%dA:x@Mf (Z 2((TIPy AlT)y — (T|Py Ay Py AylT)) |[dA  (5.5)

x=p acZ,, acZ,,

E f (2 TPy —ZI]I;:(TIPA(U;;)*PAUZlT)) dr
0

o0
EE UXP) — P UY3dA.
beo IUZ Py — PAUEI2

By Lemma ,since /7 ((U;)*UU;;) =(UYN* (7(2\/1(0)) U;: for all A, it follows that

o0 oo
EE Urp —Pszd/l:[E[Ef Py — (UH*P U 2dA
beo IUzPA = PAUSIBAA = EE [ " 1PA= (U PAURIE

< E Ello—(U})* oUjll2llo + (U)o Ujl.

* 2 * 2
s\/xg[gna—(ug) aU;;nz-\/x@”tgnaHUg) oUFI

* 2
sfz-\/xu;u[gna—(ug) U3

By a similar calculation as (5.5)

V2. | E Ello—(U»*oUMZ=v2 [2-2 E Y (TloAZo A%lT) = V2- V25 = 2V,
X~pb b b2 x~p4

showing (5.4). Now, for each A, the algebra P27 P, is a tracial von Neumann algebra with the
corresponding tracial state being ﬁPﬂ |7). Furthermore, {P} A}, P,} defines a set of POVMs
within the algebra P .o/ P), and we can use Lemma to construct a set of PVMs to approxi-
mate the above POVM. To this end, observe that

(e.0]
1-26< E Y (tlo(AD*olr)= E Z[ (TIPA(AY)?PylT) dA
x~pz x~pZ Jo
(o]
= x[Equ ((zIPAALPy ALIT) + (TIPy AL (AL Py — Py AY)|T)) dA. (5.6)
~ue Jo
To bound the second term of (5.6), by Cauchy-Schwarz’s inequality, then by (5.5)

oo
x@“Z fo (TIPrAg(AgPy — Py A)IT) dA
a

s\/ E Zf (TIPA(Aj;)ZP,llr)d}L-\/ E Zf |AZP) - Py ASIRAA<1-V265.  (5.7)
X~u a JO K a Jo

By rewriting the first term of (5.6) and bounding the second term using (5.7),
[e.0]
X[E“Z A (TIPA AL Py AGIT) +(TIPy AL (AL Py — PLAY)IT))
a
(o0]
< x[Epi <r|P;L(P;LA’;P,1)2PAIT> +V/281.
~u= Jo

Solving for Ex~, Y, fo° (TI1PA(Py AL Py)? Py |7), we have

1—25—\/§5isx[E#Zf (TIPA(PAAEPY)?PyIT) . (5.8)
Py A
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Hence, by Lemma , for each 1 € R and x € &, there exists a set of PVMs {Aﬂl’x } S Py P,
such that

o0
x[E#Z (TIPA(PAAEPy — AM*)2P) 1) dA < 28 + V257 = O(57). (5.9)
0 *"H g

Combining (5.4) and (5.9) via the triangle inequality
© 1
fo x@#;ll(AZ—Ag'x)Pﬂllgdls0(64). O

We are now ready to give the proof of Theorem

Proof. Let {Cy y qp} € €4c(Z,f) be a §-synchronous correlation for the game 4. By Theo-
rem , we can, by perturbing Cy ,, 4, up to arbitrary £ > 0 accuracy, assume the existence
of some tracially embeddable strategy (L2, 1),0|T), {AY} gects {BZ}bed) on a tracial von Neu-
mann algebra (<7, 7) such that

Cxyab = (Tl A5(B;)Pal1).

By Corollary , there exist a set of PVMs {Q}} and a O(0 i)-synchronous, symmetric and
projective strategy . = (£%(,7),0 1), {Q7} 4esr) such that

E Y [(tloAX(BY)Palr) — (1|0 QE(Q))°Palr) | < O(7), (5.10)
(x,y)~ua'b
with
El (AL-Q¥)aln)I* < 0(). (5.11)

Applying Proposition to.?', we get a set of projectors {P;} 0,001 € & With [§° PydA = (6*)?,
and a set of PVMs {A;Lx}/le[o,oo],xe&‘”; with {AY*} € P, &7 P, for all A € R*, such that

fo x@y% 1(Q — AF)PAII5dA < O(67%). (5.12)

For 7(Py) # 0, the symmetric strategy S = (L% (Pya/ Py, Py |T)),\/%PA)P,1|T),{A2’X}) is syn-
1

chronous since WPA |T) is a tracial state for Py P, (see the remark after Definition ).

Let B(A;’x be the corresponding opposite algebra element for Aﬁ’x define on the tracial von Neu-
mann algebra (P27 Py, ﬁP,l). In other words, we have (Az’x)P,l Ty = (Bg’x)P,l |T) for all
xeZ and a € of. We claim that for all xe & and a € o«

(T|Py A BYEP) 11y = (1] Py (AL (AL P P |7)

where the op map above corresponds to the opposite algebra map for (<7, |7)). In other words,
we have the synchronous strategy .#* can be expressed as a symmetric strategy within the
tracial von Neumann algebra (<7, 7). Since AY* € P;.o7 P;, we can express AX™ as Py AY*P) in
&/, and hence

T|PA(AY) (AL P) |1y = (7| PA (AM ) PA(BM*Py) 1) = (1| Py AV B Py 1),

where the last equation follows from (Py.</ P))' = o/’ P, for any von Neumann algebra ./ and
projector P, € . Hence, showing the above claim.

Since [;°T(PA)dA =1 ([5° PadA) = 7(0?) = 1, we can define the probability distribution P
over [0,00) by P(1) =1(Py). Let Ciy’a' b denote the correlation set generated by the strategy . A
for A with 7(P;) # 0 and any arbitrary synchronous correlation otherwise. We claim that

E Z|<r|aQ;(Ql{)"Pa|r>—f P()-C}  dAI<0(5%). (5.13)
D~ g] 0 P

(x
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To show this, we prove the following three inequalities,

E Y 1loQiQ) ol - [ @l Q) Pn iz oeh, G

CoN~tgp

(5M2|f <T|P/1QZ(QZ)OPPA|T>d/1—‘[0 TIQN P Q)PP A< O@D),  (5.15)
* a,b

- ZI[OO(TIP;LQZ(QZ)O”PAIT)d?t—[ P - C’lyabd)tldxlsO(ﬁé). (5.16)
V~B g 0

For (5.14), since . is O(8 i)—synchronous,

E Y IroQi@) ol - [ r@) 7@ PamdA

=K abh

= uz |(TloQ(Q))Palr) — (110 (Q))°P(Q)) P alT) |dA
YR ab

<\/ E Z|<T|U(Qa (QF )"p)zalﬂ-\/ E Y [{tlo(@))or)2alr) < O69).
(6y)~p Y~ gp
For (5.15), by a similar calculation as above and Jensen’s inequality

E Y[ rPQi@) i A= [ i@ Q) pain A
15T, 0

Sfo (xﬁ Z|<T|P/1(Qa_(Qu)OP)(QZ)OpPMTHdA

(e o]

S\/‘[O E Z|<T|P;L(Qa (Qz)OP)ZPdeA\/fO (5u2|<r|PA((Q{,)0P)2PA|r>|dﬂL
LYI~H g b

) ~p

[e.0]
S\/fo x, )~ Z”PAQa ﬁpallgd/l-ls()(aé)y

where the last inequality follows from (5.5). For ( ), by replacing C)’} hab with (T| Py, A/; (A’;) PP, lT)
for P(1) =0,

P oP P |T) dA — f PW)-CY . dAldA
(xwubf (TIPAQE(Q) P Pyl W-CL . pdAl

Sj(; (x J[E~ Z|<T|P/1Qa(Qy)0pP,1|T>dﬂ, <T|PAA/1(AA)OPP,1|T>|d/1

Hence, by (5.12) and |7) being tracial, [§°Ex-u Y4 11((Q5)°P - (A?},’x)"p)P,lllgd/l < 0(5%). By ap-
plying Lemma for each A (along with Lemma to bound the synchronicity), (5.16)
follows. By applying triangle inequality on ( ), ( ) and ( ), the inequality ( ) fol-

lows. By combining (5.10) and (5.13), we have the equation below, which concludes the proof
for Theorem ,

- Y lo AL (BN Palr) - f P(A)- <T|P/1AAx(AAy)OpP/l|T>d/1|<O(58)
LY~ g b



60 Chapter 5. Rounding almost synchronous correlations

For the “furthermore" part of the theorem, by combining (5.11) with the definition of P,

[e,0]
| & Sz - abmpaigan
0 *~HTg

o0 [e.0]

< [7 £ XiQs- abopgars [ £ ¥ aiQs- ap*pinaa

0 X~HTg 0 X~HT

(o0]
<0G+ E 3 (TIQE - AY)? U P,ldxl)lr)
X~u a 0

= 0(6%) + E Y@ - aDo 0l

= 051 +96),
where the second line follows from triangle inequality, the third line follows from ( ) and the
last line follows from ( ). O
Now we are ready to give a proof for Theorem . We remark that the proof follows a
similar structure as [ , Corollary 4.1].

Proof. We first assume the strategy .7 = (£%(#/,1),0|1),{A%}) is symmetric, projective with
ogea/". Let {P;} and {A;1 *1 be the set of projectors and PVMs promised by Proposmon

Let.#* = (£2(Pyof Py, P11), \/7PA IT), {Afl1 1) be the synchronous strategy from {Aa }. Given
A € [0,00) with 7(P;) # 0. By the “soundness property” from the assumption, for each A €
[0, oo), since each .#* is synchronous, and (Py.</ Py)' = </'P,, there exists a family of POVM

{Gb Yy hew xa S P, o/ Py such that

1
T by (TIPAAZN G )P PalT) = K@%, M),
. acsd

where op from above is defined on the tracial von Neumann algebra (<7, 1). For each (y,b) €
B x %, since f(foPAGg’yP,ld/l < 02, by Lemma , there exist HZ < [ such that O'HZ(T =
Jo? P,ng'yPAd)L We see that

Zfo PAG;)WPMM:]O Y
b

and hence, by a similar continuity argument as in Lemma H 139, } forms a valid POVM in <.
We argue that {H} 7} is the desired family of measurements for the corollary. We see that

Gjy) PrdA=0?,

<r|an(Hy )°Pa|Ty = (TIAx(THy ol
o0
= PA T|Py A7 G oPp, ity |dA
fo W T(P3) (xy)~ pa;&/ IP1AalGy,, (“)) Al
(5.17)

where P = 7(P,). We claim that

dA = O(k(e —poly(8)) —65).  (5.18)

oo 1
P(A E Py AL G, Ay yopp
fo ( )(T(P/l) (x,y)~pa§2’¢<r| 14alGgia) " PAID)

To show the above inequality, we prove the following two inequalities:

f PA)-
0
f PA)-
0

Y (T|P (ALY — AN (G dA < 0(7), (5.19)

)°P Py l7)
7(Py) (x, y) [P 8xy(a)

E Y (TIP,lA’lx(Gg @) " PAIT | dA =

€ (4,.7)-poly(d)). (5.20
T(P)) ())~p jeoy K(w (9,.7) - poly( )) ( )
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For ( )
“pir PA(AMT — AY(GMY )PP, Iny| dA
fo N (xy>~pa§¢<7' A DGy ()P PAIT)
sf E )(TlP,l(A/lx A Gy )Opp,1|‘r>|d/l
0 @~P ey
SW Y [@lPacai* - az2pym)| da- W Y [@1PAGy? or ol | dr
0 (xy) P acct paed
SW E Y (AN~ ADPI2dA-1< 0(Y).
0 *H ey

For ( ), by Theorem , fé’o PA) -0 (¥4,.YMd) = w°(¥Y,.7) —poly(6), since « is convex
f P(A)- K(f w”’(%,yi))
0 0

=k (w°°(¥,.7) - poly(8)).
Hence, by the triangle inequality, (5.18) follows from (5.19) and (5.20). Combining (5.17) and
(5.18),

1 A,
(T|Py AL X(Hy 2)°PPAIT) [dA 2
7(Py) (x.y)~ pué g *

Y. (TloAG(H,

P17} = O (e - poly(8)) - 67,
Sy

(a))
which concludes the corollary for the special case claimed above.

For the general case where . = (L2, 1),0|T), {AZ},{(B})°P}) is a tracially embeddable
strategy. By Lemma , the symmetric strategy . = (£%(<7,1),017), {A%}) is an O(d)-synchronous
strategy, with

E Y [(tloALB) Polr) — (tlo AL (A)PolT) | < O(VD),
OV ~Hab
which implies wc"(‘g,ﬂ ) = w°(¥¢,.) — O(poly(d)). By the special case proven above, there
exists a family of POVMs {H gl @} such that

Y (@loAY(HY, ()P o17) = 0@ (4,7) - poly(6)) - 59), (5.21)
k1~ deet ¢
which concludes the proof for the general case. O

5.3 Consequences of the rounding theorem on synchronous games

The rounding theorem leads to several important corollaries in this thesis. We discuss one
such corollary related to synchronous games in this section. A synchronous game ¥ is called c-
balanced if there exists some constant c¢ € [0, 1] such that ¢- u,(x) < u(x, x) and ¢- uy(x) < u(x, x)
for all x € . In other words, the synchronous question pair will always appear with at least
probability ¢ on the marginal distribution. As seen later on in this thesis, this condition can
always be enforced when considering non-local games in the interactive proof setting.

We have the following lemma about any correlations which are near perfect for any bal-
anced game.

Lemma 5.3.1 (Almost perfect correlation implies almost synchronous correlation ). Let 4 =
(%, <, 11, D) be a c-balance synchronous game, and for model t € {*, qc}, let & = (L%, 1),|T),
{AY}, {(By )°P}) be a tracially embeddable strategy such that w(4,. ) =2 1 — €. Then dsync(,C) < £
and there exists a symmetric and projective strategy ./ = = (L%, 1),0|1), {P}}) defined on
the same Hilbert space as . such that

N

w9, SV > 1—5—(%) }
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Proof. For any correlation C, ¢ being synchronous and w(¥,.7’) = 1 — € implies

Y ux,x) Y (tloAyBjolty <e.
XeX a#b

By the c-balanced condition,

c-( E Z<r|aA;Bga|r>)s Y. wx,x)(tloAzByolt) <¢
YR g x,a#b

c-( E ) (TlUAZBzO'h'))S Y ux,x)(tloALByolT) €.
xNM’a#b x,a#b

This shows that dsync(it,-7) < £. For the second part of the lemma, by Corollary , there

c*

exist a symmetric strategy .7™ = (£%(«/,1),0|1),{P%}) such that

X pYyop _ X pYyop fi
WE, L 1 loAyB) o~ o o)) a|r>|so((6) ) (5.22)

By the triangle inequality, |w(¥4,.™) —w(¥,.%)| < O((%) i), and hence the lemma follows ac-
cordingly. O

When combine with Theorem applied to the correlations generated by .#5Y™, we can
conclude the following corollary.

Corollary 5.3.2 (Almost perfect correlation implies almost synchronous correlation ). For any
c-balanced game § and for t € {*, co}

w' (@) - wﬁ(é@) < poly(e, %) .
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CHAPTER 6

Interactive proof system and the
uncompubility of MIP* and MIP*°

We start this chapter by introducing the complexity classes MIP* and MIP°, or multiplayer
interactive proof systems with entanglement, the complexity class which is central to this the-
sis. We will also introduce the compression map for these interactive proof systems, and com-
bine it with the compression paradigm introduced in Chapter 2 to show the uncomputability
of both MIP* and MIP°,

6.1 Interactive proof systems

In this section, we define the complexity classes MIP* and MIP®® more formally. Recall from the
introduction that MIP stands for multi-prover interactive proof system, the class of languages L
decidable by a probabilistic polynomial-time classical verifier when given (classical) interact-
ing with computationally unbounded and non-communicating provers (i.e. the provers cannot
talk to each other). In this model, the verifier can interact with multiple provers and may in-
teract with the provers through multiple rounds of interactions. The verifier might adapt his
questions based on the previous round of interactions and may leverage the lack of communi-
cation between the provers to “cross-interrogate” them. If z € L, the verifier can formulate an
interaction such that the prover can provide enough evidence to convince the verifier to accept
with probability 1. On the other hand, if z ¢ L, the verifier can also formulate an interaction
which ensures that the provers can only convince the verifier with probability at most % to ac-
cept the given instance'). As shown in [ ], the computational power of MIP is equivalent
to non determinate exponential time (NEXP), the exponential variant of NP, and this can be
achieved with just a one-round interaction with two provers.

In this thesis, we consider two variants of MIP where the provers are still non-communicating,
but are now given shared entanglement when communicating with provers. We denote the
variant where the provers share the tensor product model of entanglement as MIP* and the
commuting operator model of entanglement as MIP. In this thesis, we focus on the variant
of MIP* and MIP®° with two provers and one-round of interactions since this is sufficient for
proving lower bounds. The two provers one-round MIP* protocol (resp. MIP) is denoted as
MIP*(2,1) (resp. MIP°(2,1)) in the literature, and for simplicity of notation, unless otherwise
specified, we drop (2,1) when discussing MIP*(2,1) (resp. MIP®(2,1)). In this thesis, we also
work with MIP with completeness 1 and soundness =, meaning that there exists a verifier be-
haviour such that if z € L, then the verifier accepts with probability 1, and if z ¢ L, then the
verifier accepts with probability at most % The completeness 1, soundness % MIP* protocol

I The original formulation is = % ifxelLand < % otherwise. However, we remark this is equivalent to the formu-
lation given due to sequential repetition.
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(resp. MIP®?)) is denoted as I\/IIP;k , (resp. MIP?Ol ) in the literature, and similarly, we drop the
2 2

subscript for the simplicity of notation. For a more general definition on MIP*, we refer the
readers to [ , Section 6.1]. We formally give the definitions for and used in
this thesis below.

Definition 6.1.1 (Multi-prover proof system with entanglement). Let f € {*, co}. A languageL is
in MIP? if there exist a pair of probabilistic (potentially multi-input) Turing machines (Q,D) such
that TIMEq(z) = TIMEp(2) = O(poly(|zl)) for all z € {0,1}*. Furthermore, there exists an infinite
sequence of games 4, = (X, 4z, Uz, D7) indexed by z € {0,1}"" and two increasing polynomial
functions x(n), a(n) :N — N with Z, = {0,1}*%) and o, = {0,1}%0?D, such that

* (Uniformity) Q(z, sample) outputs a sample from the distribution ., andD(z, x,y, a, b) =
D,(x,y,a,b) forall (x,y,a,b) € SL’ZZ X dg.

» (Completeness) Ifz€ £, then w'(4,) = 1.
* (Soundness) Ifz¢ £, then w'(¥4,) < %

The above definition is similar to the one given in [ , Definition 5.29]. Intuitively,
the pair of Turing machines (Q,D) completely specifies the behaviour for the verifier. We re-
mark that given the pair of Turing machines (Q,D), it is hard to extract the exact description of
94, = (%;, 4, Uz, D) for a particular instance z € {0,1}* by the definition above. However, as
seen in the next subsection, we can hardcode (Q,D) to run other computational procedures in a
way such that the description for ¥, = (¥, <, 11z, D) can be properly extracted. As observed
in [ ], for £ € {*, co}, the complexity class MIP is complete with respect to the following
decision problem.

Definition 6.1.2 ((1, %) non-local game value problem). For t € {*,co}, the (1, %) t non-local
game value problem is a decision problem defined by the following two sets.

o LMP'— 1@y ' () = 1}

yes
o LMP' = (@) 0'(9) < 1.

For clarity, we refer to the (1, %) * non-local game value problem as the (1, %) tensor prod-
uct value problem, and the (1, %) co non-local game value problem as the (1, %) commuting
operator value problem.

There is a fundamental difference between the complexity class MIP*/MIP° to non-local
games. In essences, these complexity classes are a variant of succinct representation of non-
local games. Based on this, we give a notion of an “uniform succinct problem instance" for
interactive proof systems similarly to Definition

Definition 6.1.3 (Uniform verifier sequence). Let t € {*,co}, and let4,, = (X, A, in, Dy) be a
sequence of games. A verifier sequence ¥’ = (Q,D) is a pair of Turing machines such thatQ(n, sample)
outputs a sample from the distribution u,, andD(z,x,y,a,b) = D,(x,y,a,b) forall (x,y,a,b) €
X2 x of2. Furthermore, we say that ¥ runs in O(f(n)) time if

TIMEq = TIMEp = O(f(n)).

In the above definition, although 7" is defined using two separate Turing machines, this is
equivalent to the single Turing machine succinct description given in Definition by adding
one extra input. In comparison to Definition , the uniform verifier sequence allows the
verifier to extra information from both the sampling distribution and the verification function.



6.2. Compression theorem for interactive proof system 67

6.2 Compression theorem for interactive proof system

We introduce the gap-compression theorem for non-local games in this chapter and show how
the theorem can be used to lower-bound the complexity of MIP* and MIP in this section.
Before we continue, we point out that the succinct compression map used below is actually
not based on the uniform verifier sequence given in Definition , but rather a more restric-
tive uniform succinct description known as conditionally linear verifier. Intuitively, this is a
uniform sequence on a set of games with a specific input distribution (the kth level conditional
linear distribution), as well as extra input clauses on Q for the verifier to extract additional infor-
mation on said input distribution. Since defining this verifier requires additional background
information, and it is not required to understand the uncomputability result, we define condi-
tionally linear verifier in more detail in Chapter 7. For now, one should think of a synchronous
conditional verifier that takes an extra “level" parameter” k which dictates the structure of the
sampling distribution for the sequences of games, and in addition to it being a uniform verifier
sequence, it also has the following properties:

e The runtime of the sampling procedure and the decision procedure are O(f (n, poly(k)))
instead (i.e. the runtime has an extra dependency on poly(k)).

 For any k' < k, any k’-level conditional linear verifier is also a k-level conditional linear
verifier.

In this chapter, one can safely assume that the level parameter k is a constant (however,
as seen later in this thesis, the constant parameter becomes important when proving the com-
pression theorem). Furthermore, for ¢ € {*,co}, we use k — CLMIP’ to denote the complexity
class described by the (1, %) non-local game value problem for any games with a constant-level
conditional linear distribution. As a reminder, the notion of an oracularizable strategy is de-
fined in Section

Theorem 6.2.1 (Gap compression for non-local games). For all constants a, k € N, there exists
an algorithm Gapcompress,, ; that takes the input a pair of Turing machines (Q,D). Gapcompress,, ;.
outputs a tuple of Turing machines ¥ “°™P = (Q€°™P, DC™P) such that the following holds:

There exists an integery = O(poly(a, k)) such that, for models t € {*, co}

1. (Runtime): TIMEGGPCOIIIPT‘ESS“'IC (Q,D) = O(pOIY(a)y |Q|y |D|)

2. (Independence of the sampler): The Turing machine Q“°™P only depends on the parameter
a and k and is a sampler for a synchronous 7-th level CL verifier. The Turing machine
D™ is a decider for a synchronous 7-th level CL verifier. ¥ “°™P is a synchronous 7-th
level CL verifier sequence for an infinite sequence of games 4 %P = {‘5,5 oY N

3. (Complexity bounds for the output) ¥ “°™ has sample complexity and verification com-
plexity of O(log(n)?).

Furthermore, ifthe input ¥ = (Q,D) is a synchronous k' th level CL verifier for the infinite sequence
of synchronous games ¢ = {4} nen for some constant k' < k, and there exists a constant ny € N
such that for all n = ny

max{TIMEg, TIMEp} < n“. (6.1)

Then there exists a constant noc omp — poly(y, ng) such that for all n = ng omp

* (Completeness) If there exists a perfect oracularizable strategy for %, in model t, then there

exists a perfect oracularizable strategy for @nc “MP in model t.

e (Soundness) ) )
w'(9y) < 5= W' (G5 < >
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By clause 2 of the above theorem, for any a, k, the output for the algorithm Gapcompress,, ;
will always be a synchronous 7-th level CL verifier (even if the input (Q,D) might not be a valid
uniform verifier sequences). Hence, as a corollary, Theorem shows the following

Corollary6.2.2. Fort € {*, co} and constant k € N such that k = 7, the complexity class k-CLMI pt
is a succinctly weakly compressible problem.

We remark that because of the parallel repetition theorem introduced later in this thesis
( Proposition ), the soundness property from Theorem can be controlled to any con-
stant c € (0,1). Before we continue, we first give the definition for a trivial synchronous accept-
ing/rejecting game for both MIP* and MIP®® below.

Definition 6.2.3 (Accepting/Rejecting game). We define the synchronous accepting game to be
the game = (%, u, DYCPY) where X = {x} and <f =1{0,1}*,

Daccept(*, *) d, b) = 661,06b,0
forall a,b € {0,1}* (i.e. the prover automatically wins if both provers return 0). We define the
synchronous rejecting game to be the game = (X, o, u, DY), where & = {0,1}, u(1,0) =
((0,1) = 3, u(0,0) = pu(1,1) = }, and o = {0,1}*,
DrejeC[(x; yy 0) 0) = 6)6,_}/!
and D™ (x,y,0,0) = 0 for all other a,b € {0,1}*.
For model 7 € {*, co}, we have w'(D*®P") = 1 and w'(D™*") = 1. Both games are trivially

samplable via a CL distribution for any level and always computable in constant time. Intu-
itively, this is the trivial synchronous game which is in the yes/no case for the (1,1/2) tensor

product/commuting operator value problem defined in Definition for both t € {*,co}.
t t

This shows that for ¢ € {*, co}, both L?éSCLM'P and LE:CtMIP" are non-empty. Based on Corol-

lary we show the main theorem of this thesis.

6.2.1 MIP =coRE

In order to show the main theorem of this thesis, we first show the following lemma.
Lemma 6.2.4. MIP® < coRE.
The above lemma also shows that € coRE. To show this lemma, we

recall the well-known hierarchy algorithm due to Navascués, Pironion, and Acin | 1. We
summarize the functionality of the NPA hierarchy below.

k-CLMIP¢? MIP€°
Lyes < Lyes

Theorem 6.2.5 (Output for the NPA hierarchy [ ). ForanyintegerneNand¥§ = (¥ ,</,u,D),
there exists a terminating algorithm NPAhierarchy such that NPAhierarchy(¥,n) = €, € R
with

lim €, = w°(¥)
n—oo
For another reference about the NPA hierarchy, we refer to the excellent lecture notes by

John Watrous | ]. Based on Theorem , for 6 € [0,1] we define the Searchfromaboves
algorithm below.
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Input: ¢ = (¥, <, u,D)
If the input ¢ is not a valid description of the game, terminate and return “Error";
Setn=1
while True do

Compute £, = NPAhierarchy(¥4, n)

if,, < then

Return False;
n=n+l;

© 0 g R W N =

end

Pseudocode 5: The description for

Searchfromaboves gives a systematic way to generate a sequence of upper bounds for
w°°(4) to check whether w°°(¥) < §. By definition, the algorithm runs forever if w°°(¥) = 4.
Hence the algorithm Searchfromabove; directly implies Lemma

By combining Corollary , Theorem and the fact that L{,C,;SCLM'PM € coRE this shows
that k-CLMIP? = coRE and hence coRE € MIP®°. This, along with Lemma , shows the

main theorem of this thesis.

Corollary 6.2.6. MIP° = coRE

Input: Integer n.

Run & for n steps. If € halts in the given steps, return ¢"9ct,

Compute the description of 7.

Simulate the following program describe by step 5 and 6 for max{0, n — Cp} steps:
Compute the description of 4¢, of 9¢c, = 7 (Cyp), the Cpth game of the CL verifier

Y.

6 Run Searchfromabove; specified in Pseudocode 5 with ¢, as the input.

7 If the above subroutine halts in max{0, n — Cy} steps, return ¢3ccept,

8 Apply Gapcompress, ; on the verifier ¥ to obtain 7P,

9

comp _

Compute and return 9, |~ = 7 °"P(n +1).

Pseudocode 6: The description for ¥ which can be used to show that coRE <
k-CLMIP¢?, & is the instance of the halting problem for the reduction.

a A& W ON

We remark that if we specifically tailored Pseudocode 3 specifically for k-CLMIP?, we have
the following pseudocode, where in the pseudocode below, ¥, is represented as Pseudocode
with Cy being hard coded in. Pseudocode 6 is also a more refined version of [ , Pseu-
docode 4].

6.2.2 MIP*=RE

Similarly to the previous section, we need to first show the following lemma.
Lemma 6.2.7. MIP* cRE

By a similar reason as above, the above lemma shows that Lﬁ;)CLM'P* € coRE. We show the
above lemma by recalling a well-known fact about the quantum tensor correlations in the lit-
erature.

Fact 6.2.8 (Discretization of quantum tensor correlations). For any integer n € N and € > 0,
there exists a terminating algorithm to search over Cy to generate a finite subset C;' < Cy such
that for all correlations C € C", there exists a correlation C' € C!' such that

!
2 (Cuyap=Cypaplse
x,y,a,b
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Based on Fact , for 6 € [0,1], we define the algorithm searchfrombelows below.

1 Input: 4 = (¥, /, u, D)
2 Setn=1
3 while True do

4 Compute the finite subset C}', defined by Fact
5 for C' e C do
6 Compute €, = E(x,y)~u X (a,h)es? C;,y,abe(x, y,a,b)
7 ife, > 6 then
8 Return True ;
9 end
10 n=n+l;
11 end
Pseudocode 7: The description for foree0,1).

Intuitively, searchfrombelows gives a systematic way to search through the correlation set
Cg to find a strategy which validates that w* (%) > 6 (which might be impossible depending on
9b).

We are now ready to show Lemma

Proof. To show that MIP* < RE, we need to show that the algorithm above halts in the Yes
case for the non-local game value problem. Hence, let ¢ be a game such that w* (%) = 1 and
consider the algorithm searchfrombelowgs running on ¢. Combining the definition w* and
Cq =Unen+ C[’;, we see that there must exist some n e Nand C € Cg such that

E C pD(x,y,a,b) =0.75.
(x,y)~u(a’b§;'d2 T ¥

Hence by the definition, there exists a constant C' € C f such that

n

1

/ /
E Y (Crpab—Chyap)Pyiab)s Y 1Cuyab—Chyupl <~
(x’y)~u(a,b)€&¢2 x,y,a,b n

where the inequality follows since u(x,y),D(x,y,a,b) < 1. Combining the two inequalities
yields
E (ol D(x,y,a,b) >0.5.
(x,y)~u(a,b)zedz xpab o)

This completes the proof of the lemma. O

By a similar proof as the above lemma, we see that searchfrombelow.(¥) terminates iff
w*(¥) > . We remark that searchfrombelow, does not work for the set of commuting operator
correlations, as there is no way to discretize the set of commuting operator strategies based on
the dimension of the Hilbert space.

The algorithm searchfrombelowy s is precisely the algorithm needed to show Lemma

By combining Corollary 6.2.2, Theorem and the fact that LX.C'MIP" ¢ coRE, this shows that
k-CLMIP* = RE and hence RE € MIP*. This, along with Lemma , shows the main theorem
of this thesis.

Corollary 6.2.9. MIP* =RE.

In a similar vein as Corollary , we remark that Corollary can be proven using Pseu-
docode 8 below.



6.2. Compression theorem for interactive proof system 71

1 Input: Integer n.
2 Run & for n steps. If & halts in the given steps, return §2°¢Pt,
3 Compute the description of #.
4 Simulate the following program describe by step 5 and 6 for max{0, n — Cp} steps:
5 Compute the description of 9, of 9¢, = 7' (Co), the Coth game of the CL verifier
V.
Run Searchfrombelowg s specified in Pseudocode 7 with ¢, as the input
If the above subroutine halts in max{0, n — Cy} steps, return cgreject
Apply Gapcompress,, ; on the verifier ¥ to obtain ¥ “*™P.

Compute and return %Z‘f{lp =YOMP(p+1).

Pseudocode 8: The description for 7 which generates the game sequences {¥4,,} ,en for
the proof of RE € MIP*. & is the instance of the halting problem for the reduction.

6.2.3 Finding an explicit separation between C, and Cy. is RE-complete

Finally, we give the last application of Theorem , which is to show that finding a Bell test
between the tensor product model and commuting operator model is RE-complete. In order
to show this, we first give a formal definition of this problem using a decision problem.

Definition 6.2.10 (The §-Bell test separation decision problem). Given a constanté € (0,1), the
0 -Bell test separation decision problem D 0 is defined by the following two sets.

o LD = (D) 0" (4) = 0“0 (D))
o Lot = (4)||0* (9) - 00 (9)| = 6},

The above problem is already known to be RE-hard prior to this work using the algorithm
Searchsamevalueg, which we give in Pseudocode 9 below for completeness. As shown in [

Di. .
Theorem 12.10] the set L, s non-empty, as there exists a (synchronous 12-th level CL sam-
plable game) such that |w* (%) — 0w°°(9)| = % Given this, we have the following theorem for the
complexity of the %-Bell test separation problem.

Theorem 6.2.11. The % -Bell test separation problem is RE-complete.

The above theorem follows from realizing that Theorem also shows that the %-Bell
test separation problem is weakly compressible for synchronous games which are 7-th level
CL samplable with the “yes" case consisting of games ¢ such that w*(¥4) = w°°(¥) = 1, and
the “no" case consisting of games ¢ such that w°°(¥%¢) =1 and w*(¥) < % (where the ¢ in both
cases are synchronous 12-th level CL sample games). Since the argument follows similarly as
the one given in Section , we do not give the details here. We remark that the above proof
can be easily changed to any ¢ € (0,1) since the soundness condition from Theorem can
be changed to hold for any é € (0, 1).

We remark that instead of using Theorem , Theorem can also be proven by con-
sidering the following uniform verifier sequence defined in Pseudocode 9. By using a similar
argument as the proof of Theorem , one can infer that w* (%¢,) < 0.5 by usingline 5 of Pseu-
docode 10 and w* (¥4c,) = 1 by using line 6 of Pseudocode
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[

Input: 4 = (¥, <, 1, D)

2 Setn= 1,8110‘""’r =0
3 while Truedo
4 Compute the finite subset C}', defined by Fact
5 for C'e C do
6 Compute &' = E(x,y)~u X (4, b)ecs? C;,y,a'bD(x, y,a,b)
7 if &' > elower then
8 ‘ glé)wer =g :
9 end
10 Compute el,ipper =NPAhierarchy(¥, n)
11 if |€,”7* — !9 < min (6 - 1,0) then
12 ‘ Return True ;
13 n=n+l;
14 glower = glower,
15 end

Pseudocode 9: The description for Searchsamevalues.

Input: Integer n.

Run & for n steps. If & halts in the given steps, return §2°°¢Pt,

Compute the description of 7.

Simulate the following program describe by step 5 and 6 for max{0, n — Cp} steps:
Compute the description of ¢, of 4¢, = 7' (Cy), the Coth game of the CL verifier 7.
Run Searchfrombelowy s specified in Pseudocode 7 with ¥, as the input

If the above subroutine halts in max{0, n — Cy} steps, return qgreject

Simulate the following program describe by step 9 and 10 for max{0, n — Cy} steps:
Compute the description of ¢¢, of ¥¢c, = 7 (Cy), the Cpth game of the CL verifier 7.
Run Searchfromabove; specified in Pseudocode 5 with ¥, as the input.

11 If the above subroutine halts in max{0, n — Cy} steps, return $2ccePt,

12 Apply Gapcompress,, ; on the verifier 7’ to obtain 7P,

13 Compute and return 9 * = ¥ P (n + 1).

Pseudocode 10: An alternative game sequence for the proof of Theorem . &isthe
instance of the halting problem for the reduction.

© 0 NS A s W -

Yt
=]

Theorem implies that it is impossible for any computer program to systematically
find a Bell test to separate the quantum tensor product model from the quantum commut-
ing operator model (as it is equivalently to solving the halting problem)! However, if we have
prior knowledge about whether a Turing machine halts (for example, the Turing machine that
arises from Pseudocode which contains an infinite loop), we could construct a bell experiment
that realizes such a separation using Theorem , giving infinitely many bell experiments
to test the separation between the tensor product model and the commuting operator model.
Unfortunately, since these constructions rely on complexity techniques, this also implies that
any experimental setup generated by using Theorem would be impractical for exper-
imental usage. For reference, the explicit separation proven by [ ] has an estimated
question size and answer size of about 10?°. This is completely impractical experimentally,
as each question requires a different measurement configuration, and each answer requires a
precise measurement setting. We expect any separation generated by Theorem to have
similar, if not higher, question size and answer size as techniques used are similar to the ones
used by [ ]. Thus, it would be an interesting open question whether we can show, us-
ing techniques from the operator algebra community, an example of a bell experiment which
separates between the two models of entanglement with a more reasonable size.



CHAPTER 7

Conditionally linear distributions

In this section, we introduce conditionally linear distributions and formally define the com-
pression introduced in the last section. Intuitively, these are precisely the distributions that the
provers can sample locally by measuring a polynomial number of EPR pair using generalized
Pauli measurements. As will be seen in Chapter 9, the low individual degree test used in the PCP
construction due to Babai, Fortnow and Lund also follows the same input distribution [ ]
which is one of the key reasons why the compression theorem can be proved. In order to define
the conditionally linear distribution, we first give some necessary facts about both F, and [Fys.

7.1 Preliminaries on finite fields

In this section, we recall some basic properties regarding finite fields of the form [F»,. In this
thesis, we always assume that p is odd for finite fields of the form F,». F2» can always be viewed
as a p-dimensional vector space over [F,. Unless otherwise specified, we always assume that Fp
has its basis defined over [, (although the basis specified might be different). Given an element
a € For and a basis {&;};¢(p) for 2, there exists a bijection map from a to [Fg by

Ky a— (ap, -, ap-1). (7.1)

By using this map, any element of F,» can be represented as a bit string in {0, 1}” as long as the

set of bases is specified. Recall from [ , Definition 2.1.80], every finite field F,» admits a
trace function over [F,, or :[Fop — F» defined as
p i
Tr(a) := Z a.

i=0

The trace function has the properties that it is F,-linear, meaning Tr(a + b) = Tr(a) + Tr(b) and
Tr(ch) = c-Tr(b) for a, b € Fo» and c € F». The field F,» is a linear space over [, of dimension p.
We refer to a set of bases {&;};¢(p) for F2» over F, to be self-dual if for all i, j € [p]

Tr(é,-éj) =5i,j-

Self-dual bases are known to exist for all finite fields of the form Fq [ , Theorem 1.9]. We
refer to a set of bases {;}¢[,) as normal if there exists an element a € F»» such that é; = a? . The
following lemma shows that, for p odd, there exists an efficient deterministic algorithm that
computes a self-dual normal basis {é;};¢[p) for Fo» given p. The deterministic algorithm also
outputs a description of an efficient algorithm for computing finite field multiplication when
elements of F» are represented under the bijection specified by (7.1) using the basis {¢;}¢[p.

Lemma 7.1.1 (Computability of finite fields, Lemma 3.16 of | 1). There exists a deter-
ministic algorithm that, given an odd integer p > 0, outputs a self-dual normal basis of Fap» over
F» and the multiplication tables for the basis in poly(n) time.
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In the lemma above, a multiplication table for the set of basis {&;};¢[p) is the unique matrix
representation {Mg,}cp) S A (F2) such that

M; ke, (a) =x(é;a)

foralli € [p] and a € F,». In this thesis, we refer to the set of self-dual basis generated by Lemma
as the canonical basis of F,». We use to denote the bijection given in (7.1) for the canon-
ical basis. We represent elements x € Fyr as x(x) € {0,1}” (where we identify elements of [, as
{0,1}) in this thesis and we refer to this as the canonical representation for F,». In this thesis,
we represent elements of any element x € F» as elements of F,» through the bijection map
k. Due to Lemma , for elements represented under the canonical representation, addi-
tion, multiplication, inversion and computing the trace can all be computed in poly(p) time
(see [ , Lemma 3.18] for more details).

Let m € N, any elements in FJ} can be represented as elements of {0,1}"*” through the
canonical representation of F»», and we refer to this as the Canonical representation for 7.

For clarity, we use {é;}c[p.m to denote the canonical basis for [}, and {e;} ;e[ to denote the
element (0g,---,1;,-++,0,,) in [Fg} (where 1 is the identity element in F»»). To abuse notation, we

also use x to denote the map from [, — {0,1}”"™ where for s = (sg, -+, ) € F},
K(s) := (x(s0), -+, x(Sm)), (7.2)

where « is the bijection given in (7.1) for the canonical basis {&;};c[p.m). When describing ele-
ments of 7}, we always assume that the element is represented under the canonical represen-
tation. We refer to a subspace as a canonical basis subspace if it is the span of some subsets
of the canonical basis. We remark that this is the same definition as the “register subspaces"
in [ ]. We use to denote the dimension of the subspace V < [F;’},. For any sub-
space W € V </}, we define the orthogonal subspace of W over V as the space

={ueV:u-w=0forall ve W}.

Unless otherwise stated, W+ defaults to the orthogonal subspace over [Fg’,’g.

For subspaces V1, V, € V € 7}, we say that the two subspaces are disjoint if V; NV, = {0}. For
any k < [, we refer to a set of pairwise disjoint partition of subspace {V;} jec(x of V as a disjoint
partition of V if @ je(1V; = V. For any disjoint partition of subspaces {V;};¢(x of V € F}} and

0= i< k we write
=DV, V=DV
jelil i<j<k
and we use the convention that V<;41 = Vg, Vs; = V241 and Vg = {0}. Given {V}} je(x), a disjoint
partition of V and v € V, there exists a unique decomposition s; € V; for each j € [k] such that
§=Xjelk) Sj-

Given subspace U, W < V < [}, we say (U, W) forms a pair of complementary subspaces
over V if U and W form a disjoint partition of V.and U+ W =V, and we say (U, W) forms a pair
of complementary subspace if it forms a complementary subspaces over [},,. Give v € V and a
pair of complementary subspace over V, there exists a unique decomposition v = u + w such
that u € U and v € W. There could potentially be multiple subspace of V which can be used to
form a pair complementary subspaces with W. For example, for V = [Fg and W =span(l,1), the
subspace span{(1,0)} and span{(0, 1)} both forms a pair of complementary subspace of V with
w.

We wish to define a notion of a unique “canonical complement" in this thesis. For a canon-
ical basis subspace V and W < V, we define the canonical complement as the following: Let
{éo,- -+, éqimv-1} be the canonical basis element used to define V, and let {w;,---, wqimw)} be a
set of linearly independent vectors in W. Write each of the vector as w; = ¥ jedim(v)) @i,j€; for
some a;,j € [Fg}, and run the Gaussian elimination on the dim(V) by dim(W) matrix defined by
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(ai,j). LetI be the set of dim(V) column with leading 1 entries in the resulting matrix, we define
the canonical complement over V, or to be the subspace span{é;|j ¢ I}. Unless otherwise
stated, W defaults to the canonical complement of 5. The canonical complement is unique
and can be computed efficiently in poly time. We remark that this is the same definition for
canonical complement given in | , Definition 3.6].

We recall the following lemma regarding the subspaces of ;.

Lemma 7.1.2 (Lemma 3.14 of | D). Let{é;} be the canonical basis for Far over [, and let
V' be a subspace of ), with linear independent basis {b; ---, b} < [FZ .- Then the following holds:

* k(V) is a subspace of[F;np.
* {k(8ibj)} i, jepx(n) forms a set of linearly independent basis of x (V) over .

* Let V,W be complementary subspaces of of F}},. Thenx (V) and x(W) are complementary
subspaces of[Fgm. Furthermore, forall a € [Fg,lj witha=a" +a",a" eV anda" e W, we
havex(a") e x(V) andx(a") € x(W).

Given (v, -+, vp-1) € F}) and j € [n], we use ", to denote the function which zeros out the
first j entries of )}, and we use n”"; to denote the function which zeros out everything except

for the first j entries of [}}. In other words
(VO,"',Vm_I):(O,"',O, Vj»"'yVm—l) (7-3)
71'21]‘(1/0;"' R Vm—l) = (VO!'” ) Vj—l»o!'” ’0)_

We remark that this is a different map define in (3.1), as the entry specified here are over the
finite field elements [,y instead of the {0, 1} string. We further remark that Kk lome jox and [F;’},
are different maps, where the first map are usually used for treating an element from [}, as a
string and the second one are usually used for treating an element from [}, as a vector space
over Fop.

In this thesis, we work with linear functions over canonical basis subspace. For a linear
function L mapping from V — V, we use to denote the subspace of V such that L(a) =0
for all a € ker(L).

For alinear function L.: V — V over a canonical basis subspace V < F!}

20
function : V — V as the projection into the subspace of (ker (L)l)c. To be more precise, for
v=1;+ v € Vwith v; € ker (L)t and Uy € (ker (L)L)C, L(v) = vp. We remark that this is the same
as the linear map defined in [ , Definition 3.11]. By a simple calculation, we see that

we define the linear

ker (L) = ker (Ll).

7.1.1 Affine lines and polynomials over a finite field

In this subsection, we recall some properties related to affine lines and low-degree polynomials
over a finite field. In this thesis, we refer to an affine line 1 over [}, as the set of the form

{u+t-v:teFyp}

foru,ve [Fg,l,. Given a line 1, we wish to define a unique uy, v € [Fg}, which can be used to repre-
sent. Given u € V, we define the linear function Null;" : 72 — FZ as

Null%N(u) = Uy,

where u = u, + ug is the unique decomposition such that u, € span(v) and u,c € span(v)c.
We remark that Null} is the same as [ , Definition 7.3]. We define the canonical repre-
sentation of an affine line as the following:
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Definition 7.1.3 (Canonical representation of an affine line). Let p € N be an odd integer and
meN, and letl = {u+ tv:t € Fap} be an affine line passing through F7},. The canonical represen-
tation of l is defined as

:= (v, Null}N (w) e F5)".

In the definition above, we see that NulllL,N(u) = Null%N(u’ )foru,u'€elasu' =u+t-vany
scalar ¢ € Fp». Hence, the canonical representation is independent of the initial point chosen.
We remark that this is the same definition given in | , Definition 7.3].

Given a function f: [}, — F2», we say fis an m—variant polynomial over [y iffis of the form

fx1,-, Xm) = Y @iy iy Xy X,
(i1,-~~,im)€[2P]’”
where each of the a;, ... ;, are some coefficients in [F»». Furthermore, we say that f has an indi-
vidual degree of d € N if the sum above is defined over [d]” instead (in other words, a;;,....,;, =0
if there exists a j € [m] such that i; > d). We use to denote the set of polynomials
g: [}, — Fyr with individual degree of at most d. We recall the following lemma regarding the
distance between two distinct low-individual degree polynomials.

Lemma 7.1.4 (Schwartz-Zippel [ ; ). Let f,g € IdPoly(p, m,d) be two different m-
variant polynomials with individual degree of at most c, then

md
uP[Fr;;g [flu) = g(w)] = ETR

For a more comprehensive introduction for finite fields, we refer the readers to [ 1.

7.2 Conditionally linear distributions

In order to introduce conditionally linear distributions, we need to first introduce the notion of
conditionally linear functions.

Definition 7.2.1 (Conditionally linear functions). Let p € N be an odd integer and m, k € N, and
let V be a canonical basis subspace of F},. We say that the function . : V — V is a k-th level
conditionally linear function over V ifL can be defined using the following construction:

* There exists a disjoint partition of subspaces {Vy} ek of V, where each Vy, is a canonical
basis subspace, which we refer to as “registers” for the function L.

* There exists a single linear function Lo : Vo — W, this is referred to as the zeroth-level
linear function of L.

* For0< j<k, thefunctionL;: V<j— V< is defined recursively as follows:

— There exists a collection of linear functions { 2 Vi = Vilsev,;, which is referred to
as the j-th level linear functions.

— Forevery inputs€ V<, writes ass = sj+ s<j forsj € Vi and s<j € V<j, then
Lj=Lj-1(8<j) +Ljr; ys.(8)
e Finally, we havel =Lj_;.

We refer to Figure 7.1 for more intuition about conditionally linear functions. In this thesis,
we abbreviate conditionally linear as CL. In this thesis, we also define CL functions L with p
being an even integer. When this occurs, we assume that the range of L, V', contains an ad-
ditional canonical basis (i.e. L: [FQ’}H1 — [FZ},H), and the additional canonical basis created are
merged into the register 1, and lies in the kernel space of Ly . We give a simple example of a

CL function below.
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Example 7.2.2. Consider the finite field [F‘;i with basis (eg, €1, e2), and the function
L(xp, X1, X2) = (X0, Xo - X1 + (1 + Xp) - X2,0) = (X0, Xo - X1 + X1 - X2 + X2, 0).

The function L is a second level CL function with registers V) = span((1,0,0)) and V; = span((0,1,0),
(0,0,1)). L can be defined as the following: the zeroth level linear function for L can be taken as

Lo,0(x0,0,0) = (x0,0,0),
and two first level linear functions for L can be specified by
L1,0(0,x1,x2) = (0,%1,0), and L;;(0,x1,x2) = (0,x1,0).

Since {0} € V € F}}, any k-th level CL function is also a k'-th level CL function for k' = k.
Since the definition for a CL function is recursive, for each j € [k] and s € V}, one can define
a k — j level CL function from V% ; — L by setting the initial linear function to be L; . Sim-
ilarly, we can combine a k;-th level CL function and a collection of k»-th level CL functions
with the same register into a (k; + kz)-level CL function through the series composition. We
make this transformation more precise below. We remark that this is the composition defined
in| , Lemma 4.7].

Definition 7.2.3 (Series composition of CL functions). LetV S} be a canonical basis subspace
and let V = V! @ V2 be a disjoint partition where both V' and V? are canonical basis subspaces.
LetM: V! — V! be a k; -th level CL function with registers {le}je[kl], and let (N* : V? — V2, o0
be a collection of k,-th level CL functions which share the same registers {ij} jelks)- Define the
series composition betweenM and {N*},c 1 to be a (k; + k) -level CL functionL:V — V , defined
as follows:

* The function has registers {Vy, -+ Vy+m}, where V; = le for0<sj<kiandV;= V].Z_k1 for
ki < ] <k +ks.

* For0< j <k and for each h € V., we have
Lj,h ZMj_h

e Fork) < j<ky+ky, wedefine
_wh
Ljhyrny =N

where h, € V and hy, € W.

s €V NER%! eV, S<2€ Voo
! ! !
| | |
' Loo | |
| | |
Y | |
Xo=Loo(so) F------iL1y, |
| |
| |
| |
| |
| |
A4 |
|
X0 X1 =Ly x(s1) fF------ "L xo+x1

l
Y\

X0 X1 X2 X<2

Figure 7.1: A diagram representation of the conditionally linear function L.
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In other words, for every input s € V, write s = vy + v,, where v € V! and v, € V2. L first
applies the k;-th level CL function M to v;, the V! component for V. Based on the output of
M(v1), L will then apply the k»-th level CL function N**V) to v,, the V? component within V. We
can also combine two CL functions in parallel as described below, we remark that this is the CL
function constructed in [ , Lemma 4.9].

Definition 7.2.4 (Parallel composition of CL functions). Let V < [Fg}] be a canonical basis sub-
space and let V = V' @ V? be a disjoint partition where both V! and V? are canonical basis sub-
spaces. LetM: V! — V! andN: V? — V? be a k-th level CL function with registers {V}} jex) € V'
and {V].Z} jelkl € V? respectively. Define the parallel composition between M and N to be a level k
CL functionL:V — V, defined as follows:

* The function has registers {V; = le & ij}.

» Forevery j€ [kl and h<j € Vj, write h<j = hij + hi]. for hij € V<1j and hij € V<2]. (resp.
h% € V?). DefineLjp.;: Vj— V; tobe

Lj,h<j = Mj'hij +Nj'hij

We introduce the notion of a CL distribution below. In this thesis, we consider mainly
games with a CL distribution as the question distribution.

Definition 7.2.5 (Conditionally linear distributions). A distribution u is a (k, m, p) CL distri-
bution if there exist two k-th level CL function : [Fg,’, — [F;’,’,, P € {A, B} with the same register
{Vi}jerk) such that u can be sampled in the following way.

1. Uniformly sample s € F7;.
2. GiveLA(s) to Alice, and LB (s) to Bob.

Given a sample (x,y) ~ u, we refer to the s € [} as the “seed" for the given sample if (x,y) =
(LA(s), LP (s).

We refer to anon-local game ¢ = (¥, o, 1, D) as CL samplable if the sampling procedure is
a CL distribution, and as a k-th level CL samplable game if furthermore the question distribu-
tion is a k-th level CL distribution.

For any game ¥, if u is a (k, m, p) CL distribution, then we can write & =}, = {0, 137k by
mapping elements of [} into its canonical representation. We remark that in [ ] each of
the L does not necessarily need to share the same register. However, we choose to present it this
way for simplicity of notation, and the introspection procedure in Chapter 9 would still work
even if LA and L2 are defined using different registers. Finally, we have the following lemma
stating that any r-fold parallel repetition of a CL samplable game is still CL samplable, and the
proof follows trivially from applying the parallel composition given in Definition

Lemma 7.2.6. Letr € N, and let 4 = (¥, <, 1, D) be a CL samplable game via a (k, m, p)-CL
distribution. Then, 9®" = (X", 4", u®", D®") is samplable via a (k,r - m, p) CL distribution.

7.2.1 Typed conditionally linear distributions

In this subsection, we introduce a more general notion of CL distributions, which we call the
typed CL distribution in this thesis. We also show that any game with a typed CL distribution
as its sampling distribution can be modified into a game which is CL samplable with only a
polynomial decay on the success rate. We remark that the typed CL distribution defined in
this subsection is essentially the same as [ , Section 4, Section 6], but with some minor
tweaks to accommodate synchronicity condition in the context of non-local games.
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Let (T,E) be an undirected graph with at least one edge in E. We represent the elements
of T as elements of [|T|] and we represent the edges of the graph as (v°, v') € T? with v = v!
representing a self-edge in the graph. We introduce the notion of a Typed CL distribution below.

Definition 7.2.7 (Typed conditionally linear distribution). Lef (T,E) be a typed graph with T =
{0, 1}” and let {LV : V — V},e1 be a collection of k-th level CL functions of size p over a canonical
basis subspace V < F7}, where all of the L' share the same registers {V;} je(x). A distribution p is a
(T,E, {LY}) -typed distribution if u can be sampled in the following manner:

1. Uniformly sample (vy, v1) € T? and perform rejection sampling until (vg, v1) € E.
2. Uniformly sample s € Fop and b € {0, 1}.

3. Compute xo = L"(s) and x, =L"(s)

4. Return the pair ((vy, Xp), (V1-p, X1-p)), as the sample outcome.

We remark in the above sampling procedure, the self-edges are sampled with twice the
weight in comparison to other edges. Let ¢ = (u, V,Z, <) be a synchronous game such that
uis a (T,E, {L"})-typed distribution. We refer to the set T as the “question label" and the set E
as the “question pair" for the game 4. Since the question label is included as an output in the
sampling procedure, the synchronous question pair for ¢ corresponds to the self-edges in the
graph (T,E). For the remainder of thesis, when discussing games with typed CL distribution
as the sampling distribution, we also assume that % is always an integer in this thesis by im-
plicitly padding T with extra vertices which only contains self-loops. Since we usually associate
IT| = O(p) in this thesis, this assumption does not change the complexity of T.

Intuitively, typed CL distributions are a generalization of CL distributions, where instead of
having two CL functions, there could potentially be |T| different CL functions used for sampling.
We give a method of taking a synchronous game with typed CL distribution and simulating it
with a synchronous game using a normal CL distribution. Given a graph (T,E) and a vertex
v € T, we define the neighbour indicator for v to be the vector € {0,1}'"| such that

ioh- (vo) 1 if{Uo,U1}€E
nei vo)y, 1= .
et 0 otherwise
The following transformation shows that games with a typed-CL distribution as the sam-
pling procedure can always be simulated with a (normal) CL samplable game. We remark that
this construction is similar to the one given in | , Section 6.2].

Definition 7.2.8 (Detyped conditionally linear distribution). Let p, m € N with p an odd posi-
tive integer. Let (T,E) be a graph, {L" : V — V} et be a collection of k-th CL function with registers
{Vj}jeix) for some canonical basis subspace V < I, and let u be a (T,E, {L"} yer) -typed distribu-

tion. Letb = % and I’ = ’V_IngpﬂTD—“

We define the detyped transformation for i, denoted as uP, tobe a (k+2,m+4-b+2-1% p)
CL distribution. Where the second level CL function LA, LB :F4P+21" @ v c phb+2:15m,

o LA is defined as a series composition between L4 and {L4*%} s, as per Definition
WhereL4! is a second level CL samplable function acting on V' = F2/ 4 and (LA} s,
is a collection of k-th level CL functions acting on V? = V. We represent elements of V!
under the canonical representation (i.e. as elements of {0,1}2PU+20)) in this definition
formulation. We give the details for each level of L* below:

— The first second level CL function LY acts on two registers, Vg = {0,1}27"0"+D) =
{0, 1}2b~P+4~|T| and Vll = {0, l}z.p-b = {0, 1}2-|T|.
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— Wedefine the zeroth level linear function forLébl as follows: Forall x € VO1 as (xg, X1, X2, X3),
where xo, X2 € {0, 117" and x1, x3 € {0, 17, then L(’;"Ol

Lojo (X0, X1, %2, X3) = (X0, %1,0,0) (7.4)

for all elements x € V.

— Fix sy € {0, l}p'lt and s; € {0, 1 and let v = bininv((ns[logz(mﬂ (so)) (i.e. extract the
first [log,(IT] bits of sy and treat it as an integer). For all x € V!, parse x as (x4, xs),
where x4, x5 € {0, 11T, Whenever so € [ITI] =T and s, = neighg(v), we define the first
level linear function for L' as

Al

lv(SOyShSZ;SS) (x4, xS) = (x4, (x5) U)) (7-5)

where (x5), zeros out all entries of x5 except for the vth entry. Otherwise

Al

1,(s0,51,52,83) (x4, x5) = 0.

— The collection of k-th level CL functions {L*%} s, is defined to be the following:
Parses e V! as(so, 51, 52, 83, S4, $5), and define v the same way as the above clause. We
define

LA42S(x) =LY (7.6)

whenever v € T, 51 = s4 = neighg(v) and (ss), = 1. Otherwise we set LA25(x) =0
o LB s defined mostly similar to L4, except we replace the equation (7.4), (7.5) and (7.6) by

B,1
L0’0 (xo, X1, X2, x3) = (x?_’ X3, 0, 0))

B,1
1,(s0,51,52,53)

LB,Z,S(x) — LU

(x4, x5) = (x5, (X4) 1),

We also give the notion of a “non-trivial seed" for a detyped CL distribution below. Using
the same notation as Definition ,for s = sl @ s € V! @ V2. Parse s! = (s, 51,52, 53, 54, S5),
where sg, $7 € {0, 1}’”‘1t and sy, 3, S, S5 € {0, 1}!TI. Furthermore, parse sg into an element v, as per
described in the definition of L41, and parse s» into v; in the same way. We call s a non-trivial
seed for the CL distribution uP if the following holds

1. vg,v; €Tand (vy, 1) EE
2. s1 = s4 =neighg(vp) and s3 = s5 = neighg(v1)

otherwise, we refer to s as a trivial seed.

The detyping procedure might seem convoluted at first. Intuitively, (so, s1,$4) in s! as given
in the above definition dictates which vertices L4 samples and (sy, s3, s5) dictates which ver-
tices LB! samples. If we perform a rejection sampling on the set of non-trivial seeds, we see
that this is equivalent to the original typed CL distribution since both s; = s4 = neighg(v) and
s3 = s5 = neigh;(v1) occurs with the same probability given a fixed (vg, v1) € E. For a detyped
sampler uP, in the event that a non-trivial seed is being chosen, the resulting output (x, y) has
the following form:

x = (v,neighg (v), 0,0, neighg (), (neighg (1)), L (s%))

¥ = (u,neighg (1), 0,0, neighg (v), (neighg (v)) 4, L“(sz)) 7.7)
for some u, v € T2. Since the seed is non-trivial, (&, v) € E and hence (neighg (1)), and (neighg (v))
will always be 1. By Definition , the output from pP can only be parsed in the above form

iff s is initially chosen to be a non-trivial seed. We have the following lemma lower bounding
the set of non-trivial seeds in a detyped transformation.
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Lemma 7.2.9 (Percentage of non-trivial seeds in a detyped CL distribution). Letu bea (T,E,{L"}yeT)-
typed distribution with |T| = t and {L" : V — V}er for some subspace V = [}, and let uP be the
corresponding (k+2,m+4-b+2-1', p) detyped CL distribution as defined in Definition . For

every s sampled uniformly random from [F‘zl;,b”'lz @V, s is a non-trivial seed for uP with proba-
bility at least
1
41%-16%"
Proof. We use the same notation as the one given in Definition . We first point out that

fors=sles?eVlieV? only s! dictates whether s is a non-trivial seed. Hence consider s!
uniformly sampled from V! and write s' = (sg, 51, $2, $3, S4, $5) into the parsing as defined as
in Definition

We first lower bound the probability that s! satisfies the first clause of being a non-trivial
seed. If we take the first [log, (#)] bit s € {0, 13'“P and convert it back to integer through the map
bininv(-), then with probability at least % we obtain some vy € T. Similarly, with probability %,
we can parse sy into some v € T. Since we assume there is at least one edge in E, the probability
that (vg, v1) € E is at least # given that (vg, v1) € [|£]] x [|£]]. Hence s! satisfies the first clause
with probability at least ﬁ.

For the second clause, for any given v € T, since there is only one unique string in {0, 1}'"|
which is equal to neighg(v). Given vy € T, s; and s3 will have probability (%)2 to be equal

to neighg(vp). Hence s' satisfies the second clause with probability (%)4 = % given the first

clause. Hence s' has a probability 4—12 . % of being a non-trivial seed. O

Given a synchronous game with a typed CL distribution as the input distribution, we define
the following transformation which replaces the typed CL distribution with its detyped coun-
terpart below.

Definition 7.2.10 (Detyped conditionally linear game). Let p, m € N with p being an odd pos-
itive integer. Let (T,E) with T = {0, 1" and let {LV : V — V}yer be a k-th level CL function for
some canonical basis subspace V < [Fg},. Let4 = (¥, <, 1, V) be a synchronous game with p1 be-
ing a (T,E, {L"}yer) -typed distribution as defined in Definition . We define the detyped and
synchronization transformation @b = (gD o, pD, VD for< as follows:

e Thedistribution uP is the (k+2, m+4-b+2-1%, p) CL distribution given by Definition
* For the question pair (x,y) € [F;’,’,+4'b+2'lt, the verification VP is given as follows:

— If's is a non-trivial seed, parse (x, y) as per Equation (7.7), then
VvP(x,y,a,0) = V(0" 1" (9), 0!, L (), 4, b)

in other words, the same as the original game.
— Otherwise, VP (x,y,a,b) = 6 4 p.

We see that the above transformation also preserves synchronicity for a given game. One
might wonder the reason for such a roundabout way to defining the detyping procedure, since
instead, one can sample two arbitrary vertices from T and perform rejection sampling on the
case where these two vertices are connected in E. As seen in the lemma below, the main rea-
son for the roundabout way is that it allows the transformation to also preserves any perfect
oracularizable strategies after the transformation.

To be more precise, let ¢ be a non-local game which uses some typed CL sampler p. If we
were to replace p with the “sampling two vertices, and perform rejection sampling" approach
for ¢, any oracularizable strategy might no longer be oracularizable because the measurement
operator used between “two non-connected vertices" might not commute. Using the detyp-
ing procedure listed above, at least one of the provers can deduce whether s is the trivial seed,
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and thus, can adjust their measurement operator accordingly. To this end, we have the fol-
lowing lemma which shows how much the completeness/soundness condition changes for a
detyped and synchronization transformation. We remark that the proof of this lemma is similar
to [ , Lemma 6.18].

Lemma 7.2.11 (Preservation of completeness/soundness of the detyped and synchronization
game). Letd = (X, <, u, V) be a synchronous game with u being a (T,E, {L"} ,e1) -typed distribu-
tion. For model t € {*, co}, then

o (Completeness) If there exists a perfect oracularizable synchronous strategies for 4 in model
t, then there exist a perfect oracularizable synchronous strategies for 4° in model t.

* (Soundness) Ifw'(9) = 1—¢, then

trepD €
w@H)=1-———.
) (41T[?-16/M)
Proof. Fix t € {*, co}, and assume that the quantum strategy performed below is defined using
model ¢. In the proof below, for v € T, we define

view(v) = (bin(v), neigh;(v),0,0,neighg(v), e,), (7.8)

where bin(v) above is only taken over the first [log,(IT|)] bits. By definition, for (x,y) ~ P,
(x, y) = ((view(vp), L™ (s%), (view(v1), LV (s?))) for some (v, v1) € E and s* € FJ, iff uP is sampled
using a non-trivial seed in the sampling procedure.

Completeness. Let .7 = («/,{AX},#,|1)) be a perfect oracularizable synchronous strategy
for 4. We define an oracularizable synchronous strategy for ¢° as follows: Given a question
label x € &, if there exists some v € T and s* € FJ% such that x = (view(v),L"(s%)), then set

A} = AE,”’LU(SZ)). If x cannot be parsed in the above format, the prover always returns some pre-
determined fixed element * € of. This ensures that A =land A} =0forall ae o/ \ {x}).

Restricted to the question set where (x, y) are parsed correctly, we see that A}, is the same as
A;”’LV(SZ)) with the same decider function. This implies that A}, is a perfect oracularizable syn-
chronous strategy when restricted to this case. Otherwise, since A}, returns the same answer,
and the only non-trivial question pair in this scenario is the synchronicity question pair. This
strategy passes with perfect accuracy. This means that A}, remains a perfect oracularizable
synchronous strategy in the case where at least one of x, y cannot be parsed correctly, hence
showing that the strategy given above is a perfect oracularizable strategy for 4.

Soundness. Let.” = (&7,{A}}, {(BZ)"” },17)) be a tracially embeddable strategy for &P with a
success rate of 1 —e. By Lemma , with probability m, the output from u® would be
from a non-trivial seed. Conditioning on this case, the distribution uP is exactly the same as
1. We define the strategy for ¢ with the same measurement state/algebra as ., but with the
measurement operator replaced by A;”’LU(SZ)) = AVEW).L"() | Thig strategy will succeed at ¢
with probability at least 1 —4|T|? - 16/™! - £. This implies if w’(¥4) = 1 — ¢, then

€

HgP) 21— ————,
@4 (41TI2-16/T)

which completes the claim. O

In this thesis, |T| is typically taken to be the complexity bound of O(log(n)) for some integer
n or some constant. Hence the increase in soundness shown in the above lemma can still be
“reset" using the parallel repetition presented in Chapter
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7.3 Conditionally linear verifier

We are now ready to define a conditional linear verifier, for ¢ € {*, co} and constant k € N, we
define the complexity class synchronous k-th level CL samplable MIP? (k-CLMIP’) as the com-
plexity class MIP’ except restricted to synchronous games which are also k-th level CL sam-
plable. This complexity class is complete with respect to the following decision problem.

. L;,‘(;SCLM'Pt ={(¥)|w'(¥4) =1, 9 is a synchronous k-th level CL samplable game},

. Lﬁ[)CLM'Pt ={D|w'(©Y < %, 4 is a synchronous k-th level CL samplable game}.

Showing that k-CLMIP¢? (resp. k-CLMIP*) being coRE-complete (resp. RE-complete) implies
that coRE € MIP (resp. RE< MIP*).

We formally introduce the notion of a CL verifier below. As mentioned back in Section 6.2,
one should think of the CL verifier as a more structured version of a uniform verifier for syn-
chronous k-th level CL samplable games.

Definition 7.3.1 (Conditionally linear verifier). Let , , :N — N, where the range of
p(n) maps integers to odd integers. Letd = {94, = (X, n, hn, Dn)}nen be an infinite sequence
of games indexed by n € N. Each u,, is a (k(n), m(n),p(n)) CL distribution defined over two k(n)-

level CL functions L%",LY" with registers {Vj"} jelk(n)) as defined in Definition , and ofy, =
10,1}* (in this case, %, = Fp = {0, 1}P0™ by definition).
Ak(n) level CL verifier 7" is a tuple (0 ,,D ), where Qy is a five-input Turing machine, and

Dy is a six-input Turing machine, such that, forallneN
* Qv (n, Parameter) = (k(n), m(n),p(n)).

* Qy (n, Divide, s) = (S, Skn)-1), for all s € V", where s € Vj” and y. jekmny) Sj = S-

* Qy(n, Function, p, j, s, x) = L;”Sn(x),for all je k(n)], se V<”j, X€ V].", and p € {0,1}. Where
recall {L? Sn } sevy, are the jth level linear function for LP'"" (where we associate Lon = ,An
andlbn =1Bn),

* Dy(n,x,y,a,b) =Dy(x,y,a,b) forall (x,y) € 3{,3 and (a,b) € d,%

Ifk(n) = k for some constant k € N, then we simply call V" a k-th level CL verifier. We say that V'
has a sampling complexity of O(f(n)) if

k(n)-m(n)-p(n) = TIMEp,, (n) = TIMEg,, (n) = O(f(n)),
and we say that V" has a verification complexity of O(g(n)) if TIMEp., = O(g(n)).

We use the term CL verifier as a shorthand for any k(n) verifier. We refer to a CL verifier
¥V as a k-th level synchronous Conditionally linear verifier if every game %, = (%, oy, tin, Dn}
generated by ¥ is a k-th level CL samplable synchronous game. To abuse notation, we write
Qy (n,Parameter) < O(f(n)) as a shorthand for m(n)-p(n) < O(f(n)), where m(n) and p(n) are the
output for Q¢ (n, Parameter). In the above definition, we refer to Q4 as a CL sampler and Dy as a
CL decider, and we drop the subscript 7 if the underlying game sequence is clear from context.
We remark that although in the above definition, the answer set «f,, = {0,1}* is technically an
infinite set. However, since the decider D is always assumed to be time-bounded, D can read at
most TIMEp(n) bits; thus <7, is, in practice, always a finite set.

Although the above definition does not explicitly give the computational procedure Qv (n, sample)
akin to Definition , the computation procedure can be implemented in the following man-
ner:
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1. The verifier first runs Qy (n, Parameter) to obtain k(n) and m(n) - p(n), then the verifier
samples a random seed s € {0, 1}™WPUD),

2. Theverifier then runs Qy (n, Divide, s) = (s; - -, Sk(»)) to partition s into linear components
within {an}je[k(n)] .

3. For p € {0, 1}, the verifier performs the following:

p

(a) The verifier first computes x,

linear function for LP".

= Qr(n,Function, p,0,0, sp), the output for the 0-th

(b) For1 < j <k(n), the verifier computes xf = Qr(n,Function, p, j, x;’_l, sj), the output
for the jth linear function for LP".

(c) Finally, the verifier computes x” =} xj. by adding up all the components together.

4. The verifier returns (x°, x!), as the question pair.

Step 1 takes O(log(p(n)) +log(m(n))) = O(f(n)) time, Step 2 and 3 take O(k(n) -m(n) -p(n)) =
O(f(n)) time by Lemma . This implies that Q4 (n,sample) runs in time O(f(n)), consistent
with the definition given in Definition . This shows that a Conditionally linear verifier is a
more “refine" version of a uniform verifier sequence given in Definition

7.4 Proof outline for the compression theorem

Given the formal definition of the conditional linear verifier, we are ready to give a proof for The-
orem . For convenience, we restate the theorem below.

Theorem 7.4.1 (Gap compression for non-local games). For all constants a, k € N, there exists
an algorithm Gapcompress,, | that takes as input a pair of Turing machines (Q,D). Gapcompress,, ;.
outputs a tuple of Turing machines ¥ 0™ = (Q“0™P,D“™P) such that the following holds:

There exists an integer y = O(poly(a, k)) such that, for models t € {*, co}

1. (Runtime): TIME¢apcompress, , (Q D) = O(poly(a), |Ql, IDI).

2. (Independence of the sampler): The Turing machine Q“°"™ only depends on the parameter
a and k and is a sampler for a synchronous 7-th level CL verifier. The Turing machine
D™ s q decider for a synchronous 7-th level CL verifier. ¥ ©°™P is a synchronous 7-th
level CL verifier sequence for an infinite sequence of games 4 “°"P = {éénc OMPY N

3. (Complexity bounds for the output) ¥ “°™ has sample complexity and verification com-
plexity of O(log(n)?).

Furthermore, ifthe input ¥ = (Q,D) is a synchronous k' th level CL verifier for the infinite sequence
of synchronous games 4 = {4} nen for some constant k' < k, and there exists a constant ng € N
such that for all n = ny

max{TIMEg, TIMEp} < n®. (7.9)

Then there exists a constant nOC P = poly(y, ng) such that for all n = nOC omp

o (Completeness) If there exists a perfect oracularizable strategy for 4, in model t, then there
exists a perfect oracularizable strategy for Eénc 7" in model t.

e (Soundness)
1 1
w'(9y) < S= W' (G5 < 5
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Similar to [ , Theorem 12.1], the proof of Theorem relies on three components:
Question Reduction, Answer reduction and Parallel repetition, which we state below. The first
proposition is question reduction. This proposition states the existence of an algorithm which
takes a kth CL verifier and outputs a fourth level CL verifier with O(polylog(n)) sample com-
plexity without drastically increasing the verification complexity and the soundness condition.

Proposition 7.4.2 (Question Reduction). For all constants a, k € N, there exists a polynomial
time algorithm QuestionReductiongy . that takes, as input, a pair of Turing machines (Q,D)
and outputs a tuple of Turing machine machines (QF,DR) such that the following holds:

For models t € {*,co}, QuestionReductiony i outputs a pair of Turing machine (QQE DQR
which is a fourth-level CL-verifier ¥ R for a infinite sequence of game 9 R = (G} e with the
following properties: There exist an integer y?% = O(poly(a)) such that

1. (Computation time): TIME gyestionreduction,, (POly(a),Ql, [DI).
2. (Synchronicity) The game sequence ¥ R is a synchronous game sequences.
3. (Complexity bounds for the output):

o QUR(n, Parameter) < max{logYQR( n), Ctriuial},

* TIMEger(n) < max{logVQR(n), C”i”i‘ll},

QR trivi
. T|MEDQRsmax{nY ,cmvml},

for some universal constant C"Vi¢.,

4. (Independency) QR is a3-th level CL sampler which only depends on the parameter o and
k and does not depend on |D|, IDQR| = O(poly(a, k)).

Furthermore if the input ¥ = (Q,D) is a k'th CL verifier for the infinite sequence of synchronous
game¥ = {94y} nen for some constant k' € N such that k' < k, and there exist some constant ng € N
such that for all n = ny

max{TIMEg, TIMEp} < n®.

Then there exist some nOQR = poly(y F, ng) with ng < n(?R such that foralln=n

QR

0

1. (Completeness) If there exists a perfect oracularizable synchronous strategy for %, in model
t, then there exists a perfect oracularizable synchronous strategy for EQ,?R in model t.

2. (Soundness) There exist some universal function ng which depends on k and € with ng =

O(exp(k), poly(¢)) such that, for any polynomial € :N — [0, 1]

w0'(@Gy) <1-e(n) = 0 (@ < 1-sL(k,e(n)).

Question Reduction relies on self-testing techniques used in [ ; 1, which are unique
to non-local games with entangled provers. The question reduction procedure is a combina-
tion between two protocols, the Pauli basis test, which we introduce in Chapter 8 and the Intro-
spection protocol, which we introduce in Chapter 9. We give a proof to the above proposition
in Section 9.3. We remark that in comparison to the question procedure given in [ IR
there is no dependency on the parameter n and A for soundness since the variant of Pauli basis
test used in this thesis does not require the low-degree test.

The second proposition is Answer reduction, which gives a algorithm which takes syn-
chronous CL verifier with O(poly(n)) verification complexity and outputs a balanced synchronous
CL verifier with O(polylog(n)) verification complexity which does not increase the sample com-
plexity and only increase soundness by another polylog(n).
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Proposition 7.4.3 (Answer Reduction). For all constant (a, k) € N there exists a polynomial time
algorithm AnswerReductiong i that takes, as input, a pair of Turing machines (Q,D) and out-
puts a tuple of Turing machine machines (Q*%,04%) such that the following holds:

There exist a polynomial For models t € {*, co}, AnswerReductiony outputs a pair of Turing
machines (Q*,D4R), which defines a synchronous CL-verifier ¥ for an infinite sequence of
game GAR = (GARy, .\ with the following properties: There exists an integer Y% = O(poly(a))
such that

1. (Runtime): AnswerReductiony, have runtime
TIM EAnswe'r-Reductiona (pOIY(a), 1Ql, ID]).
2. (Dependency for Q*R) The Turing machine Q*¥ only depends on the inputQ and a.

Furthermore, if the input 7 = (Q,D) is a max{4, k + 2} level synchronous CL verifier for the
infinite sequence of synchronous game 4 = {4,}nen for some constant k € N, and there exists
some constant ng € N such that for all n = ny, we have

ID9R| = O(poly(a, k).

Q(n, Parameter) <log®(n),

TIMEq(n) <log®(n),

TIMEp < n“.

Then there exists some integer n{'® = poly(yA®, ny) with no < n{}® such that for all n = nj®

1. (Complexity bounds for the output):
* TIMEgu(m) < max{log!" (m), civiall,

e TIMEpu(n) < max{logYAR(n), cf"'vial},

for some universal constant C"i@,
2. (Level for the CL sampler) The Turing machine QR is a level max{k + 2,5} CL sampler.

3. (Completeness) If there exists a perfect oracularizable strategy for 4, in model t, then there
exists a perfect oracularizable strategy for G4R in model t.

4. (Soundness) There exist a universal function sAR which depends on n and € with O(s3F) =

O(polylog(n), poly(€)) such that, for any polynomial € :N — [0,1]

0'(@G,) <1-¢e(n) = 0" (@G <1-sF(en), n)

We remark that the universal constant C"Vial comes from ¢!, The answer reduction
procedure we use is identical to the one used in | , Chapter 10], which is a modification
of the PCP of proximity based on techniques from [ ]. We further remark that due to the
technique used, AnswerReduction, actually works for all MIP, MIP* and MIP®°. We give a
more in depth description of the answer reduction protocol in Chapter 10 and Chapter 11. The
third step is the parallel repetition theorem for anchored games.
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Proposition 7.4.4 (Parallel repetition). For all constants a € N, function s(n) : N — [0,1] with
O(s(n)) = O(polylog(n)). Then there exists a functionr(n) :N — N with r(n) = O(a,s(n)) and a
polynomial time algorithm Parallelrep, i, that takes, as input, a pair of Turing machines
(Q,D) and outputs a tuple of Turing machine machines (QP 4P, pPararepy yith

TIM EPa.'r'al lelrepy sm (|Q|» |D|) = O(pOIYIOg(n))
such that the following holds:

1. (Independency) Q*““*P only dependent on Q and the polynomial functions s(n).
2. (Complexity bounds for the output):

* TIMEgpararep () < O(poly(r(n), log®(n))),
e TIMEppararep (1) < O(poly(x(n), log*(n))),

Furthermore, if the input 7 = (Q,D) is a k level synchronous CL verifier for the infinite sequence
of synchronous game ¥ = {9} nen for some constant k € N, and there exists some constant ng € N
such that for all n = ny, we have

Q(n, Parameter), TIMEq(n), TIMEp < log®(n).
Then for all n = ny
1. (Parameter) Q28 is a level k +1 CL sampler.

2. (Completeness) If there exists a perfect oracularizable strategy for 4, in model t, then there

exists a perfect oracularizable strategy for ‘55 AP in model t.

3. (Soundness)

1
wt((gn) <l-s(n — w[(%,famrep) <

The anchored parallel repetition theorem is proven for the tensor product model in [ ]
and we given a proof for the commuting operator model in Chapter 12. We remark that the the-
orem above actually works for all verifier as well. We show that the anchor transformation and
parallel repetition of a kth level synchronous CL verifier becomes a k + 1th level synchronous
CL verifier in Chapter

We are now ready to give a proof for Theorem below, which is just applying the three
propositions above in sequence.

Proof. Given constant (a, k) € N, we specify the pseudocode for Gapcompress,, ;. as the follow-
ing

1 Input: Turing Machine (Q,D).

2 Compute ¥ R = (QUR D) = QuestionReduction, ;(Q,D).

3 Compute a®® = s®(a), where s is the function used to define y®
in Proposition

4 Compute 7R = (QAR DAR) = AnswerReduction or (QF, DAR).

5 Compute aR = "R (o QR) where s”R is the function used to define )/AR
in Proposition

6 Compute the description of the function s(n) = SQER (SSR(%, n), n). Where s‘;ARR (resp. s
is the function used in the soundness condition in Proposition
(resp. Proposition ).

7 Return ¥ Comp = (QComp pComp) ParallelrepaAR's(n)(QAR,DAR).

Pseudocode 11: The description for Gapcompress, .

R
QR
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Time Complexity

Verifier Sampler Decider Level Soundness
QR < logO(Poly(a])(n) < nOpoly(a)) 3 0! (@) < % N wt(fg,?R) <1 _ng(%'m
AR < logOtPoly(@) (1) < 1logOPoly(@) (1) 5 — '@ s1-s" (&, m,m)
+ Comp < logO(poly(a]) (n) < logO(poly(a)) (n) 6 . wt((ggomp) < %

Table 7.1: The time complexity for the 3 CL verifiers listed in Pseudocode 11 and the soundness state-
ment for the verifier sequences assuming the input (Q,D) is a synchronous k'th-level CL veri-
fier for k' < k. We remark that only the last column is dependent upon the input (Q,D) being a
synchronous CL verifier with the appropriate runtime condition.

For simplicity, we listed how the parameter changes throughout Pseudocode 11 in Table
We verify each of the clause in Theorem below:

¢ (Level of the CL verifier and the output being a synchronous game): Since the output
for AnswerReductionor is always a synchronous CL verifier, and Parallelrepar g,
retains synchronicity for a CL verifier. The output for Gapcompress,, , will always be a
synchronous game sequence. The level for the output of Gapcompress, ; are tracked
in Table

¢ (Computation time) We first see that both a®® and s(n) in Pseudocode are polyno-
mial functions of @, independent from the input (Q,D). Hence, both steps 2 and 4 can be
computed in O(poly(a)) time (or hardcoded into the description of Gapcompress, ;).
By the similar reasoning, we have TIMEguestionreduction,, = T!MEanswerreduction on =
TIM EParallelrepaAR = O(pOIY(a), |Ql, ID]). Hence, TIM EGaPCOmPIeSSa'k (pOIY(a)» 1Ql, D).

,8(n)

¢ (Independency of the sampler) By Proposition , QC°™P only depends on the poly-
nomial s(n) (which itself only depends on &) and QAR, QAR depends, in addition to the
parameter a, on both Q¥, and only on [DR| by definition. Since |[D?®| = O(poly(a, k))
given any D as input for QuestionReduction, ;. Q“°™P only depends on the parameters
a and k, as claimed.

¢ (Complexity bounds for the output) This follows from the complexity parameter, which
we kept track of in Table 7.1, and the complexity bound for the outputs of AnswerReduction,qr,
which does not depend on the input.

Now, assume the input " = (Q,D) is a synchronous k'th level CL verifier for the infinite
sequence of synchronous game 4 = {¥,} ,en for some constant k' € N with k' < k, and some

constant ny € N which satisfies (6.1). Take ngR be the constant guarantee by Proposition

and take ng °™P {0 be the constant ngR guarantee by Proposition (where in this case, n’gR =

Comp
0

poly(nd™, a®®) ). Fix n > n and model t € {*, co}.

* (Completeness) Since the game sequence 7" is synchronous. Hence, any perfect strategy
for ¥, is also a synchronous strategy. Since QuestionReduction, i, AnswerReductionor
and Parallelrep,ar g, preserve the existence of a perfect oracularizable strategy for 4,
in model ¢, Gapcompress,  also preserves the existence of a perfect oracularizable strat-
egy for ¢4, in model t.

* (Soundness) Assume that w’(%4,) < % ; By the soundness property of QuestionReductiong g,
the previous condition implies that a)t({g,?R) <1- ng(%, n), which, by the soundness
property of AnswerReduction o, implies that w(G2%) < 1— S (ng(%, n),n). The com-
pleteness condition follows from the soundness condition of Parallelrep ar g-

O



CHAPTER 8

Question Reduction part 1: The
u-dependent Pauli Basis test

In the next two chapters, we give a proof for Proposition by showing an algorithm
that takes as input a synchronous CL verifier and transforms it into another synchronous CL
verifier with a lower sampling complexity. This chapter focuses on the n-qubit Pauli Basis test,
which we introduce in Section . The n®-qubit Pauli Basis test is a subroutine that forces the
provers to perform either all X or all Z Pauli measurements on n% EPR pairs. A key property
is that these tests are “rigid", meaning that if the provers perform this test with near-optimal
success rate, any strategy they perform must be “close” to the “measure all X or all Z on n% EPR
pairs strategy". One key observation is that forcing the provers to perform Pauli measurements
on EPR pairs allows them to sample n® independent random bits, which the verifier can take
advantage of during the introspection protocol.

There are several protocols which certify EPR pairs in the tensor product model (see, for ex-
ample, [ ; 1). These tests typically require the verifier to perform cross-verification
with some subset drawn uniformly from the EPR pairs. The protocol introduced in this chap-
ter is based on Mikael de la Salle’s elegant simplification of the “answer reduction" protocol
from | ]. We expand on his idea and introduce the u-dependent Pauli Basis test (Fig-
ure 8.3), whereby the referee can, instead, choose an arbitrary distribution u over the subsets
of qubits to be used for cross-checking. Before we introduce the protocol, we first introduce
some additional preliminaries needed for this chapter.

8.1 Preliminaries on representation theory

Before introducing this protocol, we introduce two tools from trace norm representation the-
ory which will be important for the analysis of the u-dependent Pauli Basis test, the state-
dependent Gowers-Hatami theorem and the spectral gap inequality based on the well known
well-known Poincaré inequality.

8.1.1 State-dependent Gowers-Hatami theorem

In this section, we introduce an important tool for proving rigidity theorem, the state depen-
dent variant of the Gowerss-Hatami theorem | ] by Vidick [ , Theorem 4], and present
a generalization to the tracial von Neumann algebra setting. For o € <" such that 7(g) = 1, we
define the o-seminorm on &/ as =V1(A*Ao).

This can be seen as a tracial von Neumann algebra analogue of the state-dependent norm
defined within [ , Section 1.3]. By a quick calculation, we see that |[UA|s = | Alls forall U €
U (7). For any finite group G and the map ¢ : G — % (7)), we say ¢ is a unitary representation if
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P(g)p(h) = p(gh) forall g, h € 4. We say the map ¢ is an (¢,0)—representation for some o € o7 *
with 7(0) = 1if p(g™") = ¢(g)* and Eg nec P(Q)p(h) —p(gh)lls < &.

Theorem 8.1.1 (Gowerss-Hatami for tracial von Neumann algebras). Let G be a finite group,
of < B(A) a tracial von Neumann algebra in standard form, e =0 and ¢ : G — % (/) be an
(¢, p)-representation for some p € </* such that T(p) = 1. Then there exists some isometry V :
A — 7 @C!° such that forallBe «/', VB=(B® I¢))V and a unitary representation ¢ :G—
o ® B(C') such that

E lp(g) -V e (VI <e.
geG

Proof. Define the isometry V: . — # ®C!¢ as V|y) = \/I;?I Dgec (9(€ 1 1w)), and note

W g) (g H* lyg).
We see that for all |y) € &
V*Vig)y=v* -1 -1 -1 ,
) ( mﬁ‘”g )|w>) |G|Z¢(g (g Iw) =y

showing that V*V =14 and hence V is an isometry. Furthermore for all B € .o/ ’

VBly) = (p(g HBly)) = (B Ig)V W), (8.1)

V|G geG

implying VB = (B® I;4)) V. Define (/)’ (8) =l#® Lg, where Lg is the left regular representation
for the group G. Note forallae G

' 1
V*(P(a)V=—V*(UJ£®La)(@<P(g_1)) Ly P pgH=— Z¢(ag)<p (g).

VIGI geG VIG axcc Gl 5

Hence since ¢ is an (g, p)—representation

o 2 _ _ * 2 _ 2
E IO -V @VIG = E 19~ L p(ghy” (= E 1901900 - plghll; =

completing the claim. O

Note that since each irreducible representation ¢ for a finite group appears dim(¢) times in
the left regular representation, the proof above follows the same structure as | , Theorem
4]. We remark that the condition where VB = (I ® B)V for all B € &/ ' intuitively corresponds
to V only acting on Alice’s algebra in the context of non-local games. Using the example given
in Section 4.1, the above theorem can be seen as [ , Theorem 4] applied on the first register
of C"®C".

8.1.2 Spectral gap

In this section, we recall the definition of the spectral gap for a probability distribution over a
group and introduce a key lemma used to analyze the u-dependent Pauli Basis test. Many of
these definitions and theorems are from [ ] and we refer to the original reference for a
more comprehensive introduction to this topic. Let G be a finite group and p be a probabil-
ity measure on G; we use to denote the support of the distribution, or supp(y) = {g €
Glu(g) > 0}. We say u is symmetric if u(g™!) = u(g) for all g € G, and generating if supp(u)
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generates the group G. We define as the smallest number such that for all unitary repre-
sentation 77, we have
1
S @n@|s|-1L,1-——|ulll,
p (%” (g ) pren

and we note that k(i) = co in certain cases. We note that x () is the inverse of the spectral gap
in the literature and could potentially be infinite given the probability distribution. For con-
venience of notation, we let k(i) = oo if the probability distribution is neither generating nor
symmetric, and justify this in Section 8.3 in the context of the protocol. We recall the follow-
ing theorem about x (1) and note that the below theorem is based on the well-known Poincaré
inequality.

2mi
Theorem 8.1.2 (| ], Corollary 2.5). Letq = p" for some prime power p, and letw, = e 7 be
the root of unity of order p. Let u and v be two symmetric and generating probability measures
onFy. Then, for any unitary representationm, : 2, — </ andny: 24— </, we have

E_|Im@mh) -8 mmm@l} <@k Y, p@uhlim @ h) -z (@l
(g:eZg (g WeF

Note that the above theorem only applies when 7; and 7, are both exact unitary represen-
tations for the group F,. We also recall the following fact about the spectral gap of [FZ.

Theorem 8.1.3 (| 1, Proposition 4.6). For prime p and n € N, there exists a subset S [FZ
with |S| = O(n) such thatx (u) < 2 for u, the uniform distribution on S.

In this thesis, we only consider the above theorem for g = 2, and recall from preliminary
that we identify F, with elements of {0, 1}.

8.2 Generalized Pauli measurements

We first introduce the notion of a generalized Pauli measurement. Let p € N be an odd integer.

For W € {X, Z}, the generalized Pauli measurement over [,» are the sets of PVM { =|a"'Pya"™'p I} ;
ae 2P

where
1 Trab) V4
la®Py:=— Y )Py, |a®Py=la),
Vzp bEﬂ:Zp

for all a € Fyr. In the case where p = 1, the generalized Pauli measurements corresponds to the
eigenspace of the Pauli X and Z matrices.

In this thesis, we often associate PVMs with binary observables to better analyze the com-
mutation properties of these measurements. A binary observable is a unitary matrix which
squares to the identity. For an odd integer p e N, W € {X, Z} and a € F,», we define the general-
ized Pauli matrices as

pXP@:= Y Ib+axpl, p?P@:= Y ()T |pyp)
bE[sz bE[sz

where the addition and multiplication above are over F,». In the case where p = 1, we drop the
superscript and simply write p}’v to denote the qubit Pauli W-measurement for i € {0,1} and
p" for the Pauli W-matrix. We see that for W € {X, Z} the eigenspace for p"'P(a) is precisely
the PVM measurement for the generalized Pauli measurement, and we can write

bE[sz
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This also implies that pW'p (a) commutes with pW'p (b) forany a, b € Fy». As shown in [ ,
equation 19], the generalized Pauli measurements can also be written as

pZV,P - [E (_1)_Tr(ab)pva(b)‘ (8.3)
beF,p

By a simple calculation, we see that for all W € {X, Z} and a, b € F,», the generalized Pauli ob-
servables obey the following relationships

p"VP(a)-p"W'P(b) = p"'P(a+b). (8.4)

The generalized Pauli observables also follow the “twisted commutation" relations, whereby

pXP(@)- p?P (b) = (1) 11D 2P (b). pXP (@), 8.5)
For W € {X, Z} and s € [}, we define
pW'p(s)= ® pW"’(si) and pzv’p= ® pg]’p (8.6)
i€e[m] ie[m]

where each s; € Fo». We recall the following lemma which shows the existence of a unitary
which converts between the generalized Pauli measurement to the one qubit Pauli measure-
ment.

Lemma 8.2.1 (Lemma 3.26 of | 1). Let p, m € N where p is an odd integer, there exists a
unitary :(CH®P™ — (C¥)®™ such that for all W € {X, Z} and for all s € F3)", we have

m p
p)W — * w
pS - U2—>p (@QPK(&)]) UZ_'p
i=0j=

(U2*—>p ® UZ*—»n) |MEyp)®™ = IME)®P™.

To abuse notation, for register subspace V < F)' and W € {X, Z}, we use to denote
the measurement
w._ w
ps = Z Ps
alay=s

where for a € F)', a = ay + ag is the unique decomposition such that ay € V and ag € VC. For

register subspace V < [Fg’,f,, we use {pL/V} sev to denote the measurement {py}m(w). We recall

the following lemma from [ 1.

Lemma 8.2.2 (Lemma 8.5 of [ D. LetLy, Ly :FJ, — 7} be two linear map. Then
ker (Lg)L cker(Ly),

. . Z,p X,p . .
implies that the measurement operators {p[Lll S]} and {pM s]}se% pairwise commute, as

m
serp

Z, X, .
well as the measurement operators {p="" and{p;'” pairwise commute
[Lals] seF?, (Lyls] seF?,

8.3 The Pauli Basis test

8.3.1 The magic square game

We first introduce a key subroutine for the Pauli Basis test, the Mermin-Peres magic square
game [ ; ], in this subsection. We use the BCS formulation of this game as presented
in [ 1, where the game is defined by six equations and nine variables over F,, where the
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X1 X2 X3 lh® pZ pZ ®lo pZ ® pZ
X4 X5 X6 pX ® [ X pZ pX ® pX
X7 Xg X9 p¥®p” p” ®p¥ ~(p*p”)® (p*p?)

Figure 8.1: Left: The description for the magic square game, where each row and column corresponds
to an equation. Right: A oracularizable perfect strategy for the magic square game.

variables are arranged on a three-by-three grid as presented in Figure 8.1. Every row and col-
umn in Figure 8.1 corresponds to a constraint that multiplies to 1, except for the last column,
where the constraint multiplies to —1 instead. In this game, the referee randomly samples a
constraint and a variable in the constraint and sends the constraint to one of the provers and
the variable to the other prover. The prover must then respond with an assignment for their
given constraint or variable. The provers win the game if their assignments are consistent with
each other. If one of the provers is given an equation as the question, their assignment must
also satisfy the constraint for the given equation. We also modify the magic square to be syn-
chronous, meaning the verifier additionally samples a constraint or a variable with constant
probability and sends it to both provers and expects the same answer in return.

The magic square game admits a perfect synchronous oracularizable strategy for both quan-
tum models by using the measurement operator defined in Figure 8.1. In this strategy, the
provers initially prepare two copies IMEp). In the event that the prover receives a variable, he
measures the observable as displayed in the grid and returns the resulting eigenvalue (which is
either 1 or —1) as the assignment to the variable. If the prover receives an equation, he measures
the observables for all three variables, returning the eigenvalue for each of the observables as
the corresponding assignment for each of the variables. Since each observable on the grid com-
mutes with all other observables that share a row or column with it, the order of measurement
does not matter for the constraint question, and their measurement commutes on all possible
question pairs, which implies that this perfect strategy is oracularizable.

Combining [ ], Theorem 3.1 part iii) (rigidity for the magic square game under syn-
chronous correlations) and Corollary , we recover the same anti-commutation result for
the commuting operator model.

Theorem 8.3.1 (Approximate anti-commutation test for the magic square game in the com-
muting operator model). Let.” = (L2, 1),0|T), {AZ},{B}}) be a tracially embeddable strat-
egy for the magic square game such that w°’(Magic square, ) =1 —¢.

Forie{l---9}, let {A(()”“ri“ble’ D A{”’” iable, Dy — o7 be Alice’s measurement operator for variable

i, and likewise with {B,"" iable, i B iable, by < o' with Bob's measurement operator. For P € {A, B}

P(variable, i) — Pévarmble. i _ Pl(varmble, l)‘

Then

”(P(varzable, I)P(Varzable, 5) + P(Uarlable, 5)P(1/arzable, 1))“(272 < O(poly(é)).

8.3.2 The Pauli Basis test

In this section, we give the formal definition for the u-dependent Pauli Basis test. We describe
the sampling and decision procedure in Figure and include a diagram for the sampling
procedure in Figure for clarity. Intuitively, the goal of the Pauli Basis test is to force two
honest provers to prepare n copies of EPR pairs between them and measure either (0X)®” or
(p%)®" on their half of the EPR pair.

First, we will give an informal overview of the test. As mentioned at the beginning of this
section, the goal of this test is to allow two players to certify that they share a state of the
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form |EPR)®". For W € {X, Z}, once the players receive the question label (Pauli, W), they
are expected to perform the measurement {p}}"} on their half of their respective states. The
referee achieves this by first sampling some u from the distribution ¢ and sending the label
(Coordinates, W) along with the coordinates u, and expects the player receiving this label to
measure according to py (u). In other words, the referee expects the player to perform a W
measurement on the coordinate i € [n] if u; = 1. The other player will receive (Pauli, W). Since
the entangled state expected from the players is EPR pairs, the player returns the same mea-
surement output on the sub-coordinates where they both made the measurement.

The commutation/anti-commutation test is used to enforce consistency on the question
label (Coordinates, W). To be more precise, the referee first samples two coordinates (u, v) and
determines whether the observable p x (1) and pz(v) commute or anti-commute based on the
value of u- v mod 2. In the scenario where they do commute, i.e. #- v mod 2 = 0, the “commu-
tation test" or one of the red edges of Figure 8.3 is performed. In this case, the referee asks one
of the players to simultaneously measure both the px(«) and pz(v) (which would be consis-
tent since they commute) and compare the measurement output to the other player perform-
ing one of the two measurements. In the case where u- v mod 2 = 1, the “anti-commutation
test", or one of the blue edges of Figure 8.3 is performed, where the referee forces both play-
ers to play the magic square game from Section 8.3 with the observables px(u) and pz(v) for
questions 1 and 5 of the magic square game respectively. In this case, Theorem guaran-
tees that any perfect or near-perfect strategy ensures that the two aforementioned observables
anti-commute with each other.

In order to state the main rigidity theorem, let . = (£2(<7,1),0|1),{A%}, {BX}) be a pro-
jective, tracially embeddable strategy for the u-dependent Pauli Basis test. For W € {X, Z},
and P € {A, B} let {Pépa“h'W)} be the measurement operator for the question label (Pauli, W)
for player P and define W’ (1) as the following unitary observable:

wrw= Y (~prpfui, 8.7)
q€e{0,1}"

where, by definition, WA ) < o and WB c o '. We state the following rigidity theorem about
the p-dependent Pauli Basis test.

(Coordinate, X)

(Pauli, X)
Variable;
Constrant; Variables (Commutation, X)
Commutation
Constranty Variables
(Commutation, Z)
Constrants Variabley
(Pauli, Z2)
Constranty Variables (Coordinate, Z)
Variableg
Constrants
Variable;
Constrantg
Variableg
Variableqg

Figure 8.2: The typed graph (T'B,EPP) for the u-dependent Pauli Basis test, where each of the vertices
above also contains a self-loop (this is a black edge). Similar to the definition of the CL distri-
bution, each vertices in the graph represents a potential question label and each edge repre-
sents a potential question pair. Each of the edges are colour coded in order to better explain
the game procedure and we refer to Figure 8.3 for more details.
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Question label Question content Answer format
(Pauli,WW) tw € {0,1}"
(Coordinate, W) Uw € U t(pauli, w) € {0, 1}"
(Commutation, W) uw € tw €1{0,1}
Commutation (ux,uz) epuxu (%, 1,) €{0,1}
Variable; (ux,uz) e uxu tyar € {0,1}
Constraint; (ux,uz) euxp tcons € {0, 1}3

Figure: Q and A format for the n-qubit Pauli Basis test, where W € {X, Z}.

Sampling procedure

1. Sample (ux, uz) € p x p uniformly at random.

2. Uniformly samples (ng, n;) € TPB x TPaulibasis \here (TPB EPB) is the graph in Fig-
ure 8.2, and perform rejection sampling until (n, n;) € EFB.

3. Send the question label and question content corresponding to 7y to one of the
provers, and send the question content corresponding to the n; to the other prover.

Verification procedure

* (Self-loop): The provers win iff they output the same answer.
e (Pauli, W) - (Coordinate, W): Alice and Bob win iff tw |y, = tpaut, w)luy -

e If (ng,n;) are a red edge and u, - u; = 1, the provers win if for the question label
(Commutation, W) and (Commutation), the prover answers 0, otherwise
- (Coordinate, W) - (Commutation, W): The provers win iff uy - tpaui, w) = tw.

— (Commutation) — (Commutation, W): The provers win iff ¢y = t{/v-

e If (ng, n1) are a blue edge and uy - u; = 0, the provers wins if for the question label
(Constraint, i) and (Variable, j), the prover answers 0, otherwise:
— (Variable 1) — (Coordinate, X): The provers iff ux - tx = tyar.
— (Variable 5) — (Coordinate, Z): The provers iff uyz - tz = tyar.

— (Constraint) — (Variable): The provers win iff 7., is consistent with the con-
straint in the magic square game, and ty,; is consistent with the assignment of
v; within f.s.

Figure 8.3: The description for the n-qubit Pauli Basis test. Where W € {X, Z} in the decision procedure.
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Theorem 8.3.2 (Robustness of the u-dependent Pauli Basis test under the commuting operator
model). Let 9 (u) be the u-dependent Pauli Basis test and let ¥ = (£%(</,1),017),{AX}, {BL})
be a tracially embeddable strategy for 4 (u) with w°(4(u),.%) = 1 —¢. There exist two isometries
Va: A — #9C" and Vg :H — A9CY" with (VB ®ly2n) Vg = (V4 ®ly2n) V, and a state | Aux) €
AC ®ly2n such that

1(Vis ®lp2n) Valy) — |Auxy |[EPR)®™||* < O (poly(k (w), €)), (8.8)
and for all W € {X, Z} and u € {0,1}"

(VAW AWV @1ln — Ly ® o ® p" () @150 ) | Aux) [EPRY®" | < O (poly(x(w), ), (8.9)
(VEWB () Vi @ l2n — 1z @ Tyen @130 @ 0" (1) | Au) |[EPR®"|* < O (poly(x(w),€)).  (8.10)

We provide a proof of Theorem in Section 8.4. Intuitively, if p is a uniform distribution
on some subset S € {0, 1}, the larger S is, the harder it is for dishonest players to cheat, but this
also gives a larger question set (or sampling complexity) for the p-dependent Pauli Basis test.
This naturally gives a trade-off between the sampling complexity and the accuracy of the test.
Hence, (1) can intuitively be interpreted as “how good the distribution is" for the theorem
above. We also remark that, if y is not generating, then this implies that there exists some
generator i € [n] such that s; = 0 for all s € supp(y). Translating this to the context of the u-
dependent Pauli Basis test would imply that there exists an EPR pair which would not get cross-
checked in any of the subsets sampled under y; hence, the robustness theorem should not
hold under this instance. Hence, this justifies the assumption we made for x (i) = co with a
distribution that is neither symmetric nor generating earlier in Section . We further remark
that the condition (Vp ® l52:) V4 = (V4 ® l524) V is akin to V4 and Vp acting on different Hilbert
spaces under the tensor product model, and the extra C2" on the auxiliary space results from
using the left regular representation of the Weyl-Heisenberg group.

Finally, we remark that the u-dependent Pauli Basis test given in this thesis is slightly differ-
ent from the one given in [ , Section 6], namely there are two extra types (the commutation
questions in Figure 8.2). This is because in order to use this protocol as a part of the compres-
sion theorem, the perfect strategy that succeeds the game needs to have a perfect oraculariz-
able strategy, and the extra question test is a “hack" to get around that. This is the same reason
why the simplification given in | ] cannotinstead be used as part of the question reduction
protocol.

8.3.3 The n-qubit Pauli Basis test, a question efficient EPR-tester

In order to proof Proposition , one needs to, in addition, make sure that the verifier can
sample the question distribution in O(log®®°Y@) (p)) time. To this end, recall that a linear
[n,c, d][Fq code is a set € of functions g : [p] — F, with size |€| = q° that is closed under linear
combination, such that for any two distinct g # g’, the number of coordinates i € [n] such
that g(i) # g'(i) is at least d. In [ , Example 1.2], given any [k, 1, d] binary linear code
C, the code space S¢c c [F%‘( with |S¢| = {0, 1}¥ is a subset such that the uniform distribution of

Sc has a spectral gap of 27. Intuitively, any good binary linear code would lead to an efficient

EPR tester. For any n € N, consider the Justesen code [ ] with R = logrgn), by definition

this is a code with dimension k = [log(n)], length n and distance d = 0.11(n —log(n)). Let
SPB 0,1} = F? be the code space of this code. Since the encoding map for the Justesen
code can be implemented in O(poly(n)) time, there exists an encoding map aPB:Nx {0,1}* —
{0,1}* such that 7" (n, s) is a bijection map that maps elements from {0, 1}1°80! to SPB with
TIME,»s (1) = poly(n). Furthermore, the uniform distribution on SEB has a spectral gap of % <

log(n)
DTTnTog) = 30 for all 7.

For n € N, we define the n-qubit Pauli Basis test to be u dependent-Pauli Basis test with
the distribution u being the uniform distribution over St® and we use ¢°® to denote this game.
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Combining the property for the Justesen code discussed above with Theorem , We prove
following properties about the n-qubit Pauli Basis test.

Theorem 8.3.3 (Properties of the n-qubit Pauli Basis test). Let 422 be the n-qubit Pauli Basis
test

1. (Computation time): 4%® is samplable via a (T"B,EPB {LV} ,c1rs) typed CL distribution,

. SB SB
where each T"B [Fg . Fg " is a first level CL function, where s3° = |log(n)]. 428 has a

decision complexity of poly(n).

2. (Completeness): There exists a perfect finite-dimensional symmetric oracularizable strat-
egy 7B = (C¥" © C?",IME,)®" ® |ME) , {PX}) such that for all s € 0,1} and W € (X, Z}

3. (Soundness): Let. = (£*(,1),0 1) ,{P¥} xear) be a projective, tracially embeddable strat-
egy such thata)(ég,fB, ) = 1—¢. Then there exist two isometries Vy : L*(/,T) — L? (A, 1)®
C?" and Vg : L% ,7) — L%, 1) ® C2" with (Vg ®loen) Vs = Va(Vg ® lp2a) and a state
|Aux) € L%, 1) ® Cc?" such that

(Vi ®l320) Va (0 17)) — |Auxy IMEp)®" || < O (poly(e)),
and for all W € {X, Z} and u € Fon

(V4P §P““”’W) Vi) a A, ® (o) B B, —

1)o7 ® (05) 4, ® (I21) 4, ® (20) B,B,) |AUX) o/ 0,8, IME2) § ' 1> < O poly(e)).
(Vg (PFAWNPYE) s g, ® (Ig20) 4, 4,

) s ® (0¢) B, ® (21 B, ® (I2n) A, 2,) |AUX) o7 4,3, IMEp)§ "5 1” < O (poly(e)) .

where the subscript <7, A1, By, A2, B2 and </ denotes the registers on which each operator
acts (listed for clarity).

Proof. For the remainder of this proof, let W € {X, Z}. Fix an integer n € N. We first show that
the 48 is samplable via a typed CL distribution. By the definition given in Figure 8.2, one can
define the sampling procedure for 4°B as the following:

1. Sample (ux,uz) € SI:ZB X S,P;B uniformly at random.

2. Uniformly samples (rg, n1) € TPB x TPaulibasis ‘\where (TPB, EPB) is the graph in Figure 8.2,
and perform rejection sampling until (ng, n;) € EPB,

3. Send the question label and question content corresponding to rg to one of the provers,
and send the question content corresponding to the n; to the other prover.

We wish to show that the above sampling procedure can be done via a typed CL sam-
plable function. Identify F, with {0, 1}, and define each L” as follows: For every input (sx, sz) €
B
{0,1}" x {0,1}%" , we define each of the linear function accordingly:

e For v € {(Pauli, W), (Coordinate, W), (Commutation, W)},

L(Pauli,W)(sX’SZ) =(0,0),

L(Coordinate,X) (SX SZ) — L(Commutation,X)(sX SZ) — (SX 0)

L(Coordinate,Z)(sX S7) = L(Commutation,Z)(sX s7)=(0,s7)
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¢ Otherwise, LV is the identity function, or
LY(sx,s7) = (sx,52).

For the decision process, given input (uy, uz) € S8 x SPB and the output listed in the “An-
swer format" from Figure 8.3, the decision process for all the edges can be decided in O(poly(n))
time since it involves either computing an inner product between elements of {0, 1}” or some
form of consistency test. Furthermore, since the map 7" is computable uniformly in O(poly(n))
time, the decider can compute each of the (ux, uz) from (sx, sz) sampled above. For the “com-
pleteness" condition, we define the synchronous strategy .#’*® over the Hilbert space C?" ® C?"
as follows: The joint state used between the two provers is n EPR pairs, or [IME)®" ® [ME,). For
(ux,uz) € SPB x SPB, define

pVuwo=Y. oy, pYwwo= Y o},

b~uW:O b'uWZI

and we see that
" (uw) = p" (uw)o - p" (uw)1.

We define the measurement operator {PZ} for the symmetric strategy .#*® as

pPauliWy = W g1, for all ty € {0,1}",
(Coordinate, W), uy _ w n
[(Pauli, W) Y= Z Py ® I for all Lpauli, w) € {0,1}".

I@auti, W) luy, =b

C ion, W),
Piwommutatlon W), (uw) _ PW(MW) f ol for ux - uy =0, ty € {0, 1}
P((;om’mutation),(ux,uz) = (pX(ux) t ) (pZ(UZ) t ) ®ly for ux-uz =0, t{/V €{0,1}
(tyy 1) X z

. lon+1 lf a=0
PéCommutatl()n),(ux,uz) _ { 2 forux-uy=1.

0 otherwise

forux-uy=1.

p(Commutation, W), (uw) _ lone ifa=0
a - .
0 otherwise

For the magic square game, given (ux, uz) such that u,-u, = 1, by (8.5), the observables pX (ux)
and pZ(uz) anti-commutes. By applying | , Theorem 7.11], there exists a symmetric
projective oracularizable strategy . MS — (sz ® sz, IME)®" ® IME,), {M}}) such that for
be{0,1},

M}()Variable,l) — pW(uw)n ®l,, M}(}Variable,S) = pW(uW)n ®l,.
Forie{2,3,4,6,7,8,9},and j€{1,---,6},set
Pév ariable, i), (i, z) _ o7 W ariabled, Pl(,conmamt'])’(u”%) = M;()C(mmamt’] ).

In the event that u, - u, =0, set

P(Variable,i),(ux,uz) _ P(Constraint,j),(ux,uz) _ [|2H+1 ifb=0
b b 0 otherwise

Since all measurement operators .7 PB are defined within ®?:+01 M (C), forall ae of

(Po®lp) IME2) op ® IME2)ap = (18 PL) IMEp) 55 ® IME) ap

for all measurements within .#*2. We now verify that .#"8 is indeed an oracularizable and
perfect strategy by considering all possible question pairs in '8,
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* (Self-loop) Since all the measurements are projective, this is trivially true.

e (Pauli, W) - (Coordinate, W) This follows since both question labels require a measure-
ment in the W basis.

e Ifu,-u,=0

— The red-edge question pairs are trivially perfect/oracularizable, since one of the
measurement operators is always the identity.

- (Coordinate, W) — (Commutation, W): This follows since both question labels re-
quire a measurement in the W basis.

- (Commutation) — (Commutation, W): By (8.5), pX(ux) commutes with pZ (uz).
Hence, {pX(uX),-},-E{O,l} pairwise commute with {pZ(uZ)i}ie{o,l}, and the statement
follows accordingly.

e Ifuy-u,=1

- The blue edge question pairs are trivially perfect/oracularizable, since one of the
measurement operators is always the identity.

— (Variable 1) — (Coordinate, X): This follows since both question labels require a
measurement in the X basis.

— (Variable 5) — (Coordinate, Z): This follows since both question labels require a
measurement in the Z basis.

- (Constraint) — (Variable): This follows by [ , Theorem 7.11].
This shows that "B is a symmetric oracularizable strategy.

For soundness, let. = (£2(</,71),0|1), {P}} xea’) be a projective, tracially embeddable strategy
such that w(4"8,.#) = 1 - &. By Theorem and the spectral gap property for the Justesen
code, we have

(Vi ®1320) Va l) — |Aux) [EPRY®"||* < O (poly(e)),

and for all W € {X, Z} and u € {0, 1}"

(VAW AWV} ®lpn — 7 ® 20 ® p™ (1) ® In) |Aux) [EPRY®”|” < O (poly(e)), (8.11)
|(VEWB () Vi ® lzn — 1z @ Ien @130 @ p" (1)) |Aux) [EPRY®” | < O (poly(e)). (8.12)

By rewriting (8.11), we see that

(VAW A )V} ® lyon — 1z ® Ien ® p" (1) ® 121 ) [Aux) |EPR>®”|2
2

= (Aux|(EPRI®" | ¥ DT @B 80— Y (- P14 00y 8 p ©lyn | |Aux) [EPRY®”
aef{0,1} be{0,1}

=2— ) (Aux|(EPR|®" (P ® o) (L7 ®lpz0 ® p} ®lpn) |Aux) [EPR)®"
ac{0,1}
-y ¥ (—1) @b ((Aux| (BPR|®" (B ® lyzn) (Lyp ® ly2n ® oy ®lan)
ae{0,1} be{0,1}
~ Lz ®lp2n ® p}) ®lpn) (Py ®lp20) |Aux) |[EPR)®")

=2- ) (Aux|(EPR|®" (P, ®ly2)(l 7 ® ly2 ® p)’ ®[n)|Aux) [EPR)®"
aef0,1}

- Y Y ~)T@D (Aux| (BPRI®" (B, @ lyon) (e @ lyzn @ p)Y @ 1)
ae{0,1} be{0,1}

— (Pg ®ly2n) (L ®lpz0 ® ]’ ® 1) |Aux) |[EPR)®")
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=2— Y (Aux|(EPR|®" (P, ®ly2n) (I ® lp2n ® p} ®lpn) |Aux) |EPR)®"
aef0,1}

= Y (VaPLV; ®lyen —lz ®ly20 ® pl ®lpn) |Aux) [EPR)®" %,
ac{0,1}"
where the second to last inequality follows from pZV ®I|EPR) =1® pzv |[EPR). (8.12) follows

from a similar calculation, this shows the “soundness clause" of Theorem
O

8.4 Proof of Theorem

In this section, we show the rigidity for the y-dependent Pauli Basis test. Before we begin, we
first show the following theorem which allows us to work with synchronous strategies through-
out the proof. We start by proving a corollary based on the rounding theorem ( Theorem )
which allows us to work using synchronous strategies when working with rigidity statements.

8.4.1 Rounding approximate algebraic relationships

In this subsection, we show an approximation related to almost synchronous correlations re-
lated to algebraic relationships. We remark that the below corollary is an analogue of [ ,
Corollary 4.4] for the commuting operator model.

Corollary 8.4.1. Let ¥ = (%Z,dz,p, D) be a synchronous game with {X,Z} € X and 7, < of
for some q = p" for some prime power p. Furthermore, assume p(X,X) = O(1) and u(Z,2) =
O(1). Lety: ny — G, x(a,b) = wgb, where wp, = e%. Suppose for every synchronous symmetric
projective strategy .V = (£*(%,71 %), 1T ), {AX}) follows the "algebraic relations" property:

2mi

For X(b) = Zjez,, wl,;] Af, and Z(b) = ZjEZq wg] A]Z, where w, = e r , there exist a convex,
monotone, non-decreasing function x : [0, 1] — Rx such that

E IIX(cl)Z(b)—w;f,hZ(b)X(a)IT.%)II2 < k(@ (G, 7). (8.13)

(a,b)eZ ;%24

Then the ‘algebraic relations" property extends to any arbitrary § -synchronous symmetric, pro-
jective strategy . = (£%(<,1),017),{AX},{BL}) on both measurement operator {AX} and {B%},
with ( ) replaced with
o o IX(@Zb) = w3’ Z() X (@)a 1) |* < 00w (G,.#) +poly() + 0(6"%).  (8.14)
a,b)e g*Lq
We remark that (8.14) is equivalent to an approximation in the state-dependent norm, and

could potentially used for other rigidity statements. We remark that the proof below follows a
similar structure as [ , Corollary 4.4].

Proof. Define X(a) and Z(b) in the same way as the ”algebraic relations" property on the mea-
surement A}. Let {P,} and {Ag’x} be the set of projectors and PVMs promised by Proposi-

tion , and let .7} = (L2(Pyo/ Py, Py1), ﬁPﬂ IT),{Ag’x}) be the synchronous strategy

constructed from {AQ”‘}. Let X} (a) = ZjEZq a)l;jA?’X and similarly ZMa) = ZjEZq wl;jA;L’Z. For
eachaeZ,

fo PII(X(@) - XM (@) Pl12dA < fo PV Y llw) (AX - A¥X)Pyl2dA < 0(61),  (8.15)
J€Z,4

where the last inequality follows from Proposition and the assumption that p(X, X) =
O(1). Similarly,

fo P(/UII(Z(d)—ZA(a))PMI%So(ﬁ). (8.16)
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To show Equation (8.14), we first note that via the triangle inequality and because |7) is a tracial
state

(a[Eb) I(X(@)Z(Db) - waZ(b)X(a))al 5= (a[Eb) (yloX(@Z (D) - waZ(b)X(a))U ly)

= foooP(M @ b)(—:[%qxzq [I(X(a)Z(b) - waZ(b)X(a))Pallgd/l-
Also, since 7 is convex,
fo e E XM @) Z" (b) - w3 Z* () XM (@) PAl13 < 1)( fo " 0@, 7)< 0@ (%,.) + poly(®)).
Hence, it is sufficient to show the following to conclude the lemma:

f PO E I (X(@2zb) -0 20 X (@) - XM @2 (b) - 0 2 () X (@) | Pal BdA < OG).
0 a,

(8.17)
Rearranging Equation (8.17) via the triangle inequality

fo PO E IN((X(@Z0) -0 20X @)~ X @Z' () -0 24 0)X @) Pall
< fo PO E (1IX@Z0)~ XM @ 2 B} + o (2! 0)X @) - ZB) X @)13) dA

= fo PO E IIX(@Z(b) —X(@Z WIE+IIX@Z (b) - XM @) Z ()2
+ 120 XM @) - ZA D) X (@13 +11(ZA (D) X (@) - Z(b) X (a))]|5dA.

Since the proof for the above four components is similar, we will only include the proof for the
first term below:

o0 oo
f P()L)( [Eb) IX(@Zb) - X(@Z" (b)5dA<1- \/f P(/l)ﬂgllZ(b) - Z'(D)|3dA < 06"?),
0 a, 0
where the last inequality follows from Equation (8.16), completing the proof of the corollary. O

8.4.2 Commutation/anti-commutation property related to measurement observable

In order to show Theorem , we show the following proposition about the observables de-
fined within (8.7).

Proposition 8.4.2. Let% (u) be the u-dependent Pauli Basis test and let &/ = (£*(/,1),0 1) ,{A%},{BX})
be a projective, tracially embeddable strategy for 4 (u) with w®°(4 (), ) =1—¢. Let WA be the
unitary observable define within (8.7), then

IX4w) 24 (w) - (D" Z W) XA (W)I2, < O (poly(x (w), £),

(u,v)E(Zyn)?

X% Z% ) - (1"’ ZP () XP W2, < O (poly(n(w),¢)).

(1, 0)€(Zyn)?
Proof. We first assume that the strategy (£%(</,1),|7),{AX}) is synchronous (and use W (a) in-
stead to represent the observables defined on (8.7)). This implies that each A}, is a projective

measurements. We first wish to show that

" U)[EW |X(wZw) - (~)** Zw X (W)||5 < O(poly(e)). (8.18)
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We remark that ( ) is proven implicitly in [ , Proposition 3.8]. For u,r € {0,1}", we
define A(tlra:lr"w) =Y reio,n el =r A([Pa“h’w). Hence, we can rewrite (5.7) as

W ( u) — Z A(Pauli, w) _ Z A(Pauli, w)

tly=r tly=r
ref0,1}" re{o, 13"
|r| mod 2=0 |7l mod 2=1

Coordinate, X), Coordinate, Z),
Let {AE(PZfljil,‘X)ma &X) u}((Pauli, X))€{0,1} and {A;(ngil“z)ma &2 y}((Pauli, 7Z)€Ef0, 11" be the measurement op-
erators for the question label (Coordinate, X) and (Coordinate, Z) respectively. Furthermore,
for i € 0,1} and W = {X, Z}, define ACoordinate W.u _ f€10,1) A(tg"ordmate’w)'”, and define

ltwl=t |t mod 2=i
the observable W (Coordinate),u _ Afcol"rginate’ Whu _ Al(color‘lﬂnate'm’” Since in ¢(u), the question
twl= twl= : ’
pair on the black edge gets picked with a constant probability, the players can fail these ques-
tions with at most O(¢) probability over these two question pairs with strategy .. This implies
forwe{X, 7}

[E Z (1] A(tfl’jlzlltil:VW)A([(vioordinate, W), u 1Ty <1- 0(e).
U= refo,13n

Rewriting the above equation

E Z I A(Pauli,W) _ A(tsvoordinate, W),u”%

~ tly=tw
U=ty ei0,13n "

—2_92| E Z (| A(tfl’jillti‘;VW)A(tsvoordinate, W),u) <0(e),
U~k €101

and hence, by the triangle inequality

i Pauli, W i , W),
M[E#”W(u) _ W(Coordlnate),ung — [E || Z (_1)|tX| (A( auli, )_Agsvoordlnate )u) ||§ < O(e).

tlu=t
tx€{0,1}" =t
(8.19)
In order to show the lemma, we first show
w U)[EHX“ | |X(Coordlnate),uZ(Coordlnate),v — (=1 u~vZ(Coordlnate),vX(Coordlnate),ul |§ < O(poly(e)),
(8.20)

then use Equation ( ) to conclude the lemma. We consider the case where - v = 0 and
u-v =1 for (8.20) separately. First, assume that ©-v = 0 in step 1 of the sampling procedure
for the p dependent Pauli Basis test. Let p(z) denote the distribution p x u conditioned on the
output u- v =0, and let {AES}?ETutaﬁom’“’”}(txytz)e{oyl}mn be the measurement operators corre-
sponds to the “commutation” question label with answer pair (fx, tz), and for W € {X, Z}, let
{AE?;;nmutaﬁon)’”}(tw)e{o,l}n be the measurement operators corresponds to the “(Commutation,
W)" question label with answer (fy). Since . succeeds with probability 1 — ¢, the players can
fail the (Commutation) - (Commutation, W) with probability at most O(¢), for W € {X, Z}, this

implies

E ) Z (TlAE?:rtllr)nutation),u,vAg(MI/ommutation),u |T) <1- O(f;‘). (8.21)
(W, V)~ tyefo,1} e

Rewriting the above inequality the same way as (8.19), we have

(Commutation), u,v (Commutation, W),u 2
Yo - Af, I3 < O(e).

(tx,12)
WG (1 eye002

By a similar argument using the (Coordinates, W) — (Commutation, W) test,

(Coordinates,W),u (Commutation, W),u 2
E || At _AIW ||2SO(£)7

(V) ~§ £,/€00,1}  £€{0, 1} 1u-t=try
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and hence by triangle inequality
E i ” A(tCoordinates,W),u _ Eg;r;;r)nutation),u,v | |§ < O(&‘),
WO~ (1, 1)€{0,1)2 t{0, 1} u-t=ty

Hence, by the triangle inequality, Jensen’s inequality and Cauchy-Schwarz inequality;,

E Z I A(tgoordlnate,X),u Agoordmate, 7),v _ A(t(Zjoordlnate, 7),v Ag(;oordlnate,X),ullg
()~ 1G4 €{0,1}"
t7€{0,1}"
< E Z “( A(tf(loordlnate,X),u_ E?ortnr)nutatlon),u,v) A(t(zjoordlnate, Z)v
W) ~k5 1y€{0,1}" o
t7€{0,1}"
(Commutation),u,v ; 4 (Coordinate, Z),v _ 4 (Commutation),u,v
+ A(txyl‘z) (A[Z (tx,tz2) )
(Commutation),u,v ; ,(Commutation),u,v _ ,(Coordinate,X),u
+ A(txyl‘z) (A([thz) AtX )
(Commutation), u, v (Coordinate, Z),vy 5 (Coordinate,X),u 2
+ (AL ~ Ay VA I3 < OWe). (8.22)

Returning to (8.20), for W € {X, Z} and u € {0,1}", since W (Coordinate),u jq o binary observable,
we can rewrite it as

W(Coordinate),u =1=2- A(Coordinate, W), u
- [tw]=1 :

Hence, we can rewrite (8.20) as

E I X(Coordinate),u Z(Coordinate),v _ Z(Coordinate),v X(Coordinate),ul |§

(u,v)~po
-9 E “ A(Coordinate, X),u A(Coordinate, v _ A(Coordinate, Z),v A(Coordinate, X),u||2
- (1, v)~Ho ltx]=1 ltz|=1 ltz|=1 [tx]|=1 2
(Coordinate,X),u ,(Coordinate, Z),v (Coordinate, Z),v ,(Coordinate,X),u 2
<2 E Y A Ay - Ay AL 115
(u,v)~po 1y €{0,1}"
|tx| mod 2=1
t7€{0,1}"
|tz| mod 2=1
(Coordinate,X),u , (Coordinate, Z),v (Coordinate, Z),v 4 (Coordinate,X),u 2
<2 E Y. AL Ay - Ay Ay I3 < 0(Ve),

(u,v)~uo 1 €{0,1}"
t7€{0,1}"

(8.23)

where the third line follows from || - ||» = 0, and the last line follows from (8.22). This concludes
the case for u- v = 0. Now we consider the case where u-v = 1. Let ,u% denote the distribution
1 x p conditioned on the output u- v = 1. Since .¥ succeeds with probability 1 — ¢, the players
can fail the “anti-commutation test" with probability at most O(¢g). Since the anti-commutation
test is a synchronous magic square game with the question labels “variable 1" and “variable 5"
are replaced by the question labels (Coordinate, X), u and (Coordinate, X), v respectively. By
Theorem 8.3.1

E I X(Coordinate),u Z(Coordinate),v + Z(Coordinate),v X(Coordinate),u |§ < O(p Oly( €)), (8.24)

(w,v)~p3
which concludes the case for - v = 1. Combining (8.23) and (8.24) shows (8.20). By combining
(8.20) and (8.19) via the triangle inequality, we have

E IXWZ) - (D"’ Z(w) XI5 < O(poly(e)),
(,v)~pxp

showing (8.7). Given that each {Agauli,W} is a projective measurement for W € {X, Z}, the ob-
servable {W (1)} ,ei0,1; is an (exact) unitary representation for the group Z,». Hence, we ap-
ply Theorem 8.1.2 on (8.18) to obtain

o) | XwZw) - 1"’ Zw X )|, = x(w* - O(poly(e)), (8.25)
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where the expectation is over the uniform distribution over {0, 112", This concludes the lemma
for the case where . is synchronous.

For the general case, note both the labels (Pauli, X) and (Pauli, Z) appear as a synchronic-
ity question pair with probability O(1) (i.e. independent of n) within ¢ (u). Thus, we can use
Corollary to extend this result to the general case, concluding the proof for this proposi-
tion. O

8.4.3 Proof of the rigidity statement

Using Proposition , we are ready to give a proof for Theorem . We remark that this
proof follows a similar structure as | , Lemma A.24].
Proof. By using Lemma , we can assume that the measurement operators for . are PVMs

with O(poly(g)) overhead. With this assumption, for W € {X, Z} and P € {A, B}, (WP ()} forms
an unitary representation for the group Z,». This implies for all u, v € Zy»

WP ww?w) = ww+v).
Combine the above equation with Proposition , we see that {X” ()} u{ZP(u)} forms an
(O (poly(K(p),E)),02)-representation for the group H (M Hence, by Theorem (and the

structure of the left regular representation for the group H"”), there exist two isometries V :
70— #eC*" and Vg: A — F® C2" such that for all (a,b) € Zon

1XA (@) Z4 (D) - V; (L7 ® p* (@) p” (b) ®1y20) Vil 52 < O(poly(x (W), €)), (8.26)
1XP (@) ZP (b) - Vi (e ® p* (@) p” (b) ®1p21) Vgl p2 < O(poly(k (1), ), (8.27)
We note that on the second item of the above equation, Theorem is applied on the com-

mutant </ rather than 7. We wish to first show (8.8) by using the synchronous condition to
connect the two exact representations. By the self-consistency test (self-loop), which appears
with O(1) probability, for all W € {X, Z}, we have

Z (r|JA(tPau“'W)Bipa““’W)alﬂ >1-0().
te{0,1}

Hence, via the triangle inequality, for all a € {0, 1}"
TloWA(@WB(a)olt) =1- 0(e), (8.28)

where we see that X8 (a) € 7 in this formulation. We will first consider (8.8), we wish to first
show

(TloV; (V5 ®15,) (17 ® (EPRXEPR|®") M 01227 (Vg ®12,) Vao|7)

=1-O(poly(k(w), €)). (8.29)

Where, 74 = €2 is the Hilbert space created by the isometry V4 and /8 = C?" are the space
created by the isometry V. For W € {X, Z}, denote Hy = E4-1013n p"V (@) ® p" (a). We see that

1-(tloV; (V5 ®15,) 0z ® Hy P 91 ®122) (Vg ®12,) Vaot)

22n
* * A B
=1-_E (loVi (v & 1)z ® (" (@) &) & (0" (@) ®12n) " (Vi & 1y20) Vao|T)
=1 -aN{[gl}nquj (L ®p" (@) @) VaVy Lz ® p" (@) ® In) VpolT)

=l1- E }n(TIOWA(a)WB(a)UIT)

a~{0,1
+a~{[(§1}"<T|U(WA(a)_ Vi (e ®p% (@) ®1pn) Va) Vi (L ® p% () 1) Vo)
* {[51} (tlow*(a) (WB(“)_VJ; (”Jf®pw(6l)®|]2n)VB)0'|T>

a~{0,1}"

< O(poly(x (W), €)),



8.4. Proof of Theorem 105

where the last line follows from ( ) and ( ). We note that the braket around the tensor
product in the above equation helps keep track of the register of each space. Hence, we have

(TloV; (V5 @18 (L ® Hy' ™ o1 ®152) (Vg ®14,) Vaolt) 2 1 - O(poly(k(w),€)).  (8.30)
Recall that

HxHz= E p*(@)p?(b)® p*(@)p” (b) = (IEPRYXEPR|)®".

Hence to show ( ), it is sufficient to show that

(Tlo Vi (V5 ® 1) (e ® (Hx H2) M B @ 102P) (Vs @ 1,) Vao|T) = 1 - Opoly(x (1), £)).

or
|8 )P @12P) (Vs 01,0 Vao 1) - e @ HY P 0122 (Vi 14, Vao D)
< O(poly(x (), €)). (8.31)

To show (8.31), by the triangle inequality, we have

” (ﬂjg e HM P g u;‘;nBZ) (Vs ®14,)Vac|7) - (u;f o HiPi g ug‘;,,BZ) (Vs ®14,)Vao|7) “

< |aw e HY P 81" (Va 01 Vao D) - (Vs 01, Vao )|

+ H (Vg ® 14,0 Va0 [7) — (HE P @ 12252 01 4) (Vi @ 1) Vao 1) H
< O(poly(x (), €)),
where the last line follows from (8.30). This shows ( ). Let

|aux) = (njf ® ((EPR|®™M™1B1 g u;‘;,,BZ) (Vg @14 Vao ),

and by setting |aux) = m [aux), we conclude the argument for (8.8).
Now we wish to show (8.9), since the proof for P = A is the same as P = B, we show only the
case where P = A below. By labelling the space and rearranging the equation

[((VawAwv; © G BB 4%~y 6 (o ()™ © (190 5152) 1Aus) (EPRY) 45 |

<2 —2(Aux| (EPR|®" ((VAWA(u) VHlzep" (we nzn)JfAlAZ) ® (120) 152 | Aux) |EPR)®"

=2-2(Aux|(EPRI®" (VAW Aw) V) ® (0" () ® 1) 5152 | Aux) |EPR)®"

<2-2¢t|aV; (Vg ®lpn) (VaWA @) V) ® (0" () ® lan) B152 (Vg ® 120) Vo |T)

+ O(poly(x (), €))

<2-2(la WAV, Uz ® p* (@) p? (b) ® ly21) Vo |T) + O(poly(k (), )

<2-2(|loWAwyWBw)o |t) + O(poly(x (), €))

< O(poly(k (w), €)), (8.32)
where the second line follows from pW(u) ®lyn |[EPR) = lpn ® pW(u)I]Zn |[EPR). The fourth line

of the above equation follows from Cauchy-Schwarz, (8.8) and for two arbitrary unit vectors
lw),|¢p) € A such that || [y) — |d) |2 <¢eforsomee>0and A<I

(Wl Aly) — (Pl AlP) = (| — (PN Aly) + (Pl Aly) — )
<) =1y I - AW | + 1 AlPY D < Ve-1.
The fifth line on ( ) follows from the commutation of the isometry, the sixth line follows from

(8.27) and the Cauchy-Schwarz’s inequality, and the last line follows from (8.28). This concludes
the proof for Theorem . O






CHAPTER 9

Question Reduction part 2: The
introspection protocol

We introduce the introspection protocol in this chapter, which is the protocol required for
the question reduction step for the compression theorem Proposition . Intuitively, the
introspection protocol asks both provers to sample their own question pairs for the nth game
instance, and play the game based on the question pair they sampled. This procedure might
first seem counter-intuitive, since the provers can always pre-select a question pair before the
game rather than sampling it honestly during the interaction. As seen later in this chapter, the
trick for the verifier is to use the n%*-Pauli basis test introduced in the last chapter to “force" the
provers to generate fresh shared randomness between them, using Z measurements on their
shared EPR pairs. In fact, it was shown that if the provers are only allowed to measure using
noisy EPR in the MIP* model, the complexity ends up being correlated inversely with the noise
tolerance, and if given a constant amount of noise (in fidelity), the complexity automatically
drops down to NEXP, the same as classical MIP [ .

9.1 The Introspection protocol

In this subsection, we present the introspection protocol for a game that is CL samplable, which
provides the algorithm QuestionReduction, ; required in Proposition .Fora,neN, and
a CL samplable game ¥ = (¥, o/, u, D), where the question distribution p is a (k, m, p) CL dis-
tribution with m- p < n®, we define the sampling procedure for the (¥, a, k)-introspection pro-

tocol in Figure 9.2, the verification procedure in Figure 9.3, and a typed graph for the input
distribution in Figure 9.1. We remark that the introspection protocol is almost the same as the
one presented in [ , Figure 10], with minor adjustments for clarity.

We give a simple example to illustrate the introspection protocol. Suppose ¢ = (¥, <, u, D)
is a synchronous game, where p is a (1, m, 3) CL distribution defined by the CL functions

LA(s0, 51,52) = (S0 +51,0,0) and LB (s, s1,52) = (51 + 52,0,0), (9.1)

for all (s, s1,52) € [Fg. The introspection protocol first forces the provers to prepare three copies
of the IME;) by using the 3-qubit Pauli basis test as a subroutine. In the ideal scenario, the
verifier wants the prover (Alice) who receives the question arising from L4 to perform a Pauli
Z measurement on the first 2 copies of IME,)®3 in order to sample two random bits (s(‘)“, sf‘) ~
{0,1}%, compute LA(sy!, s, 0) to obtain her question for ¢ and play the game accordingly. Intu-
itively, this “samples" the first two bits, sp and s;, which is the minimum amount of information
Alice needs to compute L*. The other prover, Bob, should perform a Pauli Z measurement on
the last two copies IME,)®3 in order to sample (sf , ;_3) ~ {0,1}2, and calculate LB (0, sf3 ,sf) to
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Constrant;
Constranty
Constrants
Constranty
Constrants

Constrantg

Figure 9.1:

Chapter 9. Question Reduction part 2: The introspection protocol

(Hidep,L4)  (Hidep,L4) (Hide_;,L4) (Read,L4)

(Coord,X)  (Pauli,X) /‘—.
(Gen Pauli, X)

(Hideo,LP) (Hide1,LB)  (Hidej_;,LB)

Variable; (Read, L.B)

(Comm, X)
Variables

Comm (Intro, LB)

(Sample, LB )
(Comm, Z) e

Variables

Variabley

(Gen Pauli, Z2)
Variables (Coord, Z2) (Pauli, Z)

Variableg (Sample, LA)

Variable;
Variableg
Variableg

The typed graph (T?Cmm, E}Cmm) for a (n%, k,%)-introspection protocol, where each of the ver-
tices above also contains a self-loop (which is a black edge). The purple edges are intuitively
the question pair in which the provers are asked to sample honestly from the question dis-
tribution, and play the original game. The orange and green edges are questions which are
designed to make sure that the provers perform the correct measurement such that LA(s)
and LB(s) can be sampled correctly. The blue edges correspond to question pairs from the
n®-Pauli basis test. We remark that the typed graph above only depends on the parameter k,
and functions L4, LB within the question label are presented for clarity.

Question label Question content Answer format

n%-PB question labels See Figure

(Gen Pauli, W) Sw € [Fg},

(Hideo, LP) (12, r>0) € Vo x Voo

(Hide;,LP), i € [k]\0 (tEne, 1L ro ) € Vi x Vg x Vs

(Read, L") (fRead,p* fRead,p» @Read,P) € F3p X F7; x of
(Sample,LP) (SSamplev aSample,P) € [Fg;f x ol

(Intro,LE) (xp,ap) € [Fg,lg x o

Figure: Q and A format for the (¢, n%, k)-introspection protocol, with W € {X, Z} and P € {A, B}.

1. Sample (uy,uy) € Sglg x 3212, (g, m) € T}Cntro % T}Cntro, where (Tgcntro’Egcntro) is defined in Figure 9.1, and
perform rejection sampling until (ng, n1) € E}Cmr 0,

2. Send the question label and question content corresponding to rg to one of the provers, and send the
question content corresponding to the n; to the other prover.

Sampling procedure

Figure 9.2: The description for the sampling procedure for the (¢, n%, k)-introspection protocol. Where ¢ =

(%, 4,1, D), such that the distribution y is a (k, m, p) CL distribution with m- p < n®. The CL dis-

tribution is defined by two CL functions L4 and LB with registers {Vilierx with [F;’}, =Uiern Vi-

obtain his half of the question pair and output his answer accordingly. By the properties of
entanglement, if Alice and Bob have performed the procedure properly, sf‘ = s{/ , and hence
the question distribution sampled by the two provers is precisely the same as p. In the intro-
spection game, the verifier wants the provers to perform this “ideal scenario" when given the
(Intro, LP) question label in Figure

(Intro,L4)
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To enforce honesty from the provers, the verifier cross-references the measurements made
by the provers with those made in the (Pauli, W) question pair for W € {X, Z} (which, recall,
forces the provers to perform an all X or all Z measurement on all [ME,) states by the properties
of the n® Pauli basis test). In particular, the verifier wants to make sure the provers perform the
following task correctly:

1. The provers should only measure the register they need in order to compute the function
LP. On the example given in Equation (9.1), the prover receiving the question which
arises from L4 should only perform the Pauli Z on the first 2 copies of [ME,)®3, and not
measure the last copy (i.e. the kernel of L4).

2. After sampling the bits required to compute the function L, the provers have to correctly
apply the function (instead of using some pre-prepared question pair).

To ensure the first task is performed correctly, the verifier cross-references the (Intro,L”) ques-
tion with the question label (Read, L?), in which the provers, in addition to performing the Pauli
Z measurement, must also make a Pauli X measurement on the kernel space of L4, and are ex-
pected to output the same answer as the (Intro, L) question. On the example above, since Al-
ice, given the (Intro,L*) question label can only perform an X or Z measurement on the third
qubit, her answer must not depend on the measurement outcome for the third qubit. The

Verification procedure
Synchronicity/EPR test.

* (Self-loop): The provers win iff they output the same answer.
e (n%-PB question labels): If (g, n1) is a blue edge, refer to Figure

 (Pauli, W) - (Gen Pauli, W): Let 7wp.m (fy) be the first p - m bits of tyy, the provers win iff the canonical
representation of sy is equal to 7 p.;, (fyy).

Hiding test. We identify t?one =0¢€Fyp.
¢ (Gen Pauli, X) - (Hideo,LP): Write sx = (sx)o + (sX)g +(sx)s0 € kerLg0 @kerLgOC @ V5o (where the
canonical complement is defined over Vj), the prover wins iff (sX)g = té—O and (sx)>0 = >0.

o (Hide;,LP) - (Hide;,1,LP) for i € [k]: Write

1 _zl 7zl X . Line _ 7Line , zLine . :
hi1 =l €Vei®Vin, I =1+ eV eV,
C
_ = =C , = p P
Isi=Ti+T;7 4741 Eker(LiJrl,tL‘;‘fl) @ker(Li+1’t£ii,]+el) & Viivl,

In the notation above, the bar above the variable indicates that the element is decomposed from
(Hide;) and the tilde above the variable refers to elements from (Hide;,;). The complement for

C
ker|LP Line | 1S over the subspace V;.
LIS
The provers win iff
L _ 1 =C _ =zl zLine _ ,Line % _
=iz, Iy =thoy I =0 Tsitl1 =Tsitle
e (Hidey_;,LP) - Read,LP): The provers win iff IRead,p = k-1, and t}J?_ead p= tIJc_—l‘

e (Read,L”) - (Intro,L”): The provers win iff t]ﬁg;?i,P = xp, and ageaq,p = ap-
Sampling test.

¢ (Gen Pauli, Z) — (Sample, LP ): The provers win iff sy = SSample-

* (Sample, L) - (Intro,L): The provers win iff LP(SSample) = xp and agample,p = ap-
Introspection of 4

e (Intro,L4) - (Intro,LB): The provers win iff D(x4, x5, a4, ag) = 1.

Figure 9.3: The description for the verification procedure for the (¢, n%, k)-introspection protocol.
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(Read,LP) question label is then cross-referenced with the (Pauli, X) question from the 3-qubit
Pauli basis test to ensure consistency for the X measurement on the third qubit. To ensure
the second task, the verifier cross-references the (Intro,L?) question with the question label
(Sample, L.”), in which the provers are expected to sample the entirety of the seed s by perform-
ing Pauli Z measurements on all of their [IME,) bits, compute the corresponding question LP(s)
and generate the corresponding answer. The (Sample,L.”) question label is cross-referenced
with the (Pauli, Z) question to ensure consistency.

In general, there are two additional problems. If the CL function LY is a level k CL function,
then the “Read" question cannot be cross-checked with the (Pauli, X) question, since the kernel
space of the linear function for each level depends on the computation step from the previous
level. Intuitively, the behaviour of the prover for the “Read" question is enforced by a series of
“Hide" questions, each designed to enforce the “honest measurement" for the Read question
for one level. Since a CL distribution is defined using two CL functions which map subspaces
of [, rather than of F}’, generalized Pauli measurements are needed for the introspection pro-
tocol. In combination with Lemma , we see that for any p € N, the p - n qubit Pauli basis
test can also serve as a rigidity test for generalized Pauli measurement over [ME,), and we use
the (Gen Pauli, W) to convert between these two types of self-test.

We have the following theorem regarding the (¥4, n%, k)-introspection protocol. We remark
thatin comparison to [ , Theorem 8.3], there is no longer dependency on « (the variable
Rornain [ 1). This is due to our EPR tester (the n-qubit Pauli basis test) not using the
low-degree test as a part of the subroutine.

Theorem 9.1.1 (Properties of the (¢4, n%, k)-introspection protocol). Let n,a € N, and let 4 =
(X, <, 1,D) be a k-th CL samplable game where the question distribution p is a (k, m, p) CL
distribution with m-p < n®. Let G0 = (Mo, ggintro intro. [iniroy he the (typed) (4, a, k) -
introspection protocol specified in Figure 9.2 and Figure 9.3. For t € {*, co}, the following holds:

* (Sample complexity): 4™ is samplable via a (T}""™,E/"" {L"} ,crmmo) typed CL distribu-

tion, where each T""° : [Fg'mu()g(n)J is a first level CL function. Furthermore, the question

distribution only depends on the parameter n® and k.

o (Completeness): If there exists a perfect oracularizable strategy for 4 in model t, then there
exists a perfect oracularizable strategy for 4""° in model t.

¢ (Soundness): There exists a polynomial P0(¢ ke ) such that

0 (%) <1-¢= 0" (G") <1-P"", exp(k)).

We prove the “sample complexity" and the “completeness” clauses below and the “sound-
ness" clause in Section

Proof. Fixn,a,keN,model f € {*,co}. Let¥ = (¥, <, i, D) be agame that satisfies the descrip-
tion for Theorem ,and let @0 = (gIntro gyltro  Intro pIntroy Ke the (typed)-introspection
protocol. Let (T}Cnm’, Elkmm) be the typed graph as given in Figure 9.1. Since ¢ is a k-th CL sam-
plable game with the input distribution u being a (k, m, p) CL distribution, by Definition ,
there exist two CL functions LA, LB : FJ) — FI over registers {V;} jelk) which can be used to
sample from p. Furthermore, recall from the preliminaries that U,_., is the unitary map given
in Lemma , and we write Uj", p as aunitary acting on C?" defined by Ufl”p ®lontmp.

For the “sample complexity" clause in the theorem, since the “question content" specified
in Figure 9.2 are empty except for the question labels from the n®-Pauli basis game, in which
the corresponding CL functions are already specified in the proof of Theorem ; the dis-
tribution p™"° is samplable via a (T}, E"™, {L"} ,cpmuo) typed CL distribution as specified by
the theorem statement. The “furthermore" part follows from Figure 9.2 depends only on n* for
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the Pauli basis test and k for the number of “Hide" question labels. This concludes the proof
for the “Sample complexity" clause of the theorem.

For the “completeness” clause in the theorem, let .# be a perfect oracularizable strategy in
model ¢ for 4. Since ¢ is synchronous, .7 is synchronous and hence by Lemma , We can
write . = (£2(, 1), Ty, {Af,}) as a projective synchronous strategy.

Before defining the perfect strategy for 4", we first introduce some notations for some
data processed Pauli measurements which is used as a part of the perfect strategy. For P €
{A, B}, we define the data processing measurement for the CL function L as

p ﬁ:PZIx] - Z p Z'Z’
acV|LP (a)=x
for all x € V. By the definition of a CL function given in Definition , the measurement
above is equivalent to the following: The prover first performs the data processing measure-
ment {pﬁ'im]} x,cV;, to sample some xg € V. Then, for 1 < i < k, the prover performs the mea-

{p[fo zlx’ }x,-EV‘ 9.2

1

surement

to obtain measurement outcome x; and compute X<;j+; = X; + X<;. The final measurement
outcome is x = x<. For j € [k], we define the measurement operator

|4
0 } 9.3)
{ Ll o ev,

similarly to pﬁ'Ple], except that only the first j measurements from (9.2) are performed.

Recall from Section that, for a linear map L, we use L* to denote the linear map that

. C
prOJects onto (ker (L)L) . By Lemma , for a fixed x<; € V<, the measurement operators
o pairwise commute with the measurement operator { p” X N .
[L” ;] [(LP)y 1]
<i X;€V; LX< X; EV

We define a perfect symmetric oracularizable strategy .7 = (C2" ec? e, IME,)®“+ g
Ty, {M}}) for @ntro 45 follows: For the question labels v € lenm’ which intersects a blue edge as
specified in Figure 9.1. We define the measurement operator M,

M!=Pleil,
where .#FB = (Czn Yo o |ME2>®(” + {P}}) is the perfect oracularlzable strategy for the
n®-Pauli basis test guaranteed by Theorem . Notably, for tyy € {0, 1}
MEPUEW) = oW s, @1,

Let g =lyna—p.m+1. We define the measurement for the rest of the question label as follows:

g (Gen Pauli, W) _ Uqu(p )(U2—>p) ®lr®ly, for all sy € F}},
el gt (o8 U, )" @l AL O forall seFs,aes,

I B
MO U O olgo &y forallseFfac

We define the measurement operator for M (Rtead L) as follows: The prover first performs

the measurement U,", »

is defined in (9.2)) and samples (¢, a) € X x <. Then the prover performs the measurement

(p[LPIt]) U, p) ® Ir ® A} (where the procedure for performing p[LPIt]

{Uz’ﬁp (pf’é)lxq) (Ug,)" ®lk ®[|ﬂ}tlev.
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P
Since these measurements commute, the measurement M;R;ia‘;’l“ ), defined as the product of

’

the two measurements described, is a well-deﬁned mePasurement.
For i € [k], the measurement operator for M*9¢"X") i defined in a similar way. The prover

LainIz;T>i

first performs the measurement

Z *
Uy, (p”'p ) U ) elge H(Q/}
{ P [L<f_1|t<i] P t<,'€VSj
to sample <; € V. ;. Then performs the measurement
X *
{ug, (obX)wge ) etmely}
14 I>i p r>,-€V>j
to sample rs; € V5 ;. We remark that by the comment after Lemma , these two measure-

ments commute. Lastly, the prover performs the measurement

p.X
1
P 1
[(Lsi,x<j) |xsi

to sample til. € V<;. This measurement commutes with the first measurement as proven above
and commutes with the second measurement because both are generalized Pauli X measure-

U, ) ®lg®ly 9.4)

m
U2—>p p 2—p

L
xsievsi

L p .
ments. Hence M (Hldf”L ) defined as the product of the above three measurements is a well-

<ir I pT>i

defined measurement. For clarity, we write all the measurement operator on the table below.

First, the measurement M} are projective, as given any v € T}Cmm, the measurements M/
are define by products of projective measurements which all commute with each other. Since
M} € Qjena+1) M2 (C) ® &7, we have

(M @y ) IME2)™ "1 |7) = (Lo ® (M) ) IMEg)™ * 1)

where M above is acting on one registers of the entangled state IME,)™*1 and the state |1).
Thus, the strategy Tgcmm succeeds with probability 1 on the consistency equations. By Theo-
rem , the strategy Ylgmro is perfect and oracularizable when restricted to the question pair
restricted to the blue edge (i.e. the n®-Pauli basis test) within Figure 9.1. By Lemma ,
the strategy ylgmm is perfect and oracularizable when restricted to the question pair (Pauli, W)
— (Gen Pauli, W). When restricted to the question pair (Intro,L4) — (Intro,LB), by construc-
tion, the question pair (z4, tg) sampled by the measurement operator of .’ precisely cor-
responds to the question distribution y, as (¢4, tg) = (LA(s),LB(s)) for some s € V. Since .7 is a
perfect oracularizable strategy for the game ¢, . is also a perfect oracularizable strategy
when restricted to the “Intro" question pair. It is straightforward to verify that .7 remains
a perfect and oracularizable strategy for the remainder question pairs by the table above, con-
cluding the proof for “completeness" part of the theorem. O

9.2 Soundness proof for the introspection protocol

The proof of the “soundness” clause for Proposition follows a similar structure to [ )
Section 8.4]. We first establish some notations which we use in the proof. Let (27, ) be a tracial
von Neumann algebra represented under the standard form ()(T,ﬁfz (,71),|1)). Mp(C)® A
is also a tracial von Neumann algebra with the trace Tr. In this case, the standard form for
M, (C) ® of are represented as 4, (C) ® [, ® o/ with the tracial state [ME,;) ® |). In this case the
opposite map op maps elements from (.4, (C)) 4 ® (I,)g ® &7 to (I,) 4 ® (M, (C))p ® &/. Hence,
when discussing measurement operators Py, ., from .7”, (P A %)Op are defined in B; </ (where
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Label Vo %1 Vs Vi—1 o
(Gen Pauli, X) (sw)o ~ oX (swl1~ X (swl2 ~ X (Swlg-1~0 ley
(Hideo,LP) td- ~ U(}I(J’)L r~ oX ro ~ oX Th—1~ oX 1
0
t(I;ine - UZ N X
. P
(Hldel,LP) Ly 5 NU(LIID)L ) ~aX Tk—1 ~aX 1
fy ~ "(}ig) .
Line Z Line Z
3 ~0 t ~0
. 0 P 1 P 1_.X
(Hidep, LP) Lo L ty ~ U(Lﬁ’)i Teo1 ~ 0% lor
1 X 1 X
(7 ST S YT
Line Z Line 4 Line 4
t ~0 t ~0 . ~0
. 0 P 1 P 2 P 1 X
(Hldek_l,LP) Ly Ly L, tk—l U(Li—l)L Iy
tOlNUfIig)L tf_NUfI(_‘f)J_ t2i~af£§)L
(tLine)O ~ G.ZP (tLiHE)l ~ G.ZP (tLil’le)z ~ U.ZP (tLine)k_l ~ O.ZP .
(Read,LP) Ly L Ly Lii g~ A;Lme
1 X 1 X 1 X 1L X
t ~0 t ~0 t ~0 t _1~0
o~ py N ~00 ey, (2~00p), (k-1 @b )t
(Intro, L) fo ~ ofg o~ af{) Iy ~ aff fee ~ ofi a~ AL
2 —1
P
(Sample, LP) S0 ~ oz s1~ oz Sp ~ oz Sk—1 "~ oz a~ Ag ©®
(GenPauli,Z)  (sz)o~0? (sxh ~a? (sz)2~0% (52)j1 ~ 0% 1oy

Table 9.1: Summary of the measurement operator M/, and as well as the output being sampled from
each measurement operator. The notation x ~ M are the variable x sampled from the mea-

surement operator. For i € [k], the measurement afp (resp.a(}i ?) ) above are shorthand for
i i

X ) (where the v; depends on the previous measurement outcome).

@y, )t

We also omit the conjugation by UJ"*, p for clarity.

zZ
o resp. o
(LY, 1x] (resp
<1

the < register is defined within the Hilbert space %?(<7,1) and contains measurements from
both &7 and .2/’). We sometimes write Pgﬁ ., for ameasurement operator Py, . to specified the
registers.

For a canonical register subspace V < [}, we define Cy < (C?")®™ as the subspace span
by the basis {|v)}yev, and ly = X pev Vo, - Um—1X{V0, - Vm=11 € Mopn(C). Furthermore, for
A, B € % for some von Neumann algebra %, we write [A, B] = A- B— B- A. For a multi-outcome
measurement {P, p} seos pesg, We denote P, = Y pe P, p. For a function f: o — €, we also use
Pit(a)p) to denote the data process measurement being applied on P,. For two sets of POVM
{Pa, b} ayect,be > 1Qc,a,} ce B,a,e57, We Write Py, = Qg,-4, to emphasize the outcome variables for
the measurement outcome which follows the = relationship.

9.2.1 Preliminary lemmas

Before continuing with the proof, we begin by recalling the following important lemma from [

Lemma 9.2.1 (Pauli twirl decomposition, Lemma 8.15 of | D). Let Z,< be two finite
sets, . be a distribution over &, V be a canonical subspace of [, and (</,7) be a tracial von
Neumann algebra represented in the standard form (x-, L?(f,1),|1)). Foreach x € &, let Wy
and V. be two canonical subspace of V such that Wy < V, €V, and let Ly : Wy — Wy be a linear
map.
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Consider the state |y) = |ME2”>ilrrfqz ®|Aux) ;s € (Czp ®Czp)igl ® L%(, 1) where |Aux) o/ is

an arbitrary vector. For each x € Z, let {M;fa}tewx,aegg be a set of PVM on %(Cy,) ® o/ . Suppose
that the following condition holds for some e >0

Z
Mf@l]vxc =h pﬁxm ®I]ch ®ly
[(M;fa ®lyc), (p) 7 @y @ﬂm] = 0
p,X
[(Mjfa ®lyc), (p[mtl] ®lyc® nﬁ)] =0,

where the ~ is defined over the distribution p and summing over t,t+ € Wy and a € <. In the

. X Z ;
equation above, both pﬁjﬂti] and pﬁ’ ) are in B(Hvw,) ® .

Then for each x € & and t € Wy, there exists a set ofPOVM{M;"t}aed actingon B(Cy,\y,) ®
o/ such that on average over x ~ |1

X - |24 x,t
(Mt,a ® l]Vf) ~O(poly(e)) p[Lxlr] ® Ma ® |]VXC'

We also recall several lemmas from [ , Section 8.4.2], which are useful for decom-
posing PVM measurements between different Hilbert spaces, as well as showing commutation
relationships between measurements.

Lemma 9.2.2 (Decomposition of measurements over the = distance, Lemma 8.16 of D.
Let o and 98 be two finite sets, € > 0, |y q) € g and |y o) € #a. Furthermore, let {Q,} < B(HQ)
be a set of PVM and foralla€ </, and let{AZ}begg, {Bg}begg < B(H4) be two sets of POVMs. Then
the following are equivalent:

* (Qa® A}) = (Qq ® B}) on the state|yq) ® |y 4).
* Over the distribution P(a) = (Y q|Qaly @) and the state |y ), we have A} =, B} .

Lemma 9.2.3 (Lemma 8.18 of [ D. LetX, % and Z be three finite sets, and (<7, 1) be a
tracial von Neumann algebra represented in the standard form (y, £%(<7,7),|7)). Furthermore,
forallxe %, lety e %, let {A) } < o be a set of POVM, {By,y,z} < /' be a set of PVM Suppose
that

Y WlA) By ly)=1-¢,

X,),2
for some state |y) € £%(<7,T) and € > 0. Then with respect to the state |y), By, y,z ~¢ A%,ZBx,y.

Lemma 9.2.4 (Approximation relationship implies commutation, Lemma 5.25 of [ D.
Let o7 be a von Neumann algebra, let &, of , 9B, and € be four finite sets. For every x € &, let
{A;]b}uedybggg, {C et ce¢ S A be two sets of POVM and let {B;C,b_c}aed,be%,ce% c &' be a set
of PVM. Suppose that for some d >0

X ~ X X o X
Aa,b ~é Ba,b Ca,c ~0 Ba,c-
Then [AZ b Cjﬁ_c] ~50.

Lemma 9.2.5 (Decomposition measurements preserves approximate commutation over the =
distance, Lemma 8.16 of [ . Let<t, 9B, and € be three finite sets, € > 0, |y q) € A and
|wa) € #4. Furthermore, let {Q.} < B(Fq) be a set of PVM, let {AZ}bEgg, {Bg}begg C B(Hy) be
two sets of POVMs, and let Aq p = Qq ® A}, Ba,c = Qa ® AZ.

Suppose that [Aqp, Ba,c] =¢ 0 with respect to the state |y ) ® |y a). Then

[A}, B{1=¢0

where the = and = is defined over the distribution P(a) = (Y q|Qaly q), the state |y 4), and sum-
ming over (b,c) € B x 6.

We remark that although the lemmas in this subsection are originally defined for finite-
dimensional matrices, the proof can be trivially modified for the infinite-dimensional setting.
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9.2.2 The proof

Recall, given the original game ¢, the input distribution y is described by a (k, m, p) CL distri-

bution which is defined over two k-th level CL function L4, LB [Fg}, — [Fg’,l, over registers {V} je(k),

Fot =V = @jeq Vj- For the introspection transformation ¢ = ("0, o7Intro yjIntro, pintro,

of ¢, we call the question x € Z'™ as an introspection question if the question label for x
corresponds to a vertex which intersects with either a orange or green edge (i.e. all the vertices

on the right side of “(Pauli, X)" and “(Pauli, Z)").

For “soundness", suppose that w!(4™°) > 1—¢, we wish to show that w*(¥) > 1-O(poly(exp (k), £)).

Let .7 = (L%(,7),07),{AZ}, {(BX)°P}) be a tracially embeddable strategy in model ¢ with
0(4™M°, #) > 1 - ¢. We start the proof by first showing the following claim, this is an analogue

of [ , Lemma 8.19]

Lemma 9.2.6. There is a symmetric strategy
= (C] eCh oCh oCh ©ZL%(d,1),IME)Y"s @1AUX) 4,5, ,{PE))

for some vector state |aux) 4,p,.s € Ci"; ® C%’;a ® L%(o/,1). Furthermore, w(4"°,. 7"y > 1 -
poly(n,€) , and for W € {X, Z} ‘
phauli W) — oW (9.5)

Proof. Consider . when restricted to the n%-Pauli basis test (the blue vertices in Figure 9.1).
Since by sampling a random question pair, there is a O(k) probability that a question from
the Pauli basis test is selected. This implies that . succeeds on the n®-Pauli basis test with
probability at least 1 — O(k - ¢). By Theorem , there exist two isometries Vy, Vp with (V3 ®

lyone) Vg = Va(Vp ®l,y2,0); a state |AUX) 4, B, o € szna ® L?(</, 1) such that

" 2
| (Vi ®1,200) Vo 170) = IME)*™ 1wy | < O (poly(k, 2)), 9.6)
and for all W € {X, Z} and u € Fyna

(Vo AP Wy %y ) sy ® (yzae) B, B, —
(o), ® (na) A, ® (lyz0a) B, B, @ (L7) ) AUX) 7 4,5, IME2) 5 1% < O (poly(e)), 9.7)

I(VB B PYS) @ () 4,4,

/ B1 B>
(01 )8, ® (yna) B, ® (yene) A, 4, ® (170) ) IAUX) 7 0,5, IMER) G5 1 < O poly(e)). 9.8)

For each (x, @) € 2™ x /" we define A = V4 AX V¥, and likewise BX=VgBX V;. Define .7}
as a strategy which uses the state IEPR)X”;1 |Aux) 4,8, and the measurement operator AZ and
BX for all questions instead. By (9.6), .#; succeeds in ¢ with probability 1 — O(poly(k, €)).

By the description given in Table 9.1. Since ¢¥™"° is O(k)-balance, this implies that .7} is
O(poly(k, €))-synchronous; hence by Corollary , there exists a projective, symmetric strat-
egy

S =(C4 eCh oCh ©Ch &L%(,1),[EPRY, |AUX) 4,5, , 1PE))
such that Ag =06) 152,‘ with w(.%,4™r0) > 1 — O(poly(n)).
Define .’ as the same measurement operator as .%, except for the question label (Pauli,

W) where instead the Pauli measurements (p!¥) 4, (resp. (p!¥)3,) are used instead. The lemma
then follows by combining Equation (9.7) and Ay =) Py . O

We wish to transform the underlying state of .’ in a way that the underlying entangled
state is [IME2»)®™ instead, consider the strategy .”, which is defined on the same Hilbert space
as .’ except that the under lying state is

((Uznl,p)A1 ® (Ugni,[,)B1 ® ﬂAngd) |ME2)§?§1 ® |Aux) 4, B, o7
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and the measurement operator is defined as P}, = (U. 2_,p ®lyna ®l )" Px( 2~p
Uy, , is a unitary, (", 4™"°) = w(#",4™"°). By Lemma , we can rewrite the state in

" as

®l,ne ®1,). Since

(lME2P>®m ® |ME2>®na_p.m)A 5 ° |AUX) 2,8, o/
1D1

Pauli, W) ( W

and P2 W = (P )4 B0 (@D with (P

w
1(JT k(@) k(< k(a)))Bl ®(pn>p.k(a))d'
Since the question pair (Pauli, W) - (Gen Pauli, W) occurs with probablhty O(%),

R4 w - (Gen Pauli, W)
(05" ®Pr_ (@) =0woly(ke) Ps ’

and since pz‘ipk (@) is a set of PVM, by summing over p" and apply Lemma )

W _ (Gen Pauli, W)
Ps’ Ropoly(k,e) Ps .

For simplicity of notation, we rewrite . as follows. We shrink the registers A; and B to include
only the first [ME»)®" pair, and combine the remaining parts of A; and B, as well as the
registers A, and By, into the “.o/" infinite-dimensional register. Hence, we can write

s (Ci,?m eCl" ® L2, 1), 1Y) = IMEp) S ®1AuX),/, {Pjg}) : 9.9)

such that w(¢™"°,.#") > 1 — O(poly(n)) = 61, with
W
R 9.10)

for W € {X, Z}. In this case, & also includes the extra finite-dimensional registers A;B,, and
the extra EPR pair guaranteed by the soundness clause of Theorem . Our goal is construct
a strategy for ¢ which succeed with probability 1 — O(poly(¢)) using the measurement pntro,L?
and POL”  Unless otherwise stated, the ~ and = relationship in this subsection are define
over the state |y) used to define the strategy .

For every s € [, we partition s =} jc(x) §; where each s; € V}, and we write

S<j= ). Siy Ssj= Y Si. (9.11)
i€lj] ji<k
Furthermore, for W € {X, Z} and s; € V}, we use the notation pfj' = Zte[pp‘[j_s] pfj'w, and we

define pf(‘yv (resp. pf;v) in a similar manner for s<; € V; (resp. s-; € V>;). Since pp'W is
projective, we have p” Yon iclk] pfi’w by definition. Since V; is a canonical basis subspace,
pwW W
Ps psO, sen = Q0§ (9.12)
ie(k]

where each s; € V;. When decomposing the generalized Pauli measurement in this manner,
we often times write it as @;ex (pfi'w) € Qe Cv, = €c?" to emphasize the underlying
Hilbert space. For a canonical basis subspace V < FJ}, we write as the (normalized) state

(IME2») 3 ) o= Esev 0 ©12),
For je[k], s<j,t<j€ V<jand r<j € Vj, and P € {A, B}, define

2p)

n.Z
(p (L (521, (7=7) 1) ® (p

p )
( [w? ;8= l<i<j [Lf(: ) ((Ssj)[)l(tsj)i]
UUsJ)<i-1

p,X p,X X
=|p ol @ |p ,
( L. “<f)"<”) v ) o] ) s (L;f(kj)dﬂ)Luss,-)i)l(zs,-)i]

i
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where

ssj= ) (s<j), e @ Vit<j= ) (t=j);€e @ Vi, and rj= ) (r<j); € D Vi

i€[j] i€[j] i€[j] i€[j] ie[j-1] ie[j-1]

By definition, for s, t € Fl/}

nZ _ ( p.Z ) .. .. ‘o
2P (p[L,:k © t]) =P e Base on the synchronicity condition of Fig

ure 9.3, we have the following claim.

Claim 9.2.7 (Consistency of measurement output). Forallxe & Intro yyhere x is an introspection
question, P; =opoly(k,s,)) (Py)°F over the state IMEgp)ﬁ W, ® AUX) 7.

Proof. Fix an introspection question x, given a question pair sampled from u™°, there is a
O(%) probability that the sampled question pair is (x, x). Since .#" is a strategy for ¢™"° which
succeed with probability 1 — &1, this implies that P =opoly(k,5,) (Py)°? by the “synchronicity”
clause given by Figure 9.3. The claim then follows from Lemma to convert between =
distance to = distance. O

Based on the verification procedure given in Figure 9.3, we have the following claim about
the approximation related to the Pauli X measurement

Claim 9.2.8 (Approximation of strategies related to the Pauli X measurement). Let P € {A, B}
and0< j<k, then

Hidey,LP , X X
PR 5 ks | 07 ®(p2iir,) ®lo, (9.13)
<050 [[LP) GolltZol ) |, Va0

where we partition the measurement outcome for pP* as Y ikl Si € Dieprg Vi and s>o € Vg in
the above equation.

Proof. Fix P € {A, B}, since the question pair (Gen Pauli, X) - (Hidey, LP)is sampled with prob-
ability O(k) from the distribution p™", and ." is a strategy for ¢ which succeed with
probability 1 —6;, combining with (9.10)

op
Hideo,L ~ pyX
P(Fi'oﬂ;o) ~Ok01) (psozfé‘oy3>o:r>o ’

where s = so+soC +5-0 = ker LlD eker L0 0 EB V5 according to the verification procedure from Fig-

ure 9.3. By applying Lemma , Claim and the triangle inequality for = distance,
HideO,L ~ X
(t25,7>0) Otk,61) pSO 120:550=T>0 @l

L
Finally, by the definition of (Lé’) 0) , and pPX is projective, we obtain (9.13). O

Similarly, we have the following claim about the approximation about the Pauli Z measure-
ment.

Claim 9.2.9 (Approximation of strategies related to the Pauli Z measurement). For every P €
{A,B} and 1 < j < k the following hold

Sample,L¥ _ p.Z

Ssample ~O(poly(k,61)) pssample ® n%’ (9.14)
Intro, LY _ »Z
xp,ap "~ O(poly(k,61)) p[LP(S)le] ® I]J/’ (9.15)
Read,LP

Pt}]é’alil NO(p01Y k 51) p[LP(S)|tLlZe] ® I]:Q{' (9']‘6)

Hidej, _ p,Z
Pté;"e ~O(poly(k,61)) (p[Lﬁj—l(sﬁ)ltZ‘M])v ‘ ® |]sz Qly. (9.17)
<]
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Proof. Since, the prooffor each approximation follows a similar structure as (9.13) from Claim
we only give a rough sketch for the proof for each of the equation below.

¢ Equation ( ) follows from the verification procedure for (Gen Pauli, Z) — (Sample, LP)
question pair from Figure

* Equation (9.15) follows from the verification procedure for (Sample, L?) - (Intro, L”) ques-
tion pair, and applying the triangle inequality of = distance to Equation (9.14).

* Equation (9.16) follows from the verification procedure for (Read, L") - (Intro, L") ques-
tion pair, and applying the triangle inequality of = distance to Equation (9.15).

¢ For Equation (9.17) in the case where j = k—1. The equation follows from the verification
procedure for (Hidey_;,L7) - (Read, L") question pair.

¢ For Equation ( ) in the case where 0 < j < k— 1. The equation follows from an induc-
tive proof using j = k-1 as the base case, and the inductive step follows from the verifica-
tion procedure for (Hide;, LPy - (Hidei+1,LP ) and Lemma . O

Based on the commutation with the Pauli-X and Pauli-Z measurement, we conclude the
following approximation relationship related to the PHid¢i.L” and pRead.L” The proof of the be-
low claim is almost identical to [ , Lemma 8.22, Lemma 8.23], except we use Claim
to swap the measurement operator instead.

Claim 9.2.10. For Pe{A,B}andall j € [k],

Hide;,L” p.X pZ ( g )
. ~ X X ) ) ® ’ . ® [| 9.18
[éljne'[i-j'r>j O(poly(k,61)) (p[(Lp)ij [Line(sij)lti_j] p[LI:j_l(S<j)|[’<~’j”e] ps>]—r>1 Vo ol ( )
V< Vsj
Read,L” » pX Pz
P e Ropolyke) | P ey | o ©19
Read,P’ " Read,P [(LP) Line (S)ltéead P Read
Sk’tRead,P ’ 14

Proof. We start by showing Equation (9.18) by an inductive argument. For the case where
j =0, this precisely follows from Equation (9.13). For the inductive step, fix 1 < i < k and as-
sume Equation ( ) holds for all 0 < j < i, we wish to show Equation ( ) for i + 1. Since
the question pair (Hide;, L?) —(Hide;4;, L”) in 4™ are selected with probability O(3), by the
“Hiding test" verification procedure given in Figure

op
Hide;,L? Hide;,, LY
y ipet .(pM o u) 1) = 1 - Opoly(k,61))
(Usiyvii+lru>i+1) <Jl_ L Ssnr
< t=.=v

€Veip1x Vi1 x Vsin n =i Si’l .
[Li+],u5i(ri)|vi+l’]
I>it1=Usj+1
where we partition the variables according to the convention that v<; = v<; + v; € V; @ V; and
likewise with the other variables in the sum. We wish to apply Lemma where the “A"
. ide LP . ide . LP . .
measurement is PHideiL"  the “B" measurement is PMidei+1.L" the “x" variable is v<;, the “y"
variable is v; and the “z" variable are (v; +1» U>i+1). By this formulation, for u; € V;, we can
rewrite the “A" measurement as

PHide,—,LP,ui (9.20)

vi L, v
1

V<inUsyy i+1,0g i1 Ui+l

using the summation for the measurement outcome above, where in this case, we divide up
o . ide:, LP, v-
the output r>; = r; + r>;41 and write it as the third and fourth output of PHide:L"vie1 - By the
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inductive hypothesis,

PHidei,LP,UM

VeirVp Ly o, WDIVE | i1
~Oolv(ks pva pn'Z
=0(poly(k, .
(poly(k,51)) [(LP) 5, (s=nlud,) T ILE (s<hlta] V.,
p.X p,X
LA ®(pli=ri), 8l 9.21)
i+1.us,-(ul) Vi Vin >i+l
- . ide:. . LP L . . Hide;,;,LP
Similarly, since PHide+1.L" s projective, we can write the corresponding By, as P, ;"™ =
. X P
piidentl” Hence
<i+l
o
pHidei L? - pHidei L? P
N S e Olpoly(k.01)) N S (e
Hide;,L",u Hide;,,,L” op
_ i LU i+1»
~O(poly(k,61))PLA ll ll N '(P Line " )
L2 | L | Line (ri)|ti+1v];r>i+1 <i+l
T<i+l

~ p.X Pz
= O(poly(k,61)) P[(Lp)iiu (senlut) P[Lgi_l(s<i)|t<i] _

=i

op
X X Hide;,,,LF
®(p 1 1 ® (pS>i+1:T>i+1) ®ly- (ptLine i
[L (ui)lv ] v Vsin
i+1

i+Lvg; i+1’ <i+l

~ p.X Lo PZ N N2
Opolyko) | Py ooty Pty tsatean ), T \Pr2 anteen )y,

< i+1
<i

p.X ( p.X )
® ® N ®ly
(P L w)lvh ])V Pseii=rsis Voint
i+1

i+l i+1’
= pp’X -pp’Z ) ®(pp'X ) ®l
[(Lp)iiﬂ Line (S<i+1)[12;,] (L2, (s<ivp)l 2100 ] =iy, o
V<itl - <i

where the first inequality follows from Claim and Lemma , the second line follows
from Lemma labelled above. Line 3 follows from applying Lemma along with (9.21).
Line 4 follows from applying Lemma along with (9.17) and Claim . The last line fol-
lows from the definition of L? and (LP )L. This shows the case for i +1, which show ( ). ( )
follows from a similar argument using the question pair (Hidey_;, L”) - (Read, L?). O

Finally, we show that the measurement pitol” can pe decomposed as a tensor product
of a “question sampling" PVM using the Generalized Pauli Z measurement and a “game strat-
egy" PVM. We remark that this is an analogue for [ , Lemma 8.24] for the commuting
operator model and the proof follows a similar structure.

Claim 9.2.11. Fix P € {A,B}. For every j € [k +1] and (xp)<j € V.j, there exist a set of POVM

Intro,LP,(x,) _
{(szj,(lp ’ ]) } €@(Cvzj)®£7 such that
sz'd XEjEVEj,LlPE.Qf

’

( IntroL? ) - A p.Z Intro,L”,(xp)_;
(xp)<jo(xp)zjoar |y o = Otpolyk,sr2ly | P L2 (s<plxp)<j1 ), (xp)=j,ap
<

where the summation are over ((xp)<i,(Xp)si, ap) € V<j x Vaj x oA .
Proof. We show this claim via induction. For k = 0, the claim trivially follows by setting

IntroL”,0 _ plntro,LP
(xp)<i,(xp)zi,ap (xp)<i+(xp)=i,ap”
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For the inductive step, fix 1 < i < k+ 1 and assume Equation (9.18) holds forall0 < j < i,

. . . . IntroL”
we wish to show the claim for i + 1. For (xp);, let (P (xp)oj,(p) >],up)v be the PVM guaranteed

by the inductive hypothesis. Let x ~ L‘: ; denote the distribution where s is first sampled uni-
formly randomly from V.;, and the first i-th levels of L” are then applied to s. The goal is to
use Lemma in order to construct the measurement require for the lemma. To do so, we

show that on average over (xp)<; ~ L_ l, the following set of equations hold:

Intro,L?,(x,) _; p 7z
- ~ : ®ly.. ®l 9.22
()i Vaper OO0 [LP sl G 022
=1° i xp ‘/L
_ Intro, L7, (x,) _; p.Z
B (P(XP)»',!IP Vooof ! (Pz )V ® |]VC ®ly) O(poly(k 512y 0 (9.23)

p,X
(Lf ) ol

i,(xp)<

’

( Intro,L?, (x,) _;

(Xp)=rsp ®lv,; ®La) | = potykoniz) & (9.24)

)Vzim/

where we partition the output (xp)<; from pito,L”, (%) g (xp)<i+(xp); € V.;®V;. Inthis case,
the “x" variable from Lemma correspond to (xp)<;, the “t" variable corresponds to (xp);
and the “a" variable corresponds to ((xp)s;, ap).

For ( ), by Equation ( ) when restricted to the output to (xp)<j+1,

P
( IntroL ®I]V>i ®[|%,

(XP)<1+1) of O(poly(k ORE) (p[Li’Hll xP)<i+1])V -
<i+

28
(p[LP|(xp)<,1) ,®(p[LP lxp)i])‘/@”%,-@”ﬂ

i,(xp)<

where the second equality follows from the definition of LP. ( ) then follows from Lemma
For (9.23). By using the fact that .” succeed with probability 1 — &1, the fact that the ques-
tion pair (Gen Pauli, W) - (Sample, LP)is sampled with probability O(k) from the distribution

p"° and Lemma , (9.10) and the triangle inequality of = distance, we have

P
( SampleL (9.25)

S<it1 ) Ve O@oly(k,s)1/2) (psﬂ“)vd“@u‘/ﬂ“@n%'

By applying the same argument with the (Sample, LP) - (Intro, LP) along with the inductive
hypothesis

SampleLP) nZ Intro, L, (x,) _;
(P(lp O(pOly(k 51)1/21) p[LP (S<z)|(xP)<L] ® Pap Ve (926)
Hence, by Lemma
p.Z ) »Z Intro,LP,(xp)<i
®ly.. . ®ly, ® ~ 0.
[(p5<z+1 Vein Vain o (p[in(S<i)|(xP)<i])V<i ( ap Vzié?/] O(poly(k,51)1/2])

Finally, since the underlying state are [ME,»)®"" on the registers V, (9.23) follows from Lemma
For ( ), by restricting the output from Equation ( )

p.Z

®|p” X
Psal(etine ). ])V<]_ [(Lp([me 3 )L(s)l(mdp)

Read,P

Read,L.”
P ’ ~ 12/y | P
(g (s )., OtPOWROD!D

i

Similarly, by considering the (Read, L") - (Intro, L) along with the inductive hypothesis

( PReadLP )

14
(PlntroyL ()< (9.27)

ap

n.Z
O(pOly(k 61)1/2]) (p[LP (S<L)|(xP)<z]) )V 4
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( ) then follows from Lemma to obtain the commutation relationship, followed by Lemma
on the register V;.
By Lemma , by taking the “t" variable as (xp); € V; and the “a" variable as ((xp)>;+1,ap) €

Vaiv1 x o, for every (xp)_; + (xp)i = (xp) € V;,1, there exists a set of POVM measurement

( Intro,LP,(xp)<l.+l)
(xp)>i+1,ap .

<i+l

. p
such that, on expectation over (x,) o ~LE

i

( Imm'LPY(xp)q) ~0(poly(e) (p”’z
(xp)zira ~Olpoly(e
P)=i,ap Voot [Lf’(

i,(xp)<

® (PIntro,mH)
i|(xP)i] v (xp)zi+1,ap I
1

Since (M Eyr |3 ((pﬁ’,,z(s ) ]) ® I]V) IME,» f/’,m precisely describes the distribution (xl’)<i ~
i < S<i Pl<i Ve Ay B, ¢
P
L;, by Lemma
nZ Intro,L”, (x,) _;
®|P !
(p[LI:i(S<i)|(XP)<i])V<i ( (xp)=i,ap Vol
nZ ) |24 ( Intfovm+1)
= 0(pol o ®|p .
(poly(e)) ( [LE, (s<)1(xp)<i] Vi ( [Lf(xp]<i(5i)l(xf>)i]) (xp)zi+1,aP Voo
_ pp'Z ( Intro,mﬂ)
(L2 Gcis)lP)<in] [y (Xp)zi+1,ap Vil

where the last line follows from the definition of L”. Thus, combining with the inductive hy-
pothesis,

( IntroL?” ) ~ ) pp,Z ( Intro,LP,(xp)q.H)
(xp)<ivn, (Xp)ziv1,@p |7 oy~ O(poly(k,61)12)) [LE,, ) (ScirD|(Xp)<is1] V., (xp)=it1,ap Voinr it

- (9.28)
Intro,L”,(x,)

Finally, we wish to replace each of the (P <t ) v with a set of PVM via Lemma
=i+1

(xp)si+1,ap
To do so, we show the following lemma

Lemma 9.2.12 (Approximation of almost projective measurements). Let </ be finite sets, and
o < B(H) be a von Neumann algebra. Let{A,}, < o be a set of PVM and {Bg}, < <f be a set of
POVM such that

Ag=e Bg

for some state [y) € 7 and some € > 0. Then (y|B2|y) =1 - 0(y/).

Proof. Since {A}} is a set of PVM, by Lemma ,Ag = VE B, over |y) and € > 0. By definition,
we have Y, (W|AgBaly) =1 - /€, or

VE21-Y (W ABaly) =1~ \/Z WlAZly) - \/Z WIB2lw)=1- |3 (w|B2ly)

where the last equality follows from {A,} 4c .7 being a set of PVM. This implies that ¥, (w|B2|y) >
(1-+v/€)?=1-0(/e), as desired. O

Applying the above lemma to (9.28) along with Lemma , this implies that on expecta-

Intro,L”,(x,)_;
. X - P = o\ P)<ivl ~
tion over (JCP)<1+1 L<i+1’ (Xp)>is1,ap )Vznlv@% O(poly(k,&l))“z

we have (P j+1 0. Hence, by Lemma

Intro,LP,(xp)
(Xp)sit1,ap

there exist sets of PVM {(P indexed by (x) € Veint

<i+l
<i+1
Veinn ) (xp)s141€ Va1, apest
such that, on expectation over (xp)<j+1 ~ Lﬁi 10

IntroL? - i PIntro,LP,(xp)<i+l
(xp)<i+1,(XP)zi+1,aP ) v/ oy O(poly(k,él))“zj+l (xp)sit+1,ap :
. Vei1
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By applying Lemma again, and the triangle inequality of = distance applied to (9.28),
( IntroL? ) . p.Z Intro,L”, (xp) _;,,
XP)<ivt,(XP)ziv1,ap ) 7 o7 O(p()ly(k [ ))1/2]+ p[LP1+1(s<z+1)|(xP)<z+l] Vein Pz ar Vaind .

This shows the claim for i + 1, thus concluding the proof. O

We remark that the dependency of 17> /2 - in the above lemma arises from using Lemma
in order to force the POVM guaranteed by Lemma to be PVMs. Since k is assumed to be a
constant in this thesis and j € [k + 1], this power dependency does not change the result of this
thesis.

By Claim for the case where j = k and P = A, for every xp € F);

PVM {(lero t 'xA)d} c o/ such that

aAEd

oy, there exist a set of

( IntroLA

- |4 Intro,LP,xA)
Xa,d )A]_Qf ~ 0(poly(k,51)1/2") (p[LAl(XA)]) ®(P aa o 9.29)

and by the same argument as Claim applied to (Pmm’L )Bp c B(Cy) ® &/ and take
1

Xp,ap
14
the case where j = k and P = B, for every xp € F}}}, there exist a set of PVM {(Qg;tm’l‘ ’xB)W} S
age
&/ such that

IntroL.B)°P ( Intro,LP,xB)0p
(PXB as )B o Opoly(k,5,)1/2") ('O[LBI(xB)J)B1 Qay o (9.30)

Since the question pair (Intro, L4) — (Intro, L?) is sampled with probability O(k) from the
distribution ulnm’. This means that whenever the question/ answer pair (x4, Xp,aa,ap) are

Intro LB
XB,aB

sampled by the measurement (1| (PI““OL )Alw‘ (P |1//) by the “Introspection of 4"

XA,ap
question clause, from Figure 9.3, the question/answer pair succeed in¥ (i.e. D(x4,xg,aa,bg) =
1) with probability at least 1 — O(poly(k,d1)). Combining with ( ), ( ) and the definition

of |y) from Equation (9.9), this shows that the question/answer pair sampled by

em [ pZ ) (p,Z ) em
(<ME2”| (p waicent) 4, @ Pisicgn ) g, ME27)

((AUX|( Intro LP xA) (Qg;tro,LP,xg)OPAu@)%

A1 By

succeed on ¢ with probability at least 1—-O(poly(k,51))—O(poly(k, 51)”2k) =1-O(poly(k, 61)”2k).
To conclude the proof, we see that (x4, xg) sampled from the measurement

®m p’Z p’Z Qm
(<ME2”| (o ) . (fmcenn) 5, ME2") )

are equal to (x4, xg) ~ u. This shows that the strategy

A1 By

ng (gz(% ), AU ./, {PlntroL xA} {antroL xB ) 9.31)

satisfies w(¥,.7%) > 1 - O(poly(k,51)"/2") = 1 — O(poly(exp k, €)) by the initial definition of 5.
This shows the “soundness" clause for Theorem
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9.3 Proof of Proposition

In this section, we give a proof for Proposition . We restate the theorem below for conve-
nience.

Proposition 9.3.1 (Question Reduction). For all constants a, k € N, there exists a polynomial
time algorithm QuestionReductiongy . that takes, as input, a pair of Turing machines (Q,D)
and outputs a tuple of Turing machine machines (QF,DR) such that the following holds:

For models t € {*,co}, QuestionReductiony i outputs a pair of Turing machine (QQE DQR
which is a fourth-level CL-verifier ¥ R for a infinite sequence of game 4 ¥ = {E@,?R}nEN with the
following properties: There exist an integer y 9% = O(poly(a)) such that

1. (Computation time): TIME gyestiongeduction,  (POly(a),[Ql, D]).
2. (Synchronicity) The game sequence ¥ R is a synchronous game sequences.
3. (Complexity bounds for the output):

o Q@®(n, Parameter) < max{logYQR( n), Ctriuial},

* TIMEqor(n) < max{log"™ (n), C'7iiel},

QR o .
. T|MEDQRsmax{nY ,cmvml},

for some universal constant C"Vi¢,

4. (Independency) QPR is a3-th level CL sampler which only depends on the parameter a and
k and does not depend on D|, ID?F| = O(poly(a, k)).

Furthermore if the input ¥ = (Q,D) is a k'th CL verifier for the infinite sequence of synchronous
game9 = {94y} nen for some constant k' € N such that k' < k, and there exist some constant ny € N
such that for all n = ny

max{TIMEg, TIMEp} < n®.

Then there exist some nOQR = poly(y %, ng) with ny < nOQR such that for all n = nOQR
1. (Completeness) If there exists a perfect oracularizable synchronous strategy for<4,, in model
t, then there exists a perfect oracularizable synchronous strategy for %,?R in model t.

2. (Soundness) There exist some universal function SSR which depends on k and € with ng =

O(exp(k), poly(e)) such that, for any polynomial e :N — [0, 1]

0'(@y) <1-e(n) = 0 (@ <1-sL(k,e(n)).

Proof. Fix the constant a, k € N. We define the algorithm QuestionReduction, j as follows.
Given a pair of Turing machine (Q,D), we first describe a sequence of typed samplable games
@nto then we use Lemma to convert ¢ into a CL samplable game as desired. Hence,
fix some input (Q,D) and integer n, we define ‘g}lmm as the following:

The game ¥"" has the sampling procedure for the (¢4, n%, k)-introspection game as pre
given Figure 9.1 for any arbitrary game ¢. By Theorem , the input distribution is indepen-
dent of the game . For the decision process, given (vg, v1) € EI"™, w1, u, € {0,1}%M1°8], the
question label that the verifier sends to the two provers. Let a, b € {0,1}* be the answer that the
verifier receives the answers based on the question label. The verifier computes the following:
If at any point in the computation process, |al,|b| = 3- n® (since each input have at most 3 item
of length at most n%), or the computation step for running Q, D either returns an invalid out-
put or runs for time more than n? steps, the verifier terminates and returns 0 (i.e. the verifier
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rejects). The verifier first computes (kj,, My, pn) = Q(n, parameter), and rejects if k,, > k and
My - pn > n<.

Based on the vertices (vg, 17) € Elkmm, the verifier first divides the answer associate with each
question label into the format given in Figure 9.2. Then the verifier does the following based on
(vo, v1):

(n®-Pauli Basis): The verifier accepts according to the rules described in Figure 8.3, this
can be done uniformly in time O(poly(rn)) by Theorem

(Self-loop): The verifier accepts iff a = b; otherwise reject. This can be done in O(n%)
time by the terminating assumption above.

(Pauli, W) - (Gen Pauli, W): The verifier accepts iff |b| = p,, - m, and the first p,, - m,, bits
of a are equal to b (where recall, the elements b € [}, is represented using the canonical
representation in this thesis).

(Gen Pauli, X) - (Hidey, LP): The verifier first uses Q(n, Function, 1) to compute the canon-
ical basis which spans V" (where 1 € {0,1}"""P= is the all 1 vector). For each é;, the
canonical basis which spans Vj, compute Q(n, Function, B,0,0, é;), and run the standard

1
Gaussian elimination to find the description of the subspace kerLOP’g and kerLOP’g . Fi-
i
nally, parse sx = (sx)o + (sx)é + (SX)ZO € kerLOP’g eBkerLé)'g @ V5o. The verifier accepts
iff the answers from the provers are in the correct subspace according to Figure (i.e.
12, € Vo) and (sx)y = 12, and (sx)>0 = I'>o.

(Hidei,LP ) - (HideiH,LP ) for i € [k]: If i = kj,, treat this as a consistency check. Otherwise
using the same technique as above, compute the description for V', V" and V.. Parse

1 _ =zl z1 n n Line _ zLine , 7Line n n
I =it eV eV, 5=t + eV eV,
and use a similar computation step to compute the description for ker Lbn Lne | @and
1,00

L
ker|L5" | . Then the verifier parse
LI

: Line . Line >i+1’
i+1,t l+1,1t<l.+1

<i+l

L
r>l~:fi+fil+f>,~+1€ker(LP’” )eaker pbn ) eV

The verifier accepts iff the answers from the provers are in the correct subspace

_ 4L -1 _ 7zl zLine _ zLine = _
=1 rr=0, I =05, Tsivl =Tsivl.

(Hidey_;,LY) — (Read, LP): The verifier accepts iff the answers from the provers are in the

_ i _ .l
correct subspace, fread,p = k-1, and f;, ap=t 1

(Read,L”) - (Intro,LP): The verifier accepts iff tg;a p = Xp, and @gead,p = ap.

(Gen Pauli, 2) - (Sample,LP ): The verifier accepts iff sz = SSample-

(Sample, L?) - (Intro, LP): The verifier computes Lbn (Ssample) by using the algorithm pro-
vided in Section 7.3 with Q. The verifier accepts iff the output provided by L? (Ssample) i8
equal to xp and dsample,p = @p-

(Intro, L4) — (Intro, LB): The verifier accepts iff D(n, x4, xB, a4, ag) = 1.
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The above procedure uniformly defines a (¢, k, p)-introspection game for n = ny assuming
(Q,D) are valid Turing machines as given in the second part of Proposition . By Lemma
and the hardcoded computation bound on Q and D, the above procedure can be computed in
O(poly(n, k)) time.

Since ¢"° is typed samplable and IE?“OI = 30 + 2k, by applying Lemma to each
‘g}lmro, we obtain a sequence of (3, a[log(n)] + cdetype 2y CL samplable games %SR, where C
is some constant that depends linearly on k. Since the detyping procedure given in Defi-
nition only adds extra string parsing and synchronization checks to the sampling and
decision procedure. Each %SR can still be sampled in O(poly(log(n), k)) time and verified in
O(poly(n)) time. Pick yR € N to be sufficiently large so that %,?R can be sampled in O(log“YQR (n))
time, k- a - [log(n)] + C9eYPe = O(IOgYQR(n)) and @,?R can be decided in O(poly(n)) time.

Define (Q2®,D®) in the following way: let ngun be the constant such that for all n > ngun,

%?R can be sampled in fewer than log”QR (n) steps (no big-O notation here!) and decided in time
fewer than n'"" (n) steps, and furthermore k- a - [log(n)] + C9€¥Pe < logYQR(n). Forall n < nf}“n,
(Q®(n),DR(n)) returns an encoding of the rejecting game @reject defined in Definition ,
otherwise return an encoding for %,?R.

We now verify all the properties listed in Proposition

1. (Computation time): This follows since the description of (QR,DR) only depends on the
description of (Q,D) and some fixed constant.

2. (Synchronicity): This follows from the fact that 4" is always synchronous.

3. (Complexity bounds for the output): Let ctrivial he the constant such that ¢™e€t can be
both sampled and decided in time C"V1!, This follows from the definition of (QQR,D?R).

4. (Independency) This follows since both " and the detyping procedure can be defined
uniformly for all verifier sequences (Q,D), and the sampling procedure for 4" does not
depend on D

Let ¥ = (Q,D) and ng € N be as pre described in the theorem. Let n; R_ max{ngun, ng}, which

both depend on n#, and ngun depends on the constant k. For all n = n(?R:
1. (Completeness): This follows from Theorem and Lemma
2. (Soundness): By Theorem : There exists a polynomial s such that

w* (G,) <1-£(n) = 0L (GM°) <1-s(k, e(n))

I (k. g(n))

QR -
Letsg (k,&(n) = ;504507 1600720 -

By Lemma
w* (@) <1 -8 (k) = (@) < 1-sPF(exp(k), e(n)).

This concludes the proof for Proposition






CHAPTER 10

Answer Reduction part 1: The
low-individual degree test

The next two chapters will be focused on the answer reduction procedure. We start by intro-
ducing an important subroutine for the answer reduction protocol, the quantum simultaneous
low-individual degree test. The simultaneous low-individual degree test is an important part in
showing NEXP € MIP in [ ], and the quantum variant, intuitively, will be used in a similar
manner in the answer reduction protocol when proving Proposition

Before introducing the quantum simultaneous low-degree test, we start by introducing
some additional preliminaries in coding theory in Section . We then introduce the quan-
tum low-individual degree test in Section . The simultaneous variant can be thought of as
the “parallel repetition" variant of the quantum low-degree test, and it was already known to be
“quantum sound" for synchronous strategies (for both the tensor product and the commuting
operator model) in | ]. In Section , we show how one can use the rounding theo-
rem (Theorem ) to extend the quantum soundness result from synchronous strategies to
general tracially embeddable strategies. Finally, we introduce the simultaneous low-individual
degree test in Section and prove the quantum soundness of this protocol.

10.1 Preliminaries in Coding theory

We use the notation from [ ]. Recall from Section that a linear [n, ¢, d]f p codeis a
set € of functions g : [p] — F, with size |€| = g° that is closed under linear combination, such
that for any two distinct g # g’, the number of coordinates i € [n] such that g(i) # g'(i) is at least
d. Given €, alinear [n, ¢, d], code, the tensor code ¢®™ is the set of all functions f : [n]” — [,
such that the restriction fy; to any axis-parallel line 1; is a codeword in &, where for j € m, an
axis parallel line 1; is defined as

1; =1{(s0,"*+,$j-1, %, Sj+1,"**» Sm-1) : X €F g}

Given constants p, ¢ € N, the set € consists of all degree ¢ polynomials f: F,» — Fop isa [2P, ¢, ] Fyp
code by the Schwartz-Zippel lemma. We further see that the set of low-individual degree poly-
nomials f: F}}, — F,» with individual degree at most c is a tensor code €® (since fl;; always gives
a 1-variant polynomial of degree at most c).

Low-individual degree polynomials can also be used to define an error correction code with
good distance properties in the context of the generalized Reed-Muller code. Given a string s €
{0,1}™, we define the indicator polynomial for m over the field Fy» as the m-variate polynomial
with indy, o :F}, — Fap as

indma):= [] xi- [] @=xa.

ica;=1 i;a;=0
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where we identify {0,1}" as elements of F7;. The indicator polynomial has individual degree of
1 and has the properties that for all s € {0, 1} <)}, ind,(s) = 0 except when a = s.
Let M = 2™, for any elements b € {0,1}™, we define the generalized Reed-Muller encoding

of a to be the polynomial

(X):= Y Dbininv(y)indm,y(X), (10.1)
ye{o,1}m

where recall, bininv(-) is the map which maps the corresponding binary representation back
to an integer. Since each ind,,,,(x) has an individual degree of 1, RM,, also has an individual
degree of 1. For any y € {0,1}" < [F;’;, evaluating RM, with y returns the bininv(y)th coordinate
of the string b.

10.2 The quantum low-individual degree test

We start this section by giving some high-level intuition about the quantum low-individual

degree test. The quantum low-individual degree test is first introduced in [ ], and it is
based on the classical low-degree test given in [ ]. The classical low-individual degree test
was used in the first proof of PCP theorem | ; ], and the quantum low-individual

degree is used in a similar way in the answer reduction protocol in this thesis.

The quantum low-individual degree test is parameterized by (p, m,d) € N3, where m = 2°¢
for some constant c. Intuitively, the goal of the quantum low-individual degree test is to force
two entangled provers to prove to the verifier that they both share the same global m-variant
polynomial over 27 with individual degree of at most d. To give a better intuition on how the
quantum low-individual degree test works, we first give a brief description of its classical coun-
terpart.

Suppose the two provers agree on a global m-variant low-individual degree polynomial g:
F), — F2» with individual degree of at most d. To demonstrate to the verifier that they both
share the same polynomial, both provers can simply send g to the verifier. However, since g
can have at most (d + 1) monomials, this means that the prover needs to send a messages
with potential length O((d + 1) - p)-bits which is inefficient if m is large. Instead, the verifier
can send one of the prover u € F} and ask him to evaluate the polynomial g on u and return
the outcome g(u) € For. The verifier then gives the other prover a random “parallel axis line"
1:Fy» — Fy» that pass through u, where for i € [m], an axis parallel line passing through u is
defined as

l:{u+x-ei|x€[F2p}. (10.2)

The prover receiving the axis parallel line is expected to return the polynomial g; : Fz» — Fop,
where g is the m - d-th degree polynomial corresponding to g restricted to the range of1, or

g(x)=glu+x-e;).

Intuitively, this is asking the prover to evaluate g on all of 1. If the two provers share the same
low-individual degree polynomial in the beginning of the protocol, then g;(0) would be consis-
tent with g(u). If, on the other hand, the two provers do not share the same low-individual
degree polynomial, then by Lemma , for two different m-variant low-individual degree
polynomials g and g’ and u €1, g(u) = g'(u) occurs with probability at most %. This means that
the restricted polynomial g; generated by the axis parallel line prover is unlikely to agree with
the prover with who is expected to evaluate g somewhere on 1. This protocol allows the ver-
ifier to check the consistency of a global low-individual degree polynomial with message size
O(d - k), significantly more efficient than the previous protocol.

In order to make sure the above protocol remains quantum sound (i.e. the provers will have
alow successrate if they do not share the same low-individual degree test polynomial) [ ]
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The quantum low-individual degree test is parametrized by (p, m,d) € N3 where p, m are
both an odd integer. Perform the following test with probability % each:

* Axis parallel line test. The verifier uniformly samples s = (so,"-, s;—1) € [}, and
J € [m]. Letl; be the jth axis-parallel line given in (10.2). Recall from Definition 7.1.3
that Can(l;) is the canonical representation of a line.

— The verifier sends (Point, s) to one of the provers, and receive a € F,, as a re-
sponse.

— The verifier sends (Aline, Can(l;)) to the other prover, and receive a degree d
polynomial f: F,» — For as a response.

The verifier accepts if f(s) = a.

* Diagonal line test. The verifier uniformly samples s = (so,*:,Sm-1) € [F;",,, j €lm]
and v ~ [Fé,,. Extend v as an element of [, by appending 0 on the last m — j coordi-
nates. Define the line d;, = {s+ x- v: x € F2r} to be the line passing through s in the

direction of v.

— The verifier sends (Point, s) to one of the provers, and receive a € F,, as a re-
sponse.

- The verifier sends (Dline,Can(d; ,)) to the other prover, and receive a degree
d - m polynomial g: Fo» — [Fo» as aresponse.

The verifier accepts if g(s) = a.
Perform the following test with probability i each:

* Point consistency test. The verifier uniformly samples s € [},. The verifier sends
(Point, s) to both provers, and receive (a, b) € [F%,,. The verifier accepts if f(s) = a.

* Axis parallel line consistency test. The verifier uniformly samples s € F}}, and j €
[m]. Let1; be the axis parallel line define in the “Axis parallel line test". The verifier
sends Can(l;) to both provers, and receive two degree ¢ polynomial 4,88 Fop — Fop.
The verifier accepts if f* = f5.

* Diagonal line line consistency test. The verifier uniformly samples s € [}, j € [m]

and v ~ [Fg,,. Letd; , be the line define in the “Diagonal line test". The verifier sends
Can(d; ,) to both provers, and receive two degree d - m polynomial gA, gB :Fop — Fop.
The verifier accepts if g4 = g5.

Figure 10.1: The sampling/decision procedure for the (p, m, d)-quantum low-individual degree test, the
only change in comparison to the original test as presented in [JNV+22a] is the distribution
of the synchronicity test, which only changes the constantin Theorem 10.3.1 (see [I[NV+22b,
Section 4.1] for more details).
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(Aline) \/ (Dline)

(Point)

Figure 10.2: The typed graph for the quantum low-individual degree test

added two additional questions types. The first is the “diagonal line test", where, one of the
provers still receives a random point u € [}, and similarly is expected to return g(u) in the ideal
case. The other prover is given a random “diagonal line" intersecting with u, where we define
the notion of a diagonal line below, and is expected to return an m - d-th degree polynomial
similarly as to above. This addition is mostly used to enforce a commutation relationship for
the proof of soundness for the quantum low-degree test. Secondly, to ensure synchronicity, a
“consistency test" is added, where the two provers are given the same question (which can be a
line, a point, or a diagonal line) and they are expected to output the same answer. We formally
give the definition for a quantum low-individual degree test on Figure , and we state the
soundness result in the next section.

We remark that in our description, the verifier sends the canonical representation of the
line. This is equivalent to the original formulation where the verifier sends a set containing
all points in the line to the prover. Both formulations are designed to hide the point u (for
the “point" player) when sending the line. As seen in the description from the classical low-
degree test, if both provers share an m-variate polynomial h over Fy» with individual degree
of at most d. The provers can simply plug their respective input into h to obtain a perfect
(classical) strategy.

For the remainder of this subsection, we show that the quantum low-individual degree test
can be sampled via a typed CL distribution, and hence can be converted to a game with a CL
distribution as the input distribution via Lemma

Lemma 10.2.1 (The quantum low-individual degree test can be sample via a CL distribution).
Letd = (X ,4,1,, V) be a (p, m,d)-quantum low-individual degree test, then there exists a game
G = (X', oA, 1, V') which is (5,9+ m' +2-m, p) CL samplable where m' = [bg%-‘, and % <X’
such that the following holds: For any t € {*,co} and € > 0. Any synchronous, oracularizable
strategy . in model t such that w(¥4',.) =1 —¢. ., when restricted on the question pair from

9, w(¥4,) =1~ ce for some constant c.

Proof. We first show that the quantum low-individual degree test can be sampled via a typed
CL distribution. Let (p, m, d) be the parameter specified and let g = 2P. For simplification, we
first assume ‘8" ¢ N (and hence m’ € N). The typed graph associated with the quantum low-
individual degree test can be specified by the types stated in Figure . The CL function maps
[F;’},/J“Z'm — [Fg’,‘,urz'm, where we write IFQ'},’”"” = [Fg,lg’ oF), ®F}, = Vo® Vi ® V. The CL functions is a
level 3-CL function with register {Vj, V1, V»}. For the description below, we assume the function
have the input s = (sg, 51, $2) € Vo @ V1 @ V5. We define the collection of CL functions {L"} as the

following:

« Define LPOM tg be the third level CL function

LPoint (g0, 51, 52) = (0,0, 5p).

In other words, LP°I" projects the input s onto V5, and s, corresponds to the point in the
“point question" for the quantum low-individual degree test. L*°™ can be realized as a
third level CL function with registers {V;};¢[3) in the following way: We define

Lo (50,0,0)=(0,0,0),  LI%M(0,5,0)=(0,0,0),  LY%™ (0,0,52) =(0,0,5),

1,x9 2,X0+X1

for all xg € Vy and x; € V1.
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o Define LPM"€ tg be the third level CL function. For any input (s, s1, 52) € [Fg},’*z'm, let j =
x(s). The function LP!"¢ jg defined as

Dline LN
L (S0, 81, 82) = (80,0,Null,; "~ .
bininv(j)

(s2)),

where Null'N is the function used in Definition to defined the canonical represen-

. . N .
tation of a line. In the example above, (ep;,iny( ]c),Nullebinmv(f) (s2) defines an axis parallel

line thought the bininv(j) = jth axis through the point s,. LP"® can be realized as a third
level CL function with registers {V;};c3) in the following way: We define

Loo ¢ (50,0,0) = (5,0,0),  LPi"(0,51,0) = (0,0,0)

S

for all xy € Vy. For the second level, for all xg € V, x; € V1, we define the second level
linear function for LP!n¢ a5

LD (0,0,2) = (0,0, Nulll, (s).

©€bininv(x()

* Let j be the same as the definition above. Recall that n;”j refers to the zero-out map for

the basis element e;---e;, in ), andlet v =7 . (so). Define LAline ¢4 pe the third
<bininv(j)

level CL function

LAline (60 51, 52) = (50, V) NullgN(sz)).
In this case, (v, Null%N(SZ)) corresponds to the diagonal line Dpininv(s,),» Which passes
through s, and with the last m — bininv(j) coordinates being zero. LA™ can be real-

ized as a third level CL function with registers {V;};¢(3) in the following way: We define
LHE(50,0,0) = (50,0,0),

to be the 0th level linear function for LA™, Since each 71';”]. is a linear function, we define
the first level linear function as

L0, 51,0) = (0, Thininv(xy) (51), 0),
for all xy € V. We define the second level linear function for L as

1 Aline (0,0, s0) = (0,0,Nullljzll\l(é‘z))

2,X0+X1
for all xy € Vp and x; € V1.

This shows that ¢ is typed CL samplable. In the case where log% ¢ N, we can simply treat

the space Fg}’ as a {0,1}™ bit string using the canonical representation, and only use the
first log(m) bits to define the CL function. Finally, we use the detyped transformation and ap-
ply Lemma to complete the proof of this lemma. O

When discussing the quantum low-individual degree test in this thesis, we refers to the
version which is CL samplable given by the above lemma. This version of the quantum low-
individual degree test still retains the soundness property from Theorem (by changing
the a in the aforementioned theorem to the constant (4 * 4% + 16*)? - a = (65600)? - a).

We remark that the only time we take advantage of the structure of [/} (instead of treating
it as a bit string of {0, 1}”"") when using the CL distribution is to sample a diagonal line inter-
secting the point s in the quantum low-individual degree test. As mentioned previously, the
diagonal line test was not used in the classical low-degree test, and the only purpose concep-
tually is to enforce a single commutation relationship within the proof of quantum soundness
(see [ , Lemma 6.1] for more details). It would be interesting to see if the quantum
soundness of the quantum low-individual degree test still holds without the diagonal line test,
as this would allow us to show the compression theorem for a simpler class of question distri-
bution. This also shows that only Pauli X and Z measurements on fixed EPR pairs are sufficient
for the gap compression theorem.
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10.3 Quantum soundness of the quantum low-individual degree test
We recall the following soundness result related to the quantum low-individual degree test:

Theorem 10.3.1 (Quantum soundness for the quantum low-individual degree test under syn-
chronous strategies, Theorem 4.1 of [ ). There exist universal constants cyp,1 < 1 and
0<crpp =1 and a function

=cp1 (dm)CLD,l (£CLD,2 +27Cn2P 4 2_CLD,2md)

such that the following holds. Let 9P be the (p, m,d)-low-individual degree test with q = 2P,
and let & = (L%, 1),|1), {AX}) be a synchronous strategy for GLD which succeed with proba-
bility 1 — €. There exist a set of PVM {Gg} € /' with outcome labelled by m-variant polynomials
ge IdPoly(p, m,d), such that

.
E. Y @A"Y Gy = 1-nup(p,m,d,e).
s~Fp geldPoly(p,m,d)

In other words, if the provers succeed on the (p, m, c)-low-individual degree test with high
probability, then the provers, in essence, are secretly sampling a low-individual degree polyno-
mial which are then used as a part of the strategy. Although [ , Theorem 4.1] is origi-
nally proven for tensor codes, as shown in Section 7.1, the set of m-variant polynomials over
[Fm with low-individual degree of at most c is a tensor code C®™M fora 27, ¢, clp ,» linear code €,
and hence the same statement can be directly applied to the quantum low-individual degree
test. We remark that the proof of the above theorem follows a similar structure as [ , The-
orem 5.4], as a quantum variant of the two key lemmas, the self-improvement lemma and the
pasting lemma, is also a key lemma in [ ].

By using the rounding theorem Theorem , one could extend Theorem to the case
where the provers have access to tracially embeddable strategies. We remark that the proof of
the theorem below follows a similar structure as [ , Corollary 4.1].

Theorem 10.3.2 (Quantum soundness for the quantum low-individual degree test under tra-
cially embeddable strategy). There exist universal constants 1 = cyp;) and 0 < cip2 <1 and a
function

=crpa (dm)CLD,l (£CL1J,2 4+ 27C62P 4 9~CLD2 Tﬂd)

such that the following holds. Let GLD pe the ( p, m, d)-low-individual degree test with q = 2",
and let & = (£?(,7),|1),1A%}) be a synchronous strategy for 4P which succeed with proba-
bility 1 — €. There exist a set of PVM {Gg} € /' with outcome labelled by m-variant polynomials
ge IdPoly(p, m,d), such that

(point,s)
s~ﬂ@ém 2 (TlAgy - Gglt) 2 1=n1p(p,m,d, ).
2p geldPoly(p,m,d)

Proof. We first assume the strategy . = (L%, 1),0|T), {A}}) is symmetric, projective with
o€ /" Let {P} and {A;1 "*1 be the set of pI‘O]eCtOI‘S and PVMs promised by Proposmon

Let.7} = (£?(Py.o/ Py, P)7), \/7PA I7), {Aa 1) be the synchronous strategy from {A 1. Given
A € [0,00) with 7(Py) # 0. By the “soundness property” from the assumption, for each A €
[0, oo), since each .#* is synchronous, and (Py<7 Py)' = &/’ P, there exists a family of POVM

{Gb Yyhew xa S P, .o/ P such that

1
Pk, L TP G )7 Pl 2 K™, ),
BY=P gewy
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where op from above is defined on the tracial von Neumann algebra (<7, 1). For each (y,b) €
B x ¥, since f(;’oP,lGi’yP,ld/l < 02, by Lemma , there exist HZ’ < [ such that UHZU =
I P;LG;}’yP,ld/l. We see that

PydA =02,

o0 A. o0
Z[ P;LGb'yP;Ld/I:f Py
p JO 0

so’
b

and hence, by a similar continuity argument as in Lemma AH ;}' } forms a valid POVM in .7 .
We argue that {H; g } is the desired family of measurements for the corollary. We see that

E Y (tloAy(H)

YPolry= E Z(TleaHy olt)
@)~P ez

(xyy)~p aeed 8xy (a)

=[ P
0

y(a)

P Ax G y OPP dA

(10.3)

where P = 7(P,). We claim that

f P
0

To show the above inequality, we prove the following two inequalities:

f PA)-

0

f PA)-
0

E Z (TlP,le(G )PPy IT) d)LZO(K(s—poly(é))—éé). (10.4)

T(P1) 5))~p ey 8xy(@)

dA < 0(5%), (10.5)

Y (1P (ALY - Ax)(G

°PPylT)
T(P/’L) (x, y)~p acl

a))

P« y) , Y (TP A“(Gg ( ))UPP;LIT))d/IZK(wCO(Cg,y)—poly(5)). (10.6)
x acd

For ( )
o A,
P(A PA(AM — A%)(GM )oP Py 17y dA
[P PRLLT DGLY )P PAI)
e A,
s[ E )(TIPA(AAX AD(G y(a))opmwyam
0 =P sery

o0
< f ‘(TIP;L(AAX Ax)ZPMT)’d)L f ‘<T|P/1(G Y PP dA
0 - [P ) ~P qest 8

s\/f E Y I(AMY - AD)P)2dA-1< O@7).
0 *Hacy

For ( ), by Theorem , fé’o PA) -0 (¥4,.YMd) = w°(¥Y,.S) - poly(d), since « is convex

K(f ww(‘eq,y/l))
0

>k (w°°(¥,.7) - poly(8)).

oo 1
PA)- (T|P A“(Hy )PPy l1) | dA =
fo (T(P/l) (6y)~ pa;} * ) P2

Hence, by the triangle inequality, (10.4) follows from (10.5) and (10.6). Combining (10.3) and
(10.4),

ALH) ()Polnz0 ly(6)) -
5. Pa;d (tlo Az (Hy ()P olT) (K(s poly(6)) )

which concludes the corollary for the special case claimed above.



134 Chapter 10. Answer Reduction part 1: The low-individual degree test

For the general case where .¥ = (£%(4,1),0 1T),{AL}, {(B£)°P}) is a tracially embeddable
strategy. By Lemma , the symmetric strategy . = (£%(«/,1),07), {A%}) is an O(8)-synchronous
strategy, with

E Y KtloAL(B))Polt) — (tlo AL (AN PolT)| < O(V6),
Ly

which implies w®°(¥4,.7") = w°(¥4,.7) — O(poly(8)). By the special case proven above, there
exists a family of POVMs {H gl ( a)} such that

x y op co _ _ -
(x,%w ag{ (T|0’Aa(ngy(a)) ol7) = Ok (w°(¥,.) — poly(d)) — §38). (10.7)
which concludes the proof for the general case. O

10.4 The simultaneous quantum low-individual degree test

We describe the simultaneous quantum low-individual degree test in this section. Intuitively,
the (p, m, d, k)-simultaneous quantum low-individual degree test is a generalization of the (p, m, d)
quantum low-individual degree test defined in Section , where the goal is to test whether
the two provers agree on k global m-variant low-individual degree polynomial g : Fz' — Fg4
with individual degree of at most d. We define the (p, m, d, k)-simultaneous quantum low-
individual degree test in Figure . We have the following lemma regarding the (p, m, d, k)-
simultaneous quantum low-individual degree test.

Lemma10.4.1 (Properties of the (p, m, d, k)-simultaneous quantum low-individual degree test).
Letp,m,d, k€N, and let4SP = (g SLP, o SID, 1, SLD DSLD) pe the (p, m, d, k) -simultaneous quan-

tum low-individual degree test specified in Figure , then the following holds:
Question label Question content Answer format
(Point) seFy (ag, -+, ax_1) €FK,
(Dline) (J, SDline) € [mM] x [Fg’,’, k degree d polynomial, f; : Fop — Fop, i € [k], where
each f; is encoded as [Fg,,
(Aline) (J, v, Saline) € [m] x [F%,’,” k degree dm polynomial, g; : Fop — Fop, i € [k], where

; dm
each g; is encoded as )

Figure: Q and A format for the (p, m, d, k)-simultaneous quantum low-individual degree test.

Sampling procedure

The sampling procedure for the (p, m, d, k)-simultaneous quantum low-individual degree
test is the same as the sampling procedure for the(p, m, d) quantum low-individual degree
test given in the proof for Lemma

Verification procedure

1. (Same question label): The provers win iff they output the same answer.
2. (Point) — (DLine): The provers win iff f; (s) = a; for all i € [k].

3. (Point) — (ALine): The provers win iff g;(s) = a; for all i € [k].

On any other input, the prover wins automatically.

Figure 10.3: The description for the (p, m, d, k)-simultaneous quantum low-degree test.
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(gSLD

* (Sample complexity): is samplable via a (5,9 + m' +2-m, p) typed CL distribution,

log(m)"

wherem' = [ Z

e (Verification complexity): There exists a polynomial time Turing machine DS’ which im-
plements DSID and runs in O(poly(p, m,d, k)) time.

* (Soundness): There exists a universal constant1 = csyp and0 < csypp < 1 and a function
=csip1 (kdm) CsLD1 (ECSLD,Z 4+ 27 CsLp2P | 9~ CsLD2 md)

such that the following holds. Let . = (£?(/,7),0|1),{A%}) be a synchronous strategy
for 95P which succeed with probability 1 — . There exist a set of PVM {Gg, gt o'
with outcome labelled by k (potentially the same) g; € IdPoly(p, m, d) such that

(point,s)
) y (TlA g (9),.g, () O& g = 1=nstp(p,m, d, k, €).
a g, g, €IdPoly(p,m,d)

Although the simultaneous quantum low-degree test is a more sophisticated version of the
quantum low-individual degree test. Its sampling procedure is exactly the same as the quan-
tum low-individual degree test, and its verification procedure is essentially repeating the verifi-
cation procedure for the quantum low-individual degree test k times. Hence, the “sample com-
plexity" and the “decision complexity" follows trivially from Lemma and Lemma
respectively. To show the “soundness" clause for the above lemma, we recall the following con-
dition from [ ].

Definition 10.4.2 (Exactly linear functions, Definition 3.17 of ). Letm,p =0. A function
f:F), xF4, — Fop is exactly linear in y if it can be written as

S =y1- A+ y2- 00 Yi-1"fre—1 (2,

or a set of functions {f:};cr, and we call a function :Fk — Fop t0 be exactly linear i
iJie[k] 8y y

gx)= > ¢ xi

ielk]
forsomec; €Fyp, i € [k].

We recall the following proposition about almost exactly linear individual degree d polyno-
mials.

Proposition 10.4.3 (Almost exactly linear individual degree polynomials, Proposition 3.18 of
Suppose that f(x, y) : F}}, x [FIZC,, — For is a polynomial with individual degree of at most d which
is not exactly linear in y. Then the probability that, given a uniformly random z ~ FY}, the prob-
ability that the polynomial f,(y) : [F’ch — For, £,(¥) = flz, ), being exactly linear is at most "21—,51.

We are now ready to give a proof for the “soundness clause” for Lemma , we remark
that the proof below is a slightly modified version of | , Theorem 4.43] to account for the
difference between the quantum low-degree test and the quantum low-individual degree test.

Proof. Fix constant p,m,d,k € N. Let @SLD pe the (p, m,d, k)-simultaneous quantum low-
individual degree test, and let .7 = (£%(«,1),17),{AZ}) be a tracially embeddable strategy for
@SLD with w(¥5P,|.%) > 1 — . We wish to show that . can be used as a part of a strategy for
the (p, m + k,d) quantum low-individual degree test. For simplicity of notation, for a set of
functions {f; : [Fg}, — [Far}ie(k), we define combineg(x, y) : [F;’}, x [F’zc,, — [F,p as the function

combinet(x, y) = xofo (y) + -+ xp_1fx—1 (). (10.8)

D.
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In the definition above f; could be potentially set as a constant (i.e. f;(x) = ¢; for some c; € Fz2,),
and for a € [F'ch, we write combine,(y) : [Flch — [F2p as the function combine,(y) = ¥ jex @i * Yi-
For o € [k] define 1y € F§, to be the vector with all coordinates being 1 € [F2». We define a strategy
for an instance of (p, m+ k, d)-quantum low-individual degree test depending on .7 as follows:
We specify the provers’ behaviour based on the question label below

1. (Point) Given the question content (s',s%) € F2) x [F’zc,,, the prover first performs the strat-
egy .7 using the question label “(Point)" and the question content s' and obtain points
a=(ag,- -, ax—1). The prover then returns combine,(s®) as the answer.

2. (DLine) Given the question content (j, Spiine), Write j = ( jl, jz) € [F;’,Z X [F’ch, and let [ be the
axis on which the axis-parallel line is defined. The prover does the following depending
onl

e If ] € [m], then the prover performs the strategy .” using the question label “(DLine)"
and the question content (j!, spjine) and obtain k degree-d polynomials (fy, - -, (Fr_1).
The prover then returns the degree d polynomial combineg(j2) as the answer.

¢ Otherwise, the prover first performs the strategy . using the question label “(Point)"

and the question content j1 and obtain points a = (ay, -, ax—1). The prover then
returns the degree 1 polynomial combineq (5, j7 |, %, j7 .., j2. ;) as their
answer.

3. (ALine) Given the question content (j, Sajine), Write j = (j L j2) € [Fg,lj X [F’zc,,, and let [ be the
coordinates in which the diagonal line is defined. The prover does the following depend-
ingon j

e If ] € [m], then the prover performs the strategy . using the question label “(ALine)"
and the question content (j!, sajine) and obtain k degree d-m polynomials (g, -, (8)_1)-
The prover then returns the degree d - m + 1 polynomial combineg(x- i ) as the an-
Swer.

¢ Otherwise, the prover performs the strategy . using the question label “(Point)"
and the question content j! and obtain points a = (ay,--, ax_1). The prover then
returns the degree 1 polynomial combine, ( jg, e 12_ I x-1,,4x_1) as their answer.

Since .7 succeeds in ¥5P with probability at least 1 — poly(¢), given the same question label

and content, the probability that the provers give the same answer is at least 1 —poly(¢), as well
as given the label pair “(point)" and “(DLine)" (resp. “(ALine)"), the answer pair satisfies f; = a;
(resp. g; = a;). Using this, one can see that the above strategy for the (p, m+k, d)-quantum low-

individual degree test succeeds with probability at least 1 — poly(e). For (s!,s?) € F7) x [Fé‘p and
(point,s!)

[combine,(s2)|v]
in which the prover applies the function f(ag, -, ax—1) = combinea(sz) to the measurement

: 1
outcome of P,(f;omtai_)l By Theorem , there exists a measurement { Hg} € <7’ with outcomes

f being m + k-variate polynomial with individual degree of at most d such that

v € [Fyr, we define the measurement A to be the data processing measurement

E y (7] APOINES) Hilty=1-nip(p,m+k,d,e).  (10.9)

) ; 2)1f(sl <2
(5 5)~F0h <L, etdpoly rum+1,d) oIS

Now we wish to show that the measurement outcome f(x, y) from { H} is exactly linear in y with

high probability. Fix a g such that the measurement outcome from f is not exactly linear. For
(point,s?)

(ag,,arx-1)’
struction, the function combine,(y) : [F’ZC,, — [y» is exactly linear. However, by Proposition

the probability that £, (y) = f(s!, y) is exactly linear is at most ’;’—,fl. As a result, for a uniformly
chosen s; ~ Fyp, the probability that combine, = f is at most ’g—,fi. Hence by Lemma , for

a fixed s! € [Fg'}, and a fixed measurement outcome a = (ag, -, ay_1) from P by con-



10.4. The simultaneous quantum low-individual degree test 137

(s!,s%) ~ [Fg}, X [Féc,,, the probability that combine,(s%) = f(s!, s?) is at most m—,ﬁi . g—,‘f regardless of
the measurement outcome for a. Combining the above fact with Equation (10.9), we see that

2
the output of { H} is exactly linear with probability atleast 1 —nip(p, m+k,d, €) — (”2’—,?) - ”é;’;d .

Define the measurement {Ggo,..,gk_l} c /' with the outcome set the same as {H} as follows:
The prover first measures according to {H} to receive a polynomial f(x, y). If f(x, y) is exactly
linear in y, it can be written as f(x, y) = > i y;g; (x), such that each g; is an m-variant polynomial
with individual degree at most d. In this case, G outputs the polynomials {g;};¢[x; as the output.
If the measurement output from { H} is not exactly linear, G simply outputs k random m-variate
polynomials with individual degree d, {g;};c(x). Since combineg is equal to g whenever g is
exactly linear by definition, by replacing H with G on Equation (10.9), we see that

(point,s") N G )
[combine, (s2)|f(s},s2)] ~ np(p,m+k,d,e)+ ';‘T];,d combineg=f

(10.10)

where = is with respect to the distribution E g $2)~F" xEE, and the state |7). Now, for any fixed s'
’ 2 2
and a = (a;)je, if gl-(sl) # a; for any i, then the polynomial combineg(sl, ¥) and combine,(y)
are not equal and hence again by Lemma , the probability is at most 2%, (since both combineg sL, )
and combine,(y) are a multi-linear function). This implies that

(point,s!) _ G .
g, Ag-1 _nLD(p,m+k,d,£)+"2"2—’;d+2i,, combineg=f-

Hence, the “soundness” condition follows by setting

m-kd 1
+ —. O
22p " 2p

nsip(p,m,d, k,e) =nip(p,m+k,d,e) +

We remark that since the above proof does not rely on the strategy . being synchronous,

and thus the “commuting operator soundness" condition in Lemma also holds for gen-
eral tracially embeddable strategies strategy (by replacing Theorem above with Theo-
rem ). However, for simplicity of analysis, working with synchronous strategies is suffi-

cient for the remainder of this thesis.






CHAPTER 11

Answer reduction part 2:
Oracularization and time-bounded
probabilistically checkable proofs by
proximity (PCPP)

In this section, we give a proof for Proposition . The goal of the answer reduction proto-
col is to transform a synchronous CL verifier into another synchronous CL verifier with a more
efficient verification complexity. We remark that the transformation used in this section is the
same as the one given in [ , Section 10]. We first give some intuition for the answer
reduction transformation in the first section of this chapter.

11.1 Overview of the Answer reduction protocol

On a high level, the goal of the answer reduction protocol is to let the verifier delegate the task of
computing D(n, x, y, a, b) to the provers. Of course, since the provers are by definition dishonest,
the verifier cannot simply give this task to the provers. One important observation about an
interactive protocol which makes the answer reduction protocol possible is that the verifier
actually does not care how the computation step is being performed, he only cares whether
D(n, x, y, a, b) outputs 1 at the end of the computation step! Hence, the goal for the verifier is to
design a protocol in which the provers can somehow output “sufficient evidence" to show that
they have, indeed, run the computation step of D(n, x, ¥, a, b) honestly.

Fortunately, the verifier can already use a probabilistically checkable proof (PCP), a com-
mon tool in the computer science literature | 1. Roughly speaking, let TM be a two-input
Turing machine which runs in O(exp(n)) time and x € {0, 1}* be a string with | x| = O(polylog(n)).
Existing PCP in the computer science literature allows a polylogarithmic-time verifier, with the
help of two (computationally unbounded) provers, to verify that there exists a string a € {0, 1}*
with |a| = O(poly(n)) such that TM(x, a) = 1. This construction can be easily modified to hold
for a pair of strings (x, y), which is polylogarithmic-sized as the initial input, and a pair of
polynomial-size strings (a, b), which is polynomial-sized as the initial input. We remark in this
case, since |a| is exponential in size, a polynomial-time verifier cannot process the entire string
a even if he receives it from the prover! However, there are several challenges with directly using
a PCP construction within the answer reduction-procedure, which we list below:

1. For a prover to compute the given PCP instance, it needs both question labels (x, ). This
is a problem in the non-local game setting, since each prover is expected to receive only
its own question label.
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2. The PCP construction only checks whether there exists an answer pair (a, b) which causes
the verifier to accept. In this case, the verifier also needs to check that each answer within
the answer pair (a, b) depends only on its corresponding question label (x or y); i.e. the
prover cannot generate the answer a based on both the question labels (x,y). This is
a bigger problem for the verifier than it might at first appear, since, as previously men-
tioned, the verifier does not have the runtime to even process the answer labels a and
b.

3. Lastly, the PCP construction must also be a CL sampleable game in order to be used as a
part of the proof for the gap compression theorem.

In order to address the first problem, before applying the PCP procedure, a transformation
known as oracularization is first applied. This transformation was first introduced in | ,
Section 9], and is also part of the answer reduction procedure in the “gapless compression" in-
troduced in [ ]. The goal of this transformation is to give both provers the two question
labels (x, y) and force them to generate the same answer pair (a, b) in such a way that the an-
swer label a (resp. b) only depends on the question label x (resp. y). To ensure consistency, the
provers will sometimes give one prover only one of the two question labels in order to perform
a consistency check with the other prover who receives both question labels.

Unfortunately, as pointed out by point two above, since the verifier cannot process the en-
tire question label a and b, the consistency check mentioned is also not as straightforward as it
might have initially seemed. To keep the verification complexity low, the provers are expected
to encode the answers a and b as a low-individual degree polynomial using the generalized
Reed-Muller code introduced in Section . In this case, the consistency test for the veri-
fier becomes verifying that the two provers share the same low-individual degree polynomial,
which can be done through the quantum low-individual degree test given in Section

To tackle the third problem, [ ] uses a special type of PCP known as a probabilistically
checkable proof of proximity (PCPP), which allows one to check whether a specific string a sat-
isfies TM(x, a) = 1 (rather than merely asserting the existence of such a string using a standard
PCP). In this thesis, we use the tailor-made PCPP protocol constructed in [ , Section
10], which reduces the proof checking task to an instance of the simultaneous quantum indi-
vidual low-degree test, where the simultaneous quantum individual low-degree test (SLDT), in
essence, is a parallel repeated version of the quantum individual low-degree test, which is de-
signed to test if the provers share multiple low-individual degree polynomials. As shown later in
this section, since the SLDT has the same sampling procedure as a regular quantum individual
low-degree test, this solves the last problem listed above by Lemma

We organize the remainder of this chapter as follows. In Section , we first go over the
oracularization transformation mentioned above from [ , Section 9] and show that the
completeness/soundness properties from the tensor product model also hold for the com-
muting operator model. In Section , we give a summary of result of the PCPP construc-
tion from [ , Section 10] which will be the bases of the answer reduction protocol that
shows Proposition

11.2 Oracularization

In this subsection, we recall the oracularization transformation used in [ , Section 9],
and show that the appropriate completeness/soundness conditions also hold for the commut-
ing operator model. Given a non-local game ¥ = (¥, </, i, D), we define the corresponding
oracularization transformation in Figure

We have the following lemma regarding the oracularization transformation for the game
¢. We remark that the “soundness" condition for the below lemma also preserves the normal
(non-synchronous) value of the game.



11.2. Oracularization 141

Lemma 11.2.1 (Properties related to the oracularization transformation). Let¥ = (¥, </, u, D)
be a non-local game, and let 4°™ be the oracularization transformation for the game 4, then
for t € {x, co}, the following holds

* (Completeness): If there exists a perfect oracularizable strategy for 4 in model t, then there
exists a perfect oracularizable strategy for 4°™ in model t.

* (Soundness): There exists a polynomial P9 () such that

0 (@G >1 - = 0'(9) =1-P%¢).

e (Sample complexity) If 4 is samplable via a (k, m, p) CL distribution, then 4°™ is sam-
plable via a (k+ 1, m+4, p) CL distribution.

Proof. Let¥ and @Ora he the non-local game as specified in the lemma and fix ¢ € {, co}. We
also shorten the question label “(Oracularization)" to “(Ora)" in this proof for convenience.

For the “completeness” property in the lemma statement, let .¥ be a perfect oracularizable
strategy for the game ¢%. By Theorem , . is synchronous and hence by Lemma can
also be assumed to be a projective strategy defined by .’ = (L2, 1), |T), {P).

We construct a perfect (synchronous) oracularizable strategy on the Hilbert space %2 (<7, 1)
as follows: for all (x, y, a, b) € Z?x.«/2, define the synchronous strategy .79 = (£2 (7, 1), I1) ,{M*})
for the game %™ as follows:

(Prover, A),X _ pX (Prover, B),y _ ¥ (Ora),(x,y) _ pxpYy
MaA —PaA, MbB _PbB’ M(a,b) —Pan.

We first show that .#°™ is projective. Since .7 is a projective strategy, both My """~

M}()Prover, B),y
B

and are projective. By the definition of an oracularizable strategy Definition ,

Question label Question content ~ Answer format
(Prover, A) xeX ajs€eod
(Prover, B) yex bp € of
(Oracularization) (x,y) € X2 (a,b) € of

Figure: Q and A format for the oracularization transformation for 4 = (¥, «/, u, D)
Sampling procedure

1. Sample (x, y) ~ i, and (19, n1) € {(Prover, A), (Prover, B), (Oracularization)}?.

2. Send the question label and question content corresponding to 7 to one of the provers, and
send the question content corresponding to the n; to the other prover.

Verification procedure

1. (Oracularization) — (Oracularization): The provers win iff they output the same answer and
D(x,y,a,b)=1.

2. (Prover, P) - (Prover, P) for P € {A, B}: The provers win iff they output the same answer.

3. (Prover, A) — (Oracularization): The provers win iff D(x, y,a,b) =1 and a = ax.

4. (Prover, B) — (Oracularization): The provers win iff D(x, y,a,b) =1 and a = b4.

5

. (Prover, A) — (Prover, B): The provers win automatically.

On any other input, the prover win automatically.

Figure 11.1: The description for the oracularization transformation for the game ¢ = (¥, </, u, D).
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for (x,y) with u(x,y) >0, [P’ ,P;]1 = 0. Since the question label (Oracularization), (x, y) only
M(Oracularization),(x, ¥) is

occurs whenever p(x, y) > 0, this shows that the measurement operator @b
projective; hence .#°™ is a projective strategy.

The fact that [P?, P} =0whenever u(x,y) > 0 also implies that the set of measurement op-

P , B), larization), (x,
erators {M;Prover’ A)'x}aegf U {Ml(7 rover, B) y}bed U {M((((l)rbe;cu arization),(x,y)

mute with each other whenever u(x, y) > 0. This shows that . Ora js oracularizable.
To show that .7 is perfect, we verify each of the possible question pairs below:

Y a.pyess2 S </ pairwise com-

* (Same label): This follows because the strategy .”°™ is projective and uses the tracial
state |T) as a part of the strategy.

e (Prover, A) — (Ora): Given (x,y) € Z with u(x,y) >0, and a,ax, b € of, the probability of
outputting ((a, b), as) given the question pair (((Prover, A), x)) is

Ora), (x,
TIMg i (MEVE DN P 1) = (7| (PEPY) (P )P IT) = (TI(P) P3Py IT)

where the third equality follows from A|r) = A°P|1). Since . is a projective, perfect
strategy, the resulting answer ((a, b), a4) must satisfty D(x, y,a,b) =1 and a = a,.

¢ (Prover, B) — (Ora): This follows from the same argument as above.

This shows the completeness clause in the lemma.
For the “soundness" property in the lemma statement, suppose that w?(4°™?) > 1 —¢. Let

S = ($2(£{,T),Ulr),{AZ’X},{(B:,/’J/)}) be a tracially embeddable strategy for 4¢°™ in model
t such that w(¢°™?,.%) = 1 —¢. By the sampling procedure as specified in Figure , the
game ¢°™ is %-balanced. Hence, by Lemma , there exist a symmetric strategy .Y =
(L2, 7),017),{PY”}) such that

W(@OR, SV = 1 ¢~ (3€)7 = 1- O(poly(e)). (11.1)

We wish to argue that the strategy . = (£2(<, 1), 0 |t), {PYTOVeLAhxy {P(bprover’ B for the game
4 satisfies w(¥4,.%) = 1 — O(poly(¢)). For simplicity of notation, we write PéProver’ QDX a5 PS'X for
Q € {A,B}. Since the question label pair (Ora) - (Prover A) and (Ora) — (Prover B) are selected
with probability 1/9, we have

P(Ora),(x,y) -

A, (Ora),(x,y)
a,b =O(poly(¢)) (Pa x)op, p Y

- B,y\o
wb | =0polyen (P,
over the distribution (x, y) ~ u. Since P is projective, by Lemma

P(Ora),(x,y)

~ A,x\0 (Ora),(x,y)
wb  =opolye) (Pa, Py,

B,
~opoly(e) (P, ). (11.2)
Since the question label pair (Prover A) — (Prover A) is also selected with probability 1/9,
Pe* =opolyen (Pa™)". (11.3)

Since {P} is a projective strategy, P < [. Hence

(Ora),(x,y) _ ,p(Ora),(x,)\2 _ (Ora),(x,y) . pB.yy0
Pa,b _(Pa,b )" =0o(poly(e)) Pa,b (P, )P

A, B,
zo(poly(e)) (Pa JC) op (Pb J’)Op’

B,
~oolyten Pa (P, )%, (11.4)

where the first approximation follows from Lemma with C being {P;O;a)’(x’y )}, and treating

the set € as the singleton set, and the second and third approximation follows from Lemma
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with C being {(Pllj’y )°P} in conjunction with (11.2) and (11.3) respectively. Since P is projective
and P2* commutes with (Pg’y )°P, we have

PAx(PBy)op (PAx(PB)’) ).

Hence
(Ora),(x,y) _ X pBYyop
(x5~u2|<r|ap ol7) <r|a(P2 Py )a|r>|
Ora),(x, B, B,
R L e
a,b
<. | E Y aloP,"Valn), | E Z|<r|a( (Ora), (x,y) pr(PBy)Op) olt) |+
xX~1g Y~Hap
©Ora),(x,y) _ pAx, pBYyop)? B,y
%XE H;JIW o (P, — Phrpytyer) a|r>|-\/( L Z<r|aP “(P,”)PalT)
_ (Ora),(x,y) _ pAx, pBYy Op) 2 _
2 (x,J[/E)~uaX;:]|(P“’b P, (Pb ) o|t)| O(poly(¢)), (11.5)

where the second line follows from the triangle inequality and the third line follows from
Cauchy-Schwarz. The last line follows from {P;(?;a)’(x’y )}, {Pg’x } and {(Pg”y )°P} being three sets
of POVMs and (11.4).

Finally, since the question label (Ora) is selected with probability 1/3 by the first prover,
by ( ), with expectation over the distribution u, the measurement (rIUP(Ora) &y )0'|T) will
produce an answer (a, b) such that D(x, y, a, b) with probability at least 1 — O(poly(e)) (or else
the players will lose ¢°™). This, in conjunction with (11.5), shows the “soundness" clause in
the lemma.

For the “sample complexity” property in the lemma statement, assume g, the input distri-
bution for ¢, is samplable via a (k, m, p) CL distribution. Let L4 and L? be the two (k, m, p)
conditional linear functions used to define . We show that ¢°™@ is (k + 1, m + 4, p) CL sam-
plable by using the series composition of two sets of CL functions (given in Definition )-
Let Vy = [F‘zl,, and write V, and V5o = Fg,?,, we define the two (k + 1,m + 4, p) conditional linear
functions LA™ and LA™ as follows:

For simplicity of notation, we assume elements in Vj are represented under the canonical
representation (i.e. as elements of {0, 1}4"”). Write every elements s € Vj as s = (8o, $1, $2, 3, $4),
where s; € {0, 1} for i € [4] and s4 € {0,1}* P~V Define

A Ora LB Ora

(S0, $1, $2, 83, $4) = (S0, 51, 0), %80, S1, $2, 83, 84) = (82, 53,0),

where 0 is the all 0 string in {0, 1}*P72 we define

A,Ora — B,Ora — A A,Ora — B,Ora — B A,Ora — B,Ora —
>0,(0,0,0) ~ >0,(0,0,0) >0,(0,1,0) _ >0,(0,1,0) >0,(1,00) ~>0,(1,0,0)

’

where [ is the identity function on V. Intuitively, (0,0) label corresponds to the question la-
bel “Prover A"; the (0,1) label corresponds to “Prover B"; and the (1,0) label corresponds to
“Oracularization". If the prover receives the label “Oracularization”, we give the entire seed
to that prover in order for them to compute the question label (x, y) themselves. We remark
that we can treat the label (1,1) as a free win for the provers, which occurs only with a constant
probability; this raises the soundness condition by only a constant factor. This completes the
argument for the “sample complexity” claim. O
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Throughout the thesis, the “completeness" condition for almost all transformations of games
always has a requirement that preserves perfect oracularizable strategies. As remarked in Sec-
tion 4.4, the only use for this requirement in this thesis is to show the “completeness" condition
for the oracularization transformation to hold.

11.3 Time-bounded classical PCPP

We recall the following PCPP protocol given in | , Section 10] (which is a modification
of the work by [ 1). Since we do not modify the construction from [ ], we do not go
through the details of this construction in this thesis, and instead refer to the original reference
for more details. Recall from the preliminaries that given a string a € {0,1}", one can encode a
into a low-individual-degree log(n)-variate polynomial with a low-individual degree of 2 using
the generalize Reed-Muller encoding given in (10.1). The following theorem is the main result
of [ , section 10.1-10.5].

Theorem 11.3.1 (Time bounded decider PCPP). LetD be a decider for a CL verifier V', and a € N.
There exist two Turing machines (PCPParameter,, ComputePCP,). PCPParameter, takes, as
input n € N and outputs a tuple of parameters (m®S, m"“PP, g, p) such that the following holds:

® TIMEPCPPara.metera = O(pOIY(a;IOg(n)))
e m%¥, g = O(poly(a,log(n)))

o mPCPP = 5.mS 1 51 g, where g is padded such that m"°PP is of the form 2" for some integer
i

e Letl = csipy1 and 0 < csip2 < 1 be the universal constant defined within Lemma
The field size p is chosen to be the smallest integer which satisfies the following:

acsyp2+3csip1)-log(g)

>
1. p= CSLD2 ’
2 (2+5p)-m*s 1
: 2P 2’
mPCPP

p
3. 2

4. 2P is divisible by m"°PP.

—C a
<s SLD,2 ,

By the choice of parameters, one can check that p = O(polylog(a,log(n)))

The Turing machine ComputePCPP , takes, as input, another Turing machine (D), a natural
number n € N and a pair of strings (x,y) such that |x|,|y| < log®(n), and outputs a descrip-
tion of a mP"P-variate polynomial g, € IdPoly(p, m*“"?, p). ComputePCPP,, has the following
properties:

* (Time complexity): ComputePCPP,, takes time O(poly(a,log®(n),|(D)])).

* (The complexity of the PCPP formula): The description of g, can be represented using
O(poly(a,log(n)) bits, and evaluating g, at a single point takes time O(poly(a,log(n)).

Furthermore, if |D| = poly(a) and there exist two strings (a, b) € {0, 1}”a such thatD(n, x,y,a,b) =
1 with

TIMEp(n, x, y, a, b) < n“.

Then there exist five polynomials g,, 8y, 8., 8w, 8w, € IAPoly(p, m“"™, p) such that the following
holds:
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g, is the Reed-Muller encoding of encr(a), where encr is the encoding map for the “padded
version" of a which maps any string with length at most n® to a string with 2™ . The
padded encoding map is given in [ , Proposition 10.19]. The Reed-Muller encoding
is defined over [F;’,f,PCPP

* g, is the Reed-Muller encoding of encr (D), defined similarly as g,.

e Foreveryse FQZPCPP, partition s = (So,*+, Sa,bo," -, b, 2), where fori € [5], s; € [Fg’,’f'”, b; €
For and z € F5,. Define the polynomial ggull € IdPoly(p, m"“PP, d) as the polynomial with
individual degrees at most 32 as

&(5) = gy (5)- (8, (50) — bo) (8 (51) — b1) - (B (52) — b2) (B, (53) — b3) (8, (54) — ba). (11.6)

Moreover, for every s € {0, 1y ¢ [F;’,I,PCPP, gg“”(s) =0.

We remark that the parameter requirement for (m?™, g, p) given in the above theorem fol-
lows according to [ , Definition 10.22], and indeed the individual degree for each poly-
nomials in the above definition is at most d. Intuitively, g, and g;, in the above theorem en-
codes the answers given by the provers for the game ¢, and g,,, 8,,,» 8,, is an encoding for
the 3-SAT instances from the computation steps of D via the well known Cook-Levin encod-
ing. In the theorem above, a polylog time bounded verifier can only compute a description
of the polynomial g, given D and the question pair (x, y), and can only evaluate O(polylog(n))
points from g;. The verifier must somehow query the potentially dishonest provers for the
existence of g,,8,8,, 8w, 8w, t0 confirm the existence of such answer pair (a,b) such that
D(n,x,y,a,b) =1.

On a high level, in the PCPP protocol, the verifier can compute the low-individual degree
polynomial g, since he has access to the description of the decider D. Then, the verifier can,
with the help of the prover, verify the existence of the five low-individual degree polynomials
guaranteed by the above theorem, and as well as the resulting gguu is 0 on all the points within
the “0/1 subcube". Verifying the existence of the five low-individual degree is easy via the si-
multaneous quantum low-individual degree test given on the last subsection. The verifier can

use the following lemma to check that gg““ is zero on the subcube {0,1}"" .

Lemma 11.3.2 (Polynomial basis of zero functions, Proposition 10.21 of [ D). Letm,pe
N and let f € IdPoly(p, m,d). Supposef(s) =0 forall s € {0,1}'" < [F;’,’,. Then there exist m polyno-
mials {¢;}ie[m), each c; € IdPoly(p, m,d), and for all (xo," -+, Xm) € F},

f(xo,-+,xm) = Y €i(Xo, -+, Xp) - Zero(x;)
ie[m]

wherezero : Fop — Fop is the polynomial x - (1 — x).

Hence, instead of checking gguu directly, the verifier can ask the provers to compute each c;
guaranteed by the above theorem, and check their existence again via the simultaneous quan-
tum low-individual degree test.

We now give a summary for the verification procedure for a verifier given a decider D and
the integer n assuming the provers are honest. We first define g,, 8,8, 8w, 8w, : [Fg,l,PCPP — [For
as follows: For every s € [FQ},PCPP, partition s = (sg," -, S4,bg, -, by, z), where for i € [5], s; € [F’g,l,ans,
bi€Fz and z€F5,.

8.(S0, ) S5, b,w) =8,(s0),  8p(So,-++, 84, b, w) =8p(s1), 8y, (S0,-+, 84, b, W) =gy, (52)

8w, (S0, -+, $4, b, w) =g, (s3), 8w, (S0, $4, b, w) =, (s4), (11.7)
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Note for v € {a, b, wy, w1, ws}, g, and g, are almost identical, except that g, is a low-degree
polynomial over m®" and g, is a low-degree polynomial over m"“P?. We can also rewrite (11.6)
without the need to partition the input s, as follows:

8" (9) = 8o(9) (BalS) = bo) (8(9) = D) By, (9) = b2 (B, () = D) &, (9 = ba).  (11.8)

The answer reduction is a combination between the oracularization transformation, however,
instead of computing the decision procedure given in Figure , the encoding from Theo-
rem are used instead to verify that the provers indeed generate the correct answers for
the given question pair. To be more precise, assuming that both provers are honest, the verifier
performs the following on the answer reduction protocol with the provers.

1. The verifier first samples the question pair (x, y) and (74, np) according to the sampling
procedure given in Theorem , and send the question pair normally to the two provers.

2. Upon receiving the question label and the question pair, the prover computes the follow-
ing:

¢ Ifthe question label is (Prover, A), the prover generate the answer a for the question
x for ¢, and then generate the polynomial g, by using the encoding map encr The-
orem

e Similarly, if the question label is (Prover, B), the prover generates the answer b for
the question y for ¢, and then generate the polynomial g;,.

¢ If the question label is (Oracularization), the prover generates the answer pair (a, b)
for the question pair (x, y) for ¢ (from which a only depends on x and b only de-
pends on y). Then, the prover computes the following

— The polynomial g, g;, similarly as above.
- g, (x) base on D, and the question pair (x, y) given by the verifier.

PCPP

— The m*"-variate polynomial g, ,8,,,8,, and the m"~""-variate polynomial

gguu(x) guarantee by Theorem

3. Then, the verifier computes (m?®"s, mPCPP g,p) = PCPParameter,(n). The verifier also

computes the description of g;, by running ComputePCPP (D, 1, x, ¥).

4. Ifthe question pair is (Prover, A) — (Oracularization) or (Prover, A) — (Prover, A), the verifier
uses the (p, m®"%, p)-quantum low-individual degree test to verify that the prover shares
the same low degree polynomial g,.

5. Ifthe question pair is (Prover, B) — (Oracularization) or (Prover, B) - (Prover, B), the verifier
uses the (p, m?™, p)-quantum low-individual degree test to verify that the prover shares
the same low degree polynomial gj,.

6. If the question pair for both provers is (Oracularization), the verifier performs the follow-
ing with some constant probability.

(a) (Low-individual degree test on assignments) The verifier arbitrarily picks w € {wy, w, w»},
and uses the (p, m?"$, p)-quantum low-individual degree test to verify that the prover
shares the same low degree polynomial g,,.

(b) (Simultaneous low-individual degree test) The verifier performs the (p, m®"$, p,6 +
mPCPP)_simultaneous low-individual degree test on the polynomials

Full
8488w, 8w, 8w, 8 €0, CpPcPP_

where ¢y - - - ¢,,,pcrr_1 are the polynomials guaranteed by Lemma when applied
to ggun(x) to verify that the prover actually shares these polynomials.



11.3. Time-bounded classical PCPP 147

(c) (Evaluation test) The verifier samples s € [F;’,l,PCPP, and ask both provers to compute

(U, us) = (84(8),8,(5), 81y, (5), 81y, (5,844, (9)), y=ghull(s),

(Bo, -+ » Bpcrr_1) = (€o(8), -+, € yperr_1 (8)).

The verifier rejects under the following conditions.

* (Consistency check) If the two provers output different values.

¢ (Formula check) Parse s = (sg,---, S4, by, -+, bs, 2), wherefor i € [5], s; € {0,1}'"
b; € {0,1} and z € {0, 1}°. The verifier rejects if

Y #8p(s) - (1= bo) -+ (us — by).

* (Zero on subcube test check) Parse s = (sg,- -, §,,rcer_1), Where each s; € Fy» for
i € [mPCPP], The verifier rejects if

Y # Z Bi-zero(s;).

i€[mPCPP]

where zero is the polynomial defined in Lemma

Since the input/output for the (evaluation test) on the prover side is the same as a “point"
question on the (simultaneous low-individual degree test), the evaluation test is attached as
part of the consistency test when running the simultaneous low-individual degree test in the
answer reduction protocol below. As mentioned in the beginning of the section, the “oracu-
larization" question pair can also be combined with the “simultaneous low-individual degree
test" question to make the above procedure a one round interaction.

To analyze the “soundness” condition of the protocol, we have to ensure that if there is no
valid answer pair (a, b) with the appropriate length such thatD(n, x, y, a, b) = 1, then the provers
cannot generate valid polynomials g, for v € {a, b, wy, w1, w2} which can be used to trick the
verifier in the above procedure. In order to state this more precisely, we need to first define the
notion of a low-degree PCPP proof below.

Definition 11.3.3 (Low-degree PCPP proof, definition 10.23 of [ D). Givenm®,g,peN,
let mPPP be as of the requirement given in Theorem . A low-degree PCPP proof is a tuple
[Ipans g, Of evaluation tables over polynomials

- = = - - )
(ga)gbygwoygwlyng)g‘]I;u ’COy"')cmPCPP—])’ (11-9)

where g,, 81,8, 8w, 8w, € IdPoly(p, m“™,p), and gg””, o, -+, Cyrcer_y € IdPoly(p, mPCPP ) p).

. pcpPP_ .
The evaluation of I,yans g, at s € {F}, ~ } is given by

ull

evals(Iyans g, p) = (8,(S0), 8 (51), 8y, (52), 81y, (53), 81w, (54), 8y (8),€0(8),++, €pprcrr_1 (8)).

where s is parsed as s = (Sp, -+, S4, by, -+, b4, 2).

Intuitively, a low-degree PCPP proof is a classical proof in which the provers can generate
a proof for the above verification procedure. We now state the (classical) soundness result for
the PCPP procedure given in Theorem

Theorem 11.3.4 (Classical soundness of the time bounded decider PCPP, theorem 10.25 of [
Let n,a € N, let (ComputePCPP,,PCPParameter,) be the two Turing machines given in Theo-
rem , and let

* D be a decider for a CL verifier ¥,
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* X,y be two strings of length at mostlog®(n),

° (mans, mPCPP

, 8, p) be the outputs of PCPParameter,(n),
* g, be the outputs from ComputePCPP,(D, 1, x, y).
Then the following holds:
e (Completeness): If there exist two strings a, b € {0,1}"" such that D(n, x,y,a,b) = 1 with

TIMEp(n, x,y, a,b) < n®, then there exists a low-degree PCPP proof I jans, g,p Such that for

allse FY"

ValidatePCPP(gy, m™™, g, p, s, evals(Iyans g 1)) = 1
where the function ValidatePCPP is as specified in Pseudocode

* (Soundness): If there exists a low-degree PCPP proof I yans ¢ , such that

PCPP
s~ )

1
Pr  [ValidatePCPP(gy, m™™, g, p,s, evals(Il,yans g ) = 1] > > (11.10)
then there exist two strings a, b € {0, 1}”“ such that g, = encr(a) and g, = encr(b), where
8., 8, are two low-individual degree polynomials used to definellyans g ,, and D(n, x, y, a, b) =
1 with
TIMEp(n, x, y, a, b) < n“.

1 Input: Polynomial (gp), parameter m?"®

2 Compute m’*P =5. ma 154+ g,

, &, p, PCPP view s, =

3 Parse E = (up,**, Un, Y, Po, **, Byecer_1) where each variable is in {0, 1" return 0 if
this cannot be done.

4 Parse s=(So,--,S4, Do, , ba, z), where for i € [5], s; € {0, 1}, b; € {0,1} and z € {0, 1}°,
return 0 if this cannot be done.

5 Ify #gp(s)- (11— Do) -+ (a — ba), return 0.

6 Ify #3 icimpcrr) Bi - zero(s), return 0

7 Return 1 if all the clause above fails.

Pseudocode 12: ValidatePCPP(g,, m*", g, p,s,=), the validation algorithm for the
PCPP procedure.

In the above theorem, the completeness clause follows directly from Theorem . How-
ever, the soundness clause is stated differently from the quantum soundness used in this thesis
because the definition of the PCP differs from that of the classical MIP (see [ ). The

soundness theorem essentially states the following: Imagine that the verifier can give a point
s to one of the provers, Alice, and ask her to evaluate s on all the polynomials given in (11.9)
and output the answer. Alice has to evaluate the polynomials honestly, but she does not nec-
essarily have to generate the given polynomials according to the procedure given by the PCPP.
She can instead fix any low-individual degree polynomials and evaluate the point s on them.
What the above theorem essentially states is that, unless TIMEp can be satisfied (by some a, b),
Alice cannot construct any sets of polynomials that can cause the verifier to accept using the
procedure given in Pseudocode 12 with high probability.

11.4 The answer reduction transformation

Using the PCPP procedure given in the last subsection, we give a proof of Proposition
below. For convenience, we restate the proposition below.
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Orac Q SLDT Q Question content Answer format
(Point)  xex,sAeF"™ up=Fq
(Prover,A)  (Dline) ~ xe &, (j,5) € [m™] x F75" - D :Fpp — Fyp
(Aline)  xe %, (j,v,s4) € M| x 200 A Fp — Fop
(Point)  yex,sBern™ up =Fyq
(Prover, B) (Dline) ye @, (]; Sg) € [mans] % Dtg;jans N fg :|F2p . |F2p
(Aline)  ye, (j,v,s5) e m®S] x 2N D :Fpp — Fypp
(Point)  (x,)) e X2, sWoe [Fg},a“s U,y €Fop
(Orap) (Dline)  (x,y) € X2, (j,s5°) € (M) x F17, £, :Fop — Fop
0€ 3] Aline)  (x,) €2, (j,,5°) € M| xF2 D) :Fpp —Fyp
(Point) ) ex? seFm (uo,+,us,y,Bo-+» Bm—1) € Fop
: Y D D D D
O (Dline) (v, y) €22, (j,s°) € [m] x F}}, (- TR AR
5 , fl/ : |F2p i |F2p N
. » m
(Aline) () € X2, (j,v,s") € Im] xF3) Wy, BBy By )

f]L? :Fop —Fop

(m

(a)

(b)

(c)

(d

Figure: Q and A format for the answer reduction protocol AnswerReductiong applied to a CL verifer (Q,D).

Sampling procedure

If at any point during the sampling procedure given below, the following happens:

e There is an error in running the subroutine Q or PCPParametery(n).

 Orif the runtime exceed log”AR (n) (for some YR picked later in the proof of Proposition 7.4.3).

Then halt the sampling procedure and instead sample a question pair from Yeject, the rejecting game
from Definition 6.2.3.

1. Given the input 7, sample a question pair (x,y) ~ 4, by using Q(n,-). Then compute the parameter
ans ,,PCPP

,8,p) =PCPParametery(n) and set m = mPCPP,

2. Uniformly (ng,), no,1 € {(Prover, A), (Prover, B), (Ora)}?, if (Ora) is sampled for no,; for i € {0,1}, uni-
formly sample another element {(Ora)g, (Ora)1, (Ora)z, (Ora)} and set ng ; to be that element. Sample
nr,0,nr,1 ~ {(Point, DLine,ALine)} and sample s ~ {0,1}"".

3. Parse s=(so,-,54,bo, -, by, 2), where for i € [5], 5; € {0, 1}’""", b; € {0,1} and z € {0, 1}°.

4. For i €{0,1} corresponds to the two provers

If ng,; = (Prover, A), sample a question for the (p, m®"$, p)-quantum low-individual degree test
according to the label of iy, ;, where the point question uses s 4 = sg. Send ((Prover, A), x), as well
as the question label for the quantum low-individual degree test to prover i.

If ng ; = (Prover, B), sample a question for the (p, m*"$, p)-quantum low-individual degree test
according to the label of nj ;, where the point question uses sg = s1. Send ((Prover, B), y), as well
as the question label for the quantum low-individual degree test to prover i.

If ng,; = (Ora), for o € [3], sample a question for the (p, m*"®, p)-quantum low-individual degree

test according to the label of n, ;, where the point question uses sy, = So+2. Send ((Ora), (x, y)),
as well as the question label for the quantum low-individual degree test to prover i.

Otherwise, sample a question for the (p, m, p,6 + m)-simultaneous quantum low-individual de-
gree test according to the label of n 1,i» where the point question uses s. Send ((Ora), (x, y)), as
well as the question label for the simultaneous quantum low-individual degree test to prover i.

Figure 11.2: The description for QR for the answer reduction protocol AnswerReductiony applied to a CL verifer
QD).
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Verification procedure
If at any point during the sampling procedure given below, the following happens:

* There is an error in running the subroutine D, PCPParameter, or ComputePCPP,,.

e Or if the runtime exceed log”AR(n) (for some y*® picked later in the proof of Proposi-
tion 7.4.3).

Halt the decision procedure and immediately outputs 0.
Preprocessing steps.

1. Compute the description of the polynomial g, = ComputePCPP,(D,n,x,y) from Theo-
rem 11.3.1.

mPCPP PCPP .

2. Compute the parameter (m?"s, ,&, p) =PCPParameter,(n) and set m=m

The verifier then perform the following series of check in sequences:
Low-individual degree check.

1. If ngo = np,1 = (Prover, P) for P € {A, B} or np o = nop,1 = (Ora,) for o € [3], return 0 if they loses
on the (p, m®™, p)-quantum low-individual degree test.

2. If npp = np,1 = (Ora), return 0 if they loses on the (p, m, p,6 + m)-simultaneous quantum
low-individual degree test instances.

Prover consistency check. For i€ {0,1}

1. If (no,;,n,;) = (np,1-i, nr,1-;), return 0 if the answer given by both provers are inconsistent
with each other.

2. If (no,i, n,;) = ((Prover, A), (Point)) and (no,1-i, nr,1-;) = ((Ora), (Point)), return 0 if u4 # up.
3. If (no,;, nr,i) = ((Prover, B), (Point)) and (no,1-;, n1,1-i) = ((Ora), (Point)), return 0 if up # u;.

4. If (ng,;, nr,;) = (Oray,, (Point)) for o € [3] and (no,1-;, n1,1-i) = ((Ora), (Point)), return 0 if u,,, #
Up+2.

PCPP proof check. For i € {0, 1}
1. If (no,;, ny,;) = ((Ora), (Point)), write s = (s, -, S4, bo, -+, bs, z). Return 0 if either
(@) y#gp(s)- (w1 —bo)--- (us— by).
®) ¥ # X iemperp Bi - zero(s;)

Return 1 if none of the test above fails.

Figure 11.3: The description for DA for the answer reduction protocol AnswerReduction, applied to a
CL verifer (Q,D).
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Proposition 11.4.1 (Answer Reduction). For all constants (a, k) € N there exists a polynomial
time algorithm dnswerReductiong i that takes, as input, a pair of Turing machines (Q,D) and
outputs a tuple of Turing machine machines (Q*%,D4%) such that the following holds:

There exist a polynomial For models t € {*, co}, AnswerReduction, outputs a pair of Turing
machines (Q*®,D4R), which defines a synchronous CL-verifier VX for an infinite sequence of
game GAR = (GARy, N with the following properties: There exists an integer Y% = O(poly(a))
such that

1. (Runtime): AnswerReductiong have runtime

Tl MEAnswe'r-Reductiona (poly(a), 1Ql, ID]).

2. (Dependency for Q*R) The Turing machine Q*F only depends on the inputQ and a.

Furthermore, if the input ¥ = (Q,D) is a max{4, k + 2} level synchronous CL verifier for the
infinite sequence of synchronous game ¥ = {4} nen for some constant k € N, and there exists
some constant ny € N such that for all n = ny, we have

e DY = O(poly(a, k)).
* Q(n, Parameter) <log®(n),
* TIMEq(n) <log®(n),

e TIMEp < n®.

Then there exists some integer ng‘R = poly(y*R, ng) with ny < né‘R such that for alln = ng‘R

1. (Complexity bounds for the output):
* TIMEgr(n) < max{log”AR(n), Ctrivi"l},

e TIMEpar(n) < max{logY"R(n), cfrivial},

for some universal constant C"Vi¢,
2. (Level for the CL sampler) The Turing machine Q4R is a level maxik + 2,5} CL sampler:

3. (Completeness) If there exists a perfect oracularizable strategy for 4, in model t, then there
exists a perfect oracularizable strategy for G4 in model t.

4. (Soundness) There exist a universal function S’QR which depends on n and € with O(SQR) =

O(polylog(n), poly(¢)) such that, for any polynomial € :N — [0, 1]

w'(G,) <1-e(n) = 0" (@G <1-sFe(n), )

Proof. Fix the constants a,k € N. We define the algorithm AnswerReduction, j as follows:
Given a pair of Turing machine (Q, D), we specify the sampling procedure Q*Rin Figure and
the decision procedure DR by Figure . We denote ¥, to be the n-th game generated by
the original game sequence (from the input (Q,D)) and %QR = (%,‘?R,d,f‘R, ,u‘,“,LR, DQR) be the n-th
game from the answer reduction transformation.

The “Runtime" clause of Proposition follows from the description of Figure and Fig-
ure , where computing the description of (R*R) and (D*R) does not involve computing spe-
cific instances of (Q,D) (and hence have no dependency on 7). The “Dependency for Q*R" fol-
lows from the description of Figure (i.e. it only depends on Q and the constant a).
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Now, assume the input for AnswerReduction, ; is a game sequence ¥ = (Q,D) with the
property given in the “furthermore" part of Proposition . To show the “complexity bound
for the output" part, we analyze the complexity of @R and D*R without the “runtime exceeding
10g7’AR (n) clause from Figure and Figure . We start with QR where, by analyzing each
step of the description given in Figure , we incur the following:

1. Sampling the question pair (x, y) from the Turing machine Q takes time log®(n) by defi-
nition. By Theorem computing PCPParameter,(n) takes time O(poly(a,log(n))).
This implies that step 1 takes step O(poly(a,log®(n))).

2. Sampling the “oracularization" label takes constant time. By the parameter choice guar-
anteed by m®"S and g, m = O(poly(a,log(n))) which means sampling s takes time O(poly(a,log(n))),
giving step 2 of a runtime of O(poly(a,log®(n))) steps.

3. Step 3 takes time O(poly(a,log®(n))) time due to the size of m.

4. Sampling the question label for the quantum low-individual degree test/simultaneous
quantum low-individual degree test takes time O(m) = O(poly(a,log®(n))) time.

Hence, since «a is chosen to be a constant in the beginning, the runtime for QAR assuming it
does not stop by the termination clause, takes time O(polylog(n)) time. Now we analyze the
runtime for DR, By studying each line of the description given in Figure , we incur the
following:

* Preprocessing steps. Computing ComputePCPP (D, 1, x, y) takes time O(poly(a,log(n)))
and computing PCPParameter,(n) takes time O(poly(a,log(n), [{D)])) = O(poly(a,log(n), k)).

* Low-individual degree check. Verifying the quantum low-individual degree test/simultaneous
quantum low-individual degree test in this instance takes time O(poly(a,log(n))) by the
choices of parameters and Lemma

¢ Prover consistency check. Comparing equality of outputs takes time O(poly(«,log(n)))
again by the choices of parameters.

¢ PCPP proof check. Evaluating the low-individual degree polynomial and comparing the
corresponding output takes time O(poly(a,log(n))) again by the choices of parameters.

Again, since a and k are chosen to be constants, the runtime for DAR assuming it does not stop
by the termination clause, takes time O(polylog(n)). Hence, pick YR € N to be the minimum
constant such that the following holds:

TIMEguw(n) < O(og”" (1)),  TIMEpw(n) < Ollog"" (n)). (11.11)

and let C"Vial he the constant such that ¢"¢°t can be both sampled and decided in time Ct"Vial,
Pick néR € N be the smallest integer such that

TIMEgu (nf®) <log”™ (8%, TIMEpw()™) < Odlog?" (13})), (11.12)

and the “complexity bound" clause follows from the definition of the big O notation.

For the “level clause", we see that the input distribution u4¥ is essentially an instance of the
oracularization transformation of ¢, and an instance of the quantum low-individual degree
test/simultaneous quantum low-individual degree test depending on the oracularization label.
By combining the “sample complexity" clause on both Lemma and Lemma , and
using the series composition of CL functions given by Definition (in this case, only the first
label for oracularization is being used to control which of the low-individual degree/simultaneous
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quantum low-individual degree test is being performed), we obtain a max{k + 2,5+ 1}-CL dis-
tribution that samples uA%. This shows the ‘level clause" of the proposition.

For the “completeness clause", we describe the perfect oracularizable strategy for ¢ as
follows:

1. Upon receiving the questions, the provers first perform the perfect strategy for 492, the
oracularized version of ¥, guaranteed by Lemma using the oracularization label
and the question pair for the original game as the question label for ¢9"2.

2. For P € {A, B}, if the oracularization label is “(Label P)", the prover computes the follow-
ing:

(a) Generate the correspondinglow-individual degree polynomial g,, according to The-
orem

(b) Perform the quantum low-individual degree test using the SLDT Q label and the
low-degree test question content as the question label, and using g, as the “shared
polynomial" between the two provers. We remark that this step is classical accord-
ing to the procedure described in Section

3. For o € [3], if the oracularization label is “Ora,", the prover computes the following:

(a) Compute the polynomials described in Theorem using the question labels
(x,y), and the answer obtained (a, b).

(b) Perform the quantum low-individual degree test using the SLDT Q label and the
low-degree test question content as the question label, and using g, as the “shared
polynomial" between the provers.

4. If the oracularization label is “Ora", the prover computes the following:

(a) Compute the polynomials described in Theorem using the question labels
(x,y), and the answer obtained (a, b), also computes the polynomials described
in Theorem , aswell as the “zero polynomials” c;, i € [m] generated by Lemma

applied to the polynomial ggu“.

(b) Perform the simultaneous quantum low-individual degree test using the SLDT Q la-
bel and the low-degree test question content as the question label, and using all the
polynomials computed in the previous step as the “shared polynomials" between
the provers.

From a measurement perspective, this is essentially just an instance of ¢9™ for the provers.
Hence, the completeness clause follows from the completeness clause of Lemma

The “soundness” clause proceeds similarly to [ , Section 10.7], except we use the
notation from Table 4.1 to translate the proof from the finite-dimensional setting to the tracially
embeddable strategies setting. Since the “soundness" proof is extremely technical, we choose
to present it in the next section for clarity. O

11.5 Proof of the “soundness" clause for the AR transformation

Fixa,n €N, let9, = (X, oy, in, Dy) be the nth game of 7, and let GAR = (X AR, o7 MR yAR DAR)
and ‘5,?‘3 = (%,?ra,d,?ra, ,ugra, Dgra) denote the answer reduction transformation given in Sec-
tion 11.4 and Section 11.2. Given a question label x € /R, we write x = (x0, xIPL, (x83me, LDC))
where each elements corresponds to the “oracularizable question label", “SLDT question la-
bel", question content for the original game %,, and question content for SLDT from Fig-
ure respectively. When we fix certain question labels, we might omit that portion of the



Chapter 11. Answer reduction part 2: Oracularization and time-bounded probabilistically
154 checkable proofs by proximity (PCPP)

question label for simplicity notation. Furthermore, let (PCPParameter,, ComputePCP,) be the
two Turing machine guaranteed by Theorem ,and let (m?"S, m, g, p) = PCPParameter,(n).

Before we start giving a proof of the “soundness clause"”, we first give an overview on how
the proof goes. To show the “soundness" clause, it is equivalent to show that there exist a poly-
nomial function t‘(}R with tﬁR = O(polylog(n), poly(¢)) such that for model ¢ € {*, co}

w' (@ >1-e = w' (¥ >1-R(E, n).

Hence, assume that wt(ﬁg,{?R) > 1—¢, and fix strategy in model ¢ such that . succeed at ‘E@SR
with probability at most €. We show the soundness clause by proving the following:

1. By using Theorem , we first show that there exist a strategy .P°Y for ¢AR which
consists of the provers first performing hidden measurements and sampled 6 + m low-
individual degree polynomials, and then using these polynomials to pass all the low-
individual degree polynomial/simultaneous low-individual degree polynomial test for
GhR,

2. Then we use Theorem on the polynomial generated by .#P°Y to construct a strat-
egy .01 for 99" which succeed with probability at least 1 — O(polylog(n), poly(e)).

3. Finally, we conclude the proof by applying Lemma to show that there exists a strat-
egy for ¢, which succeed with probability at least 1 — O(polylog(n), poly(¢)), thus showing
the lemma.

For simplicity of notations, we work with synchronous strategies in order to show point 1 and
2. For a question pair (x, y) = ((x073, xIPL, (x8ame, xLDC)) (50ra LDL (ygame LDCy)) for AR e

observe that the synchronous question pair for 4R corresponds to the case where x°' = y0ra

and x"°! = y'Pl which occur with constant probability. This implies that the game 9, is ¢--

balanced for some constant Cib, and hence any strategy .7 for ¥R which succeed with proba-
bility 1 — € must be ¢y, - e-synchronous. By Lemma

0 (@M >1-e = w (@) >1-¢—stomding(c, ey =15, (11.13)

Hence, fix a synchronous strategy . = (£%(7,7),17),{AX}) such that w(¥2R,.7) > 1 - ¢; - 61,
where ¢ is a sufficiently small constant chosen later in the proof.

Define the function eval{ : IdPoly(p, m®", p)*" — [}, as evaly (gy, -, 8,_1) = (8 (), -, &,,_1(5).
We wish to first show the following claim:

Claim 11.5.1. For all (x8%"¢, y89me) ¢ 92 there exist six sets of PVM in <,
G éProver, A),x8ame { GéPml/er, B),ysume

Ygelapoly(p,mes,p)» Yge1dPoly(p,mans, p)

{

(Ora),,(x8me, ygame)
Gg YgeldPoly(p,mans, p) for 0 €{0,1,2}

{G( Ora) , (xgameyygame) }
Uy 80y 885y 88, g,€ldPoly(p,m,p)

such that the following hold: For s € [F;’,Zm andneN,

Ag’rover, A),(Poin), x8™,s Otpolyte.log (), ) EZZ;?Z ;‘l)yxg’""e, (11.14)
A(upmver' B (Poim,ys =O(poly(g,log(n),a)) Ej:z;lelr;tf)’ygame’ (AL15)
AL (PomD (CETEYE ) O(poly(e,log(n),) Eir:l);l,;fgm,ygm), 0€i0.1,2 (1116
et B pos . =Owolclogn.) Gl L oy ()

where = for the above four equations is defined over the distribution (x84, y8%"¢) ~ u, and
s~ [Fg}fms for the first 3 equation, and s ~ F}} for the last equation and over the state|1).
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Proof. 9"R, when the question set is restricted to the case where the oracularization question
label is restricted to “(Prover A)", and the question content for %, is fixed to some x8™€ €
%, is precisely an instance of the (p, m, p)-low-individual degree test. Since .# succeed with
probability 1 —c; -6, and the probability that both oracularization question label in a question
pair to be both “(Prover A)" being %. This implies that, on average over (u,) x, the strategy .7,
when restricted to the case where (x°2, y°™) being both “(Prover A)", succeed with probability
atleast 1 —9-6§,. Hence, by Theorem

AlProver, A),(Point),x84™M¢,s _, (Prover, A), x84
u ~nup(p,m,p,9-61) feval!|u] ,

where = for the above equations is defined over the distribution (x8™€) ~ u, and s ~ F;’Zﬁns
By the choice of the parameter p, m®"® = O(poly(«,log(n))), this immediately shows ( ).
( ) and ( ) follows from a similar argument (except with the oracularization question
label replaced with “(Prover B)" and “(Ora),", i = {0, 1, 2} respectively). ( ) follows a similar
argument with the label “(Ora)" and using Lemma . This completes the proof. O

We wish to modify the output for the PVM associated with the “(Prover, A)", “(Prover, B)"
and “(Ora),", i € {0,1,2} as PVM which outputs g € IdPoly(p, m, p). For s € [}, partition s =
(s, , S4, W) where s; € [Fg’,’;m, ie[5]land w e [Fg:g , we make the following post measurement

processing to PVMs given in the last lemma as follows

* Treat the outputs g from {Ggmver' A)’xgame} as g € IdPoly(p, m, p) as g(s) = g(so).

F:} as g € IdPoly(p, m, p) as g(s) = g(s1).

gam
* Treat the outputs g from {GgrOVer, B),y

xgame ygame)

 For o0 € {0,1,2}, treat the outputs g from {Géora)o,(
8(5) = 8(So+2).

} as g € IdPoly(p, m, p) with

To distinguish the two measurement outputs, we write the output polynomial as g if the result-
ing polynomial output are from IdPoly(p, m®", p) and g if the output are from IdPoly(p, m, p).
For i € [5], define the PVM measurement

Géora)'(xgame, YEmU; _ éOra.).i({gcgam;yzame.)" ¢ (11.18)
u; [OARANNEL 10/ ) SR -T: ARRNEL o) : B
8uy»8u;_18u;,17" 8Buy
gl"’gBo""'gBm,lEIdPOly(p'm'p)
(Ora)'(xgame’ygame),l:ull _ (Ora)‘(xgame'ygamE)
Gy s 5, = Bup+ 8, BBy BBy, (11.19)

8u,» 8y, €1dPoly(p,m,p)

(Ora), (x8%™m¢

Since G YE) is projective, forall (x, y) € 5?5,% and outputs g, v € {Up,--,Us,I', By, -+, Bj—1}

GO, (xy —GOra),(x,Us ... GOra),(x.y),Us Ora), (x,y),Full GOra),(x,y),Us ... gOra,xn.Uo — (11.20)

Base on the decision procedure for ¢®, we show the following claim

Claim 11.5.2. On average over (x,y) ~ y, s € F, and over the state|t)

(Prover, A),x8%me (Ora), (x84, y&4¢), Uy op

levall |uo] =0(poly(elogm,a) (G (11.21)

EZZZ?Z?WW =O0(poly(e,log(n),a) (Gfeovr:;l(zimy 0 Uyop (11.22)
Eg,fl)ggiirzyj;ygm) =0(poly(e log(n),a)) ( Ez,:fl)égfx'jgam)'l]"”)""’ ,0€1{0,1,2}. (11.23)

Proof. We show the proof for ( ) below, the proof for ( ) and ( ) follows a similar

proof. Consider the question pair (x, y) for @AR where (x01, yora) = ((Prover A), (Ora)) and
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xPL = yIDL — (point), this occur with constant probability. Since .7 succeed with probability
atleast 1 —¢j - 01, by point 2 of the “Prover consistency check" from Figure ,

((Prover, A),(Point),(x8™€,s)) _ (Ora), (Point), ((x8%M¢, y83M€), 5)

Auo ~O(poly(g,log(n),a)) Auoy"'.u4,%ﬁo.“nﬁm-1 (11.24)
over (x,y) ~ uand s ~ F}} and over the state |7). ( ) then follows from Lemma point
1 and 2 which translates between = distance to = distance, and the triangle inequality for =
distance applied to ( ) ( ), and ( ). O

xgame ygame)

For (x84M€, y8amey ¢ o = define the POVM measurement M, { with out-

8uy»8u, 8188y 188,

comes g, € IdPoly(p, m, p) as
(x,y) —GWx 5By 5010, (x,y) ~(010)1, (%)) ~(0Orc)y, (x,7) (Ora), (x,y),Full
8uy " 8u, 888y 8B, BUy 8up 8Up 8u. 8y, 885y 8B,

G(OrC)z,(x,y) GéOIC)l,(x,y) G(OrC)o,(x,y) G(B),yG(A),x
Us 8u,

8u, 8y, 8y ’

where for P € {A, B}, we shorten the label (Prover, P) to (P), and remove the superscript “game"
in the above equation. We remark that in contrast to G©™@*™V*™) ‘the output g, , i € [5]
from M™Y) are secretly polynomials in IdPoly(p, m®®$, m) which is consistent with the defini-
tion for the 5 polynomials given in Theorem

Furthermore, we define M**"Y*"™)\Ui for j € [5], and M y*™ ) Full i 3 similar manner
as ( ) and ( ). By definition

MEETEYET) Uy _ (;(Prover, A), x84

game

M(xgame, y&), U, — G(Prover, B),y

ame , game game y/game
PEETE Y, Ui GéOra)o,(x 24 ), 0€{0,1,2}.

For (xgame’ ygame) € '%‘2 and Output tuple (gUo’ e ’gU4’gr’gBO e ’gBm_]) from M(xgame,ygamE). We
refer to the output as “good" if for a uniformly random s = (sg,:-+, 4, bo,**, bs,2) ~ [F;’Z,, the
following occurs with probability greater than %:

* 8r(8) =8p(8)(8y, () — bo) 8y, () — b1) (8, () — b2) (8, (5) — b3) (8, ($) — ba)

* 8r(8) =Xieim 8p, (s)zero(s),

where g, = ComputePCP,, ((D), n, x84™M€, y8a™M€) By Theorem , if the output for MO*"5r¥™)

is a “good" output, then there exist a, b € {0, 1}* with |al,|b| <log®(n) such that 8y, = encr(a)
and g;;, = encr(b) and D(x8¥M¢, y83M¢ q, p) =1

We now proof the following claim regarding the measurement M y*")

Claim 11.5.3. On average over (x84"¢, y84"¢) ~ i, and the state|t)

game game gamc game
MY 0 oive logmy,ay (MO YTT)OP, (11.25)

Furthermore, on average over (x589, y8%me) ' the measurement output for (x| M>*"“Y*"\1y is
“good" with probability at least 1 — O(poly(e,log(n), a))

Proof. We first show that, on average over (x82™M€, y84M€) ~ 1, and the state |7)

game jgame) Ora), (xgame jgame
M(x y = O(poly(e,log(n),a)) G( ra), (% Y ) (11.26)

Since GOra),(x¥ ™,y 4q projective, by the definition of M (B, ¥ the last 1+ m measure-

ment outcome for GO ™y (g 85, """ 8g,, ,) Will always be the same as the measure-
ment M®*V*™) when the two measurements are made simultaneously (on any state). For
i € [5], by Claim and the Schwartz-Zippel lemma (Lemma )

(x8ame 'ygamE) U; -

(Ora), (x84M¢, y82M€), Uy o
8u; =5, (Gg, )
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for 6, = O(poly(e,log(n), a)) + ";—',,d. Hence, by repeatedly applying Lemma , the underly-
ing vector state is a tracial state, and using Lemma to convert between = distance to =
distance,

G(Ora),(x,y) — G(x,y),Uo .. G(x,y),U4 G(x,y),FullG(x,y),Uz; ,,,G(x,y),Uo

~g (M(x.y),UO)OPG(x,y).Uo . G(x,y),U4 G(x,y),FullG(x,y).U4 .. G(x,y),Ul
2

s, (M(x,y).U4 .. M(x,y),UO)OP G ... G, Us (x,),Us G(x,y).Full

— (M(x,y),FullM(x,y),U4 .. M(x,y),UO)Op G ... gxy)Us

~g (M(x.y),U4M(x,y),FullM(x,y),U4 . __M(x,y),UO)onG(x,y),Uo e GENUs
2

=5, (M(x,y),Uo o M) Us M(x,y),FullM(x,J/),U4 . M(x,y),Uo)op — (M(x,y))op
where we remove the superscript “game"” and (Ora) in the above derivation for clarity. Hence,
by using the triangle inequality for = distance and Lemma , this implies that

G(Ora)y(xgame’ygame) ~ 1052 (M(xgame,ygame) ) op

and since the underlying state is a tracial state and §, = O(poly(¢,log(n), a)), this shows ( ).
Since the underlying state for ( ) is the tracial state |7), we also have

(M(xgame’ygame))op Ora)’(xgame’ygame))op (1127)

= 0(poly(e log(m,a)) (G

G (Ora), (x&me

. game . .
For ( ), since Y27 are all projective measurements,

GO YT o (GO ETEYE0p (11.28)

over (x83M€ y8aMe) ~ 1, and the tracial state | 7). Equation ( ) then follows from Lemma
and the triangle inequality of = distance being applied to ( ), ( ) and ( ).
For the second part of Claim , by applying the data processing inequality to ( )

(x8ame, ygame) (Ora), (Point), ((x8¥™¢, y8Me) 5)

leval®* ™| (ug, 4,0, »Bm-1)] = O(poly(e;log(n),a) A[evalgml(uo,"-,u4,}’yﬁow-,ﬂm71)]' (11.29)

Hence by applying the triangle inequality for = distance and Lemma to ( )and ( )
we obtain

(xgame, ygame) (Ora), (Point), ((x8¥™me, y8ame) q)

[evalf“”l(uo,---,u4,y,ﬁo,~-,ﬁm_1)] =O(poly(e,log(n),a)) Ug, -, UsyY>Bor > Bt (11.30)

Recall that . is a synchronous strategy which succeed at 9*® with probability at least 1—c; -1.
Since the oracularization question label is pick with constant probability, by the “PCPP proof
check" clause of Figure , on expectation over (x82™€, y8a™Me) ~ yand s = (sg,--, S4, Do, "+, b4, 2) €

[F;’},, the measurement
(Orc), (Point), ((x8™M¢, y8aMe)  5)
<T|A(Lto,---yu4,%ﬁow--,ﬁm_1) I7)

outputs the answer which satisfies the properties below with probability 1 — c2c; - 61
L. y=gp(s)- (u1 —bo) - (us — by),
2. ¥y =XYicim Bi-zero(s),

where g, = ComputePCP, — (D), n, x83™¢, y88M€)  Pick ¢ € (0,1) used to define . such that 1 -
cc1+01 = % Combine this with Equation ( ), this shows that on average over (x84™¢, y83™me) ~
L, the probability that M**"¥*™) gives an output which is “good" with probability at least
1- = O(poly(¢g,log(n), a)), thus completing the claim for the lemma. O
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Base on the POVM M®*™7¥™) e define a symmetric strategy . Ora — (L2(of 1),|7), {B}})
for ¢°™ as follows: Fixed (x8™€, 82m€) ¢ 9 the measurement operator {BY "M *™) a5 a
data processing measurement as follows:

game . .
¢ Perform the measurement MgU "% and obtain a polynomial g, .
0

* Ifthere exist an a € </, such that |a| <log®(n) and g;; = enc, output a. Otherwise, output
0.

B) ,yg‘“" A), xgame }

‘1 is defined in a similar manner as {B®rover
game . game ..
Orac), (x®75, y&¥H5)y similarly de-

The measurement operator {BFrover
. game
with the measurement M;;U ‘U The measurement operator {B(
. 1
fine as a data processing measurement as follows:

xgame

e Perform the measurement M®*"Y*"™) and obtain the tuple of polynomials (g,)-

e If the given measurement outcome is a “good" output, by Theorem , there exist
(a, b) € /2 such that 8y, = encr(a), gy, = encr(b), output the corresponding (a, b) € A2
Otherwise, output (0,0).

We remark that the above strategy is not necessarily synchronous strategy, since {M®*""7*")}
does not necessarily have to be a PVM. We make the following claim about .7 °"3,

Claim 11.5.4. (%97, 707 > 1 — O(poly(e,log(n), a)).

Proof. We consider the performance of .9 for different question pairs given in Figure
below:

e (Prover, P) - (Prover, P), P € {A, B}: Since both M*EUa = GProven, A) x5 o q py* ™ Us =
GProver, B,y are both projective and .#°™ uses the tracial state as the underlying state.
This implies that .7 always succeed on this question pair.

¢ (Oracularization) — (Oracularization): For the “consistency" part of this question pair,
BOrao), %, y8%%) 4¢3 data processed measurement of ME*™Y*™) 'which by ( ), are
consistent with probability at least 1 — O(poly(e,log(n), a)). For the “proof checking"
part of this question pair, whenever M®*"“V*™ returns a “good" output when per-
forming the measurement B©r9.C*™ V™) "the corresponding output (a, b) € /2 al-
ways satisfies D, (x,y,a,b) = 1 by Theorem . By Claim , this occurs with
1 — O(poly(e,log(n), a)). Combining these two facts, this implies that .””°™ succeed on
this question pair with probability at least 1 — O(poly(g,log(n), a)).

¢ (Oracularization) — (Prover, P), P € {A, B}: Restricted to the case when the provers re-
ceiving the question label “ (Oracularization)" and obtain a “good" outcome from the
measurement of M&*"V*™) by the definition of M, the “ (Prover, P)" prover would re-
ceive the same polynomial from his/her measurement output, and hence output a con-
sistent answer label as the “ (Oracularization)" prover. Since a “good" outcome occurs
with probability 1 - O(poly(e,log(n), a)), this implies that .7 °™ succeed with probability
on this question pair with probability at least 1 — O(poly(e,log(n), a)).

By averaging out the probability given above, we see that w($¢°"2,.#0) > 1—-O(poly(e,log(n), ),
completing the proof of the claim. O

This shows that for model ¢ € {*, co}, w* (%) > 1—¢ implies that w’(%¢°™) > 1-O(poly(e,log(n), a)).

The proof of Proposition then follows from the “soundness” clause of Lemma



CHAPTER 12

Parallel repetition

The result from this chapter is based on joint work with William Slofstra and Henry Yuen.
The goal is to prove Theorem . The anchored parallel repetition was originally shown
in [ ] in the tensor product model. In this chapter, we define some quantum information-
theoretic tools for tracially embeddable strategies, and show how this can be used to show a
parallel repetition for the commuting operator model. In addition to the parallel repetition
theorem, we also introduce several generalizations of commonly used identities in quantum
information theory, such as Uhlmann’s theorem and mutual information, in the commuting
operator model. We believe these generalizations could be of independent interest.

This chapter is organized as follows: in Section , we first establish the quantum in-
formation tools needed for this chapter. We define the anchored parallel repetition theorem
in Section , and prove it in Section

12.1 Quantum information theory for tracial von Neumann algebras

We start this section by recalling some additional theorems about von Neumann algebras nec-
essary for establishing the quantum information tools. Let &/} € %B(#) and <% < B(H5) be
two von Neumann algebras. The von Neumann algebra tensor product ¢/ ® 9% is the weak
operator closure of the span of {a® b: a € o, b € o} in B(H, ® #5). For two tracial von Neu-
mann algebras (27, 71) and (%, T»), the von Neumann algebra <7 ® 2% remains a tracial von
Neumann algebra with the (unique) trace being 7; ® 2. For a state on & ® a5, we let
¥ denote the restriction of w12 to o/, = o/, ®1, so Y (a) = w2 (ael) for all a € 7. We
recall the following theorem about projectors in a tracial von Neumann algebra.

Proposition 12.1.1 (Corollary 2.8 of | ). Let(¢7,7) be a tracial von Neumann algebra and
PB,Q € < be two projectors, then the following two conditions are equivalent:

* 7(P)=7(Q).

* P isequivalent to Q.

12.1.1 Tomita-Takesaki construction and the positive cone

In order to discuss the relative entropy construction, we need to first give a brief summary
to the well known Tomita-Takesaki construction | | in operator algebra. Intuitively, the
Tomita-Takesaki construction is a way to define the commutant of a von Neumann algebra
algebraically. We remark that although there is a rich theory behind the Tomita-Takesaki con-
struction for general von Neumann algebras, we only need to focus on the tracial case for this
section since we are only working with tracially embeddable strategies in this thesis.
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Let (<7,|1)) be a tracial von Neumann algebra in standard form, and let Sy : # — A be
the antilinear (and potentially unbounded) map defined by

Sip:alty—a*|t),ac . (12.1)

Since |1) is cyclic, the above map is well-defined on the dense subset 27 |1) of #. By taking the
polar decomposition, we can write Sy as

1
Gy =3|T)A|21>, (12.2)

for some antilinear isometry J;y, known as the modular conjugation, and some positive op-
erator Ay, known as the modular operator. Remarkably the modular operator can be used to
construct the commutant of .o algebraically, as J.<7J = «/’. Using the modular operator, define
the canonical positive cone associated with (<7, |1)) as

1
={A“‘T>A|T),A€d+}, (12.3)
where the closure is in the weak topology | ]. This is a pointed closed self-dual convex
cone | , Theorem 4 part 1]. The following proposition gives a bijection between states on

the von Neumann algebra .# and vectors on the canonical positive cone.

Proposition 12.1.2 (Theorem 6 of | 1). For every positive normal linear functional v on a
von Neumann algebra of < B(F€), there exists a unique |w) € Jﬁ; such thaty(a) = (ylaly).

For a state v, we will use |y) to denote the unique vector in the positive cone above. For a
state ¥ acting on <7, we use supp” ¥ to denote the complement of the minimal projector P € &7
such that ¢ (P) = 0. For any vector ¥, we have supp(y) [v) = |y). Intuitively, we can think of
the corresponding vector in the positive cone as the “purification” of the linear functional on
&/ . Indeed, in the finite-dimensional case this vector is the familiar purification from quantum
information theory:

Example 12.1.3. Let & = M, (C)®l, =<M,2(C), and let |i),i =0,...,n— 1 denote the standard
basis vectors for C”. Recall, the GNS representation using the trace Tr(-) maps M,,(C) to M, (C) ®
[, € M,2(C), with the linear functional Tr(-) gets mapped to the maximally entangled state |7) =
\/Lﬁ Z?:o |ii). In this case, we see that the vector state |7) is a cyclic and separating vector for .o7.
As per Equation (12.1),

Syl 1) =S D {(jleD|r) =) Ele D) =1/ 1),
and hence Sy = Co}.; }; % |j, i) i, jl, where C is conjugation in the standard basis. Taking the

polar decomposition, the modular operator is

Ajy = (Sir))*Sjoy = 2 ) 1, j (i, jl =1,
ij
and the positive cone associated with |T) is
Hpry ={(A®D|1), A M, (O)"}.

If ¢ is a linear functional on M, (C), then there is a unique positive matrix o such that ¢(A) =
Tr(Ao) = Tr(c"?2 Ac'?), and hence

B(A) = (t]0% Ao? ® 7). (12.4)

Thus the vector in JQ; associated with ¢ is (o2 ® ) |7), which is commonly used in quantum
information as a purification of the density matrix o.
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We end this subsection by reviewing some properties related to the positive cone Jfﬁ) The
following proposition shows that changing the cyclic and separating vector |7) only changes
the positive cone by a unitary in the commutant:

Proposition 12.1.4 (Theorem 7 part 6 of [ D. Let o < B(A) be a tracial von Neumann
algebra in standard form and let |t1) and |1,) be two cyclic and separating vectors for <. Then
there is a unitary U € /' such that for all normal statesw on <7, if ly1) and |y») are the vectors
associated to vy in the positive cones of |t1) and |12) respectively, then |w1) = U|y»).

The following proposition shows that every vector on ./ can be related to some vector
within Jz?‘; via a partial isometry.

Proposition 12.1.5. Let (<7, |1)) < B(A) be a tracial von Neumann algebra in standard form.
For any|y) € 7€, there exist a unitary U € /' and a unique|y™) € /£, such that ly) = Uly™).

Proof. By [ , Theorem 7 part 5], there exist a partial isometry V € &/’ and a unique |y*) €
Jz,”l; such that |[w) = V|y™), and

VV* = supp“‘?{’ ), V'V= supp“‘zf ™).

We wish to extend V into a Unitary. We first see that 7(VV*) = 7(V*V), and hence 1(I- VV*) =
7(I - V*V). By Proposition , there exist a partial isometry W such that

WW* =1-supp” (v), W*W =1-supp? ().
Take U =V + W, we see that
U'U=V"+WHV+W)=1+W'V+V*W

1+ W (u —supp”’ (1//)) supp? W)V + V*supp” (") (u —supp”’ (qﬁ)) w

=1,
and by a similar calculation, we have UU™* = [ showing that U is indeed a unitary. Furthermore

Uly™) = VIy"y+ Wiy =) + W (1-1-supp” @) | ly™) =1y,

and hence the proposition follows. O

The Araki-Powers-Stormer inequality relates the norm distance between states to the dis-
tance between vectors in the positive cone:

Proposition 12.1.6 (Araki-Powers-Stormer inequality, Theorem 4 part 8 of [ D). Let &/ <

B(FE) be a tracial von Neumann algebra in standard form, and let |y 1) ,|y2) € Jfﬁ) Then

lyr=walle = Hy = ly2) 12
We'll use the Araki-Powers-Stormer inequality in the following form:

Proposition 12.1.7. Let (<7, |1)) € B(A°) be a von Neumann algebra in the standard form. For
any unit vectors |y1), |W,) € /2, there is a unitary operator U € <" such that

1
(W1|U|1V2>21—5||U/1—W2||gf- (12.5)

Proof. By Proposition , there are vectors [y7),|y;) € #,, and unitaries Uy,, Uy, € &/’
such that Uy, |1//;r) =|y;), i =1,2. Since Jz?li> is self-dual, (y{|y;) =0, so

Iy = lwo) | =2 =24y lwy) =2 =2(y1|Uy, Uy, |y2),

and hence the proposition follows from Proposition with U = U{/’jl Uy,. O
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In the finite-dimensional case, we can take V to be unitary in Proposition . Indeed,
let o7 = M,,(C) 81 < M,2(C), and let |y1)8 and |y,)“8 be two unit vectors in C" with reduced
density matrices v; = Trp(lw;}w;l), i = 1,2. By Uhlmann’s theorem (see, e.g. [ , Theorem

9.2.1]) there exist a unitary U € M, (C) such that

ille Ulyo) = lIv/vivwzlh, (12.6)

where | - [|; is the matrix 1-norm. We remark that ||\/%1,/¥2 | is precisely the formula for quan-
tum fidelity between two quantum states. By the Fuchs-van de Graafinequality (see, e.g. [ ,
Theorem 9.3.1]),

1
1—||\/1V1\/1V2||1SE||W1—1//2||1, (12.7)

and since
lwly =sup{|Tr(A* )| : Ae My (O), 1Al < 1} = lwlim, ©)»

Equation (12.5) follows from Equations (12.6) and (12.7), with V=1e U € </’

12.1.2 Relative entropy

In this subsection, we review the relative entropy between two positive normal linear func-
tionals ¥, and v, on a tracial von Neumann algebra (<7, |7)) in standard form. We follow the
construction in | Sectlon 2]. Let |y) and |w2) be the vectors corresponding to ¥ and
W7 in the positive cone |T> of 7. Similarly to Equation (12.1), we define an anti-linear map

&), ly2) — supp(y) A as
Gm v, (@lY2)) = supp(wo)a™ |y1) forall ae o . (12.8)

Extend the above (potentially unbounded) map to .27 [y2) & (< [y2)) by mapping (< [y1))* to
zero. The extension is a well-defined antilinear operator whose domain of definition is dense
in /€. Hence, 61/ w, has a polar decomposition

(Y (12.9)

IT) I
6 =6 V1,2

Y1,¥2 V1,2

where 3'1/? v, 1s an antilinear isometry and Am , € &/ is a positive operator. The relative en-

tropy between 1, and v is defined to be

log, Ad E if <
DI (1 ) = {fo og Ad WlEalyr) i supp(yn) < supp(yz) 12.10)
+00 otherwise
where A'l;i vs = [ooAd E‘;) is the spectral decomposition of Alz/z,wr By Proposition , DI (yry 1yr2)

isindependent of |7), and thus we refer to this relative entropy as . To match the stan-
dard convention in quantum information, the order of arguments for D is flipped from [ ,
Definition 3.1]. We also use log = log, rather than log = In, which changes our relative entropy
by a factor of In(2). Most propositions below are unchanged, but we do get a factor of In(2)
in Proposition below.

Example 12.1.8. Let v1(A) = Tr(Ap;) and w2 (A) = Tr(Ap2) be two normal linear functionals
on &/ = M, (C) such that supp(y) < supp(w2). Recall from Example from that <7 has
standard form M, (C) ® | € M,,2(C), and that |7) = \/Lﬁ Zl'.’zl |ii) is a cyclic and separating vector

1
for o/. The vector corresponding to 1; in the positive cone for |7) is |y;) = pl':_’ l|T),i=1,2.
Hence

sim (apZ% |ty = ((supp(wz)a*p%) ®|7) forall ae o7,

v1,Y2



12.1. Quantum information theory for tracial von Neumann algebras 163

and this implies that

_1 1
Sy ya® DIty =(p,? a*p; ®0)|7) = Siryp1'?ap; ' ®1IT) = Sy (p1? @ (p; "5 ) (@ D IT)

for all a € o7, where Sy is the modular operator for the vector |7), and [ 112 is the pseudoin-
verse of pé’ 2, Since S/ Siry =1, the relative modular operator between y; and > is
Ty  _ -1\T
Ay, = P18 (03"

Since both p, and p; are finite-dimensional matrices, the relative entropy is

1 1
D' (1 ly2) = llog Ay, lw1) = (Tl(p; ®Dlog(pr ® (037N (pF @D)IT) = Tr(p; log(py) — p1log(p2)),

which is the standard definition of von Neumann entropy.

We remark that the definition of relative entropy holds for general von Neumann algebras
in standard form. However, we will only focus on the case where .2¢ is tracial, as we primarily
work with tracially embeddable strategies in this thesis. We refer to [ ; ] for more
details. We use the following properties of relative entropy:

Proposition 12.1.9 (Theorem 3.6 of [ . Ifw1,v2, andys are positive normal linear func-
tionals on a von Neumann algebra <7 , then:

1. Ify () =y (), thenD(y1lly2) =0, and D(y ly2) =0 if and only ify, = v,
2. D(ay11fy2) = aD@1 ly2) — -y, O -log (D) for alla, p >0, and
3. ifys < Y3 (meaning thaty,(a) < ws(a) forallae o/*), then D(w1|lws3) < Dy lws).
Alinear map « : o) — 9% between C*-algebras is said to satisfy the Schwarz inequality if
ala*a) = ala)*ala)
forallae 2.

Proposition 12.1.10 (Uhlmann monotonicity theorem, Theorem 5.3 of | D. Leta: o —
<t5 be a unital map (meaning a(l.;,) = ) which satisfies the Schwarz inequality, and letw‘ffi , Wfi
be positive normal linear functionals on <7;, i = 1,2, such that 1//”1972 oas 1//‘1?/1 and 1//‘20"72 oa < w“;{‘.
Then

Dy ") = D2 lyy™).
Proposition 12.1.11 (Additivity under direct sums). Let @) € B(A)) and to S B(H,) be two
von Neumann algebras in standard form. Let w'{’{",wg’/" be positive normal linear functionals on
i, i=1,2. Then

Dyt eyt Iy e ys®) =Dy lyi®) + Dy s
on o & ot € B(H; ® Hy).
Proof. See [ , Proposition 2.3] with f(¢) = tlog(?). O
The following proposition is an analogue of Pinsker’s inequality:

Proposition 12.1.12 (Theorem 5.5 of | . Ify, and vy, are normal states on a von Neumann
algebra <f , then

ly1 —w2l%, <2In@) Dy lly2).
Proposition 12.1.13. Let ¢,y and v be normal positive linear functionals on a von Neumann
algebra <7, such that D(¢|lw) < Ay and w < 2*2v for two scalars A1, A5 = 0. Then D(¢|lv) < A, +
P A2.

Proof. By Proposition , D(pllv) < D@2 2y) =D(plly) —pMlog2 2 < Ay +pMA,. O
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12.1.3 Mutual information

Let o/) and 9% be two von Neumann algebras in standard form. If ; is a normal state on 27,
i =1,2, then there is a unique state ¥, ® ¥, on &) ® o/, such that w; ® w2(a® b) = ¥ (a)w2(b)
for all a € &7, b € o, (indeed, if |y ;) is the vector in the positive cone corresponding to v;,
then y; ® ¥» is the state corresponding to |y1) [2)). This leads to a definition of the mutual
information between two algebras:

Definition 12.1.14 (Mutual information). Suppose ¥ is a normal state on </ ® ofs. The
mutual information between <7y and <t5 for the state ™ is

If 1//”1@72”3 is a normal state on .27] ® <7 ® 273, then we use the convention that I(# : &%)y
denotes the relative entropy between .27, and .«% for the state 1%,

Example 12.1.15. Let o) = o% = M,(C) and let 1//"7{1'9{2(6;) = Tr(c“2 a) be a state on o ® Ay,
where 67 is a density matrix in M,z (C). For all a € @7,

v (a) =Tr(c™ (a®l) =Tr(o1 a),

where 07 := Trey, (0%) is the partial trace. Similarly, 1//“1 (b) =Tr((c“2b) forall b e o>, where
g% = Tre (0“) If a,b € M,,(C), then

Y1 8Y2(a®b) =y (@ (b) =Tr(c” a@)Tr(0™2b) = Tr((0™! ® %) (a ® b)).

Hence I(.<7; : @%)y, is the relative entropy between the state with density matrix o and the
state with density matrix o ® 0. By Example , this is the usual mutual information
between Alice and Bob's registers with state 0?17,

Many of the properties of mutual information in finite dimensions extend to mutual infor-
mation between von Neumann algebras.

Proposition 12.1.16 (Corollary 5.20 of [ ). Let o/ and </ be two von Neumann algebras
and let ™ andy™ ® w” be two normal states on /i ® <ts. Then

D" %y @ y™) = D¢ ly™) + DA% 9™ @ ™).

Proposition 12.1.17 (Monotonicity). If¢“*2 and v are two positive normal linear func-
tionals on the von Neumann algebra <f) ® o>, then D((,b'@%1 IIW'@{]) < D((,[)’“f1 S IIW‘?{‘ %), As a result,
ifw is a state on o) ® o> ® <73 then (/) ® ot : 213)y = 1(2ls 1 A3)y.

Proof. The map a: &/ — &/ ® o/ : a— a®ly, is a unital homomorphism, and hence satisfies
Schwarz’s inequality. Thus

D™y ) = D" o ally™ ¥ 0 @) < D(”1 % 1)
by Proposition . O

Proposition 12.1.18 (Quantum Gibbs inequality). Let gb"?/l “ be a normal state on the von Neu-
mann algebra <f| ® ot5, and ™, w2 be two normal state on </, and </» respectively. Then

(A : )y < D7 |y @),
Proof. Using Proposition first on o) and then on <%, we see that
D |y @y ™) —1(H : )
=D@“ Iy + D@7 2™ @y ?) - D™ 7 @ )
=D@" Y™ + D@y ™),

which is non-negative by Proposition , part (1). O
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In this thesis, we only use mutual information in the very restricted context of classical-
quantum states discussed below. However, we have not seen Definition in the literature
previously, and it’s interesting to discuss other possible definitions. For instance, the double
dual &7 ** of a C*-algebra .« is a von Neumann algebra containing <, such that any state ¥ on
</ extends to a normal state ¥ on .7 **. Thus we can define the relative entropy between two
states ¢ and 1 on a C*-algebra as the relative entropy D(¢, #7) between the normal states ¢ and
W on &7 **. If </ happens to be a von Neumann algebra and ¢ and v are normal states, then
D(¢, ) = D(¢, ), so this does not lead to a new notion of relative entropy.

If ¢, and v, are two states on C*-algebras ] and 7, respectively, then there is a unique
state 11 ® in W2 on the min-tensor product 7] ® i, 27 such that w; @ w2 (a® b) = ¢, (a)w2(b)
for all a € @7, b € o7, and this pulls back to a unique state ¥ ® 45 W2 0N &) ® yyqx Ao With the
same property (the definition for the min/max tensor product are the standard definition used
for C* algebra theory, and can be found in, e.g. [ , Section 3.8]). Hence if y is a state on the
max tensor product 7] ®,4x %%, then we can define the mutual information between <] and
</, for the state 1 to be

1(9A 1 )" := D, ¥ @ pmax v ™),

where ¢ is the restriction of ¥ to o7 inside of &) ® 45 975. If 1 is a state on ] ® i, 275, then
we can define I(# : 52{2)17/”'" =D, v @ pin w™) similarly. Any state ¥ on 7] ® i, <% pulls
back to a state ¥ on & ®,4x <72, SO there are seemingly two different choices for the mutual
information between 2/, and %% in this case, I(.%] : ,52%2)1’;,”'" and I(#A : ) ;Z/l“x . However, there
is a surjective homomorphism from &7} ® ;45 %% t0 | ® ymin <5, so the following lemma shows
that I(</ :Mz);;”'" =1( ‘@72)%%-

Lemma 12.1.19. If a : & — 2 is a surjective *-homomorphism between C* -algebras, and ¢
and vy are states on %, then D(¢po a, o a) = D(p, ).

The proof of Lemma follows from [ , Theorem 6.19]; since we do not make
further use of this lemma, we leave the complete proof as an exercise for the reader. Similarly,
if ¢ is a normal state on the tensor product 27} ® 2% of two von Neumann algebras, then I(.27 :
)y =10 : o)y =1« ety 1O,

12.1.4 Classical-quantum states

For a discrete finite set &, let C* denote the von Neumann algebra of functions from & to
C. To match the standard notation from quantum information, let (x| denote the indicator
function for x € X. These functions span C*, and give an isomorphism between C* and the
algebra of | 2| x |2 | diagonal matrices. If <7 is another von Neumann algebra, then C¥ ® o7 =
@D e x (x|® o7 is the von Neumann algebra of |Z| x| X | diagonal matrices with coefficients from
&/, and every normal state on C% ® o is of the form

=) P (x|®¢py

xeX

for some collection of normal states {¢),} xea- on &7 and probability measure P(x) on &'. Hence
such states are called classical-quantum states on o/ with classical part & . When dealing with
multiple classical subsystems, we denote ¢, by (/)%fx. Also, note that if ¢*“ is a classical-
quantum state, then ¢Z is the classical distribution P on 2. We use the following example to
connect our definition with the standard definition for classical-quantum state used in quan-
tum information.

Example 12.1.20. Let & be a discrete finite set, P(x) be a probability distribution over & and
let (7, 1) be a tracial von Neumann algebra. Define the collection of normal state {¢y} e
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acting on &7 as ¢ (A) = 7(0A) for some positive element o € &7 with 7(oy) = 1. We define
the classical-quantum state gb‘%” =) rear P(x) (x| ® ¢, and we see that forall Ae .#x(C)® A

¥ (A)=TreT|A-

Y. Px)lx)x] ®0x))
XeX

where Tr in the above equation is defined over .#|x|(C). In this case, one can intuitively think of
Y vea P(x)|x){(x|®0 as the “density matrix" for the state (,b% “ and we see that this is consistent
with the standard definition for classical-quantum state in quantum information literatures
(e.g. [ , Definition 4.3.5]).

We now prove some properties of classical-quantum states used in [ , Section 5.1].

Proposition 12.1.21 (Chain rule for relative entropy). Let¢p* ¥ =Y P(x) (x| ® (pﬁf andy® 7 =
Y. Q(x) (x| @ w? be two classical-quantum states on </ with classical part % . Then

D" “lly™ ) =DPIQ+ E D@7 lyy),
whereD(P||Q) =Y P(x)log % denotes the relative entropy between two classical distributions
P and Q. As a result, D(¢p|ly) = E,_p D7 [w?).
Proof. Using Proposition and part (3) of Proposition )
D*“ Ily* ) =Y. DP()Z IQx) )
X

P(x)
= ;P(x)D«Pﬁ{ ly?) +P(x) log(5 )

- xgpn(ﬁnw;‘f) +D(PIQ.

Since relative entropy between classical distributions is non-negative, D(¢||y) = E,.p D((/)‘jf I uff ).
O

Proposition 12.1.22 (Conditional mutual information). Let ¢% % = ¥ P(x)|x) ® ¢, be a
classical-quantum state on o7] ® o, with classical part & . Then

U A 2 ctp)y =1L = Ay = E 1 s o)y,

Proof. The restriction of (,b‘% 7 10 C¥ is (p‘% =Y . P(x){x|. Since D(B, P) = 0, Proposition
implies that

1% : )y =D| L P00 e ¢Z 1L P e P(¢y* |= E D@EIp™),
X X y ~
where % =Y. y P( y)(,b';{z. Similarly,

U o )y = DP* I ¢* @ ¢™) = E D(@olp @ ™).

Applying Proposition to of,, we see that

U o2 ) =1X 2 )y = E D@ 197" @p™) ~Dig 1™

E D@7 20¢0 @ p) = E 1A : o)y,
x~P x~P
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We can now prove a von Neumann algebraic version of quantum Raz's Lemma, which is a
central toolin | ]. This is a quantum analogue of Raz’s lemma, which is a key part of many
proofs of the classical parallel repetition theorem [ ; ; 1.

Lemma 12.1.23 (Quantum Raz’s Lemma). Letp* < = p*1%2-%n qundy® ¥ =y ey*ee...
yZr ey be two classical-quantum states with classical component % = % x X x ... % . Then

Y 1% )y < D™ Iy*). (12.11)
i=1

Proof. LetZX<; =%, Ziand X»; := X;Xi+1 - Xy Foreach2 < i < n, Proposition
implies that

(X< %i)¢%m —I(¥<iq Z%i)qbsz = x<i~g[5%si—1 I(%; : %)‘/’isiiﬂ
=1 X<i: ) pror —URzi-1: )y (12.12)
Repeatedly applying Proposition , we get that

i=1

Hence by the quantum Gibb’s inequality in Proposition )

n
D((p%Qf”w%!?/) > ZI(%SZ-_I :e%'l')(Pﬂf_d +I(<%':«Q{)¢9fd‘
i=2

Solving for I(Z<;-1 : Zj) p#« in Equation ( ), we get the telescoping sum

n n
Y it : Xgrr = Y. (1@ mi1 X gror —1Zoi s ) gor et +1Zzi gt |
i=2 i=2
n
=) M Feinnd X yrer + WX ) o = WX 2 )y
i=2

By Proposition B (CSTRY A Xi) s 2 (e : X;), so

n n
D* “Ny* ) 2 Y Uit : X)) grar + VX 1)y = 3 WHi1 A : X) grea +1(%7 2 )
i=2 i=2
n
ZZI(%‘i:%)¢£m. O

i=1

12.2 The anchored parallel repetition theorem

We introduce the anchored parallel repetition theorem in this section. Given a non-local game
94 = (¥,o,u,D) and r € N, we define the r-fold parallel repetition to be the game =
(X7,«7, 14", D") as the game with the following question distribution and validation function:

o u"((x0,++, Xr-1), (Yo, -+ ¥r—1)) = [T}_o (i, ).

® Dr ((x()r ;xr—l); (J/Or"'J/r—l)y (a())“' ;ar—l); (b()»“' rbr—l)) = HIZOD(xltyl)al!bl)
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Intuitively, the above transformation corresponds to the verifier sampling r pairs of questions
(x;i,¥:),i € [r] from the distribution y, and sends them to the provers. The provers must respond
with answers (a;, b;) € /2 for i € [r], and the provers win iff D(x;, y;,a;, b;) =1foralli € [r]. Ifa
game ¥ is synchronous, then its r-fold parallel repetition 4®" is also synchronous. For clarity
of notation, we use (resp. ) to emphasize that the question/answer pairs (resp. (d, E))
come from the parallel-repeated game.

For a non-local game ¢, we define the anchoring transformation for a game as follows:

Definition 12.2.1 (Anchoring transformation). Given a game 4 = (¥, </, u, D), we define an-
chored transformation =X =2 u{lldg = U {J_},ML,DL) for the game &4, where the
question distribution u, is defined as

i,u(x, y) if(x,y)€ x?
iﬂx(x) ify=1
L—ipy(y) ifx=1
ifx=1,y=1

pt(x,y) =

where recall 1, and uy are the marginal distribution for p on both provers’ sides respectively. The
evaluation D* is defined as

8D(x,y,a,b) if(x,y)e%x?
DY(x,y,a,b) =41 ifx=a=LyeX)viy=b=LxeX)v(x=y=a=b=1).

0 otherwise

We remark that the above definition is a modification of the anchoring transformation
from [ ] with a taken to be %, and instead of giving the provers a free win, we now expect
that the provers both need to output an anchoring symbol in order to win the game. This en-
sures that every synchronous game remains synchronous after the transformation. As shown
in [ ], this does not change the strong parallel repetition guarantee by [ ]. We
see that the anchoring transformation only changes the value of a game by a constant factor
through the following lemma.

Lemma 12.2.2 (Preservation of value of the anchoring transformation). Let t € {*,co}, and let
9 be a non-local game. Ifw'(4) = 1—¢ for some e € [0,1], thenw'(4,) =1 - 3¢,

The above lemma follows trivially by formulating a strategy that answers the anchoring
symbol L when L is given as the question. It is not hard to see that, for t € {x, co}, if there
exists a perfect oracularizable synchronous strategy for ¢ in model ¢, then there exists a perfect
oracularizable synchronous strategy for ¢, in model ¢ by adding the measurement operator
Aé = [ to the existing perfect strategy for 4. Furthermore, if w!'(@) =¢,then w'(¥,)) = % + ﬁ.

We are now ready to state the parallel repetition theorem below.

Theorem 12.2.3 (Anchored Parallel repetition theorem). There exists a universal constant cP¥*
such that, for any model t € {*, co}, non-local games 4 = (¥, </, u, D) withw' <1—¢, andr € N.
Then

_Cpam817r
. (12.13)

16
t r
w (4 )s —-exp| ——
@i=7 p(log(l.szil 1)
We remark that the theorem above for the tensor product model (i.e. ¢ = *) is already proven
in | ]. We give a proof of the above theorem for the commuting operator model in the next
section. Before we begin, we first give a overview of the proof below.



12.3. Proof of the anchored parallel repetition theorem 169

12.2.1 Overview of the proof of the quantum parallel repetition theorem

We give a brief overview of the proof of the anchored parallel repetition theorem Theorem

in this subsection. This proof follows a similar structure as [ 1, which itself follows a simi-
lar structure as the proof for parallel repetition theorem for classical values for non-local games
(see, e.g. [ 1). These approaches argue that if a “too good to be true" strategy exists for the
parallel repeated game, then, using information theoretical tools, a strategy which violates the
optimal success probability for the original game can be constructed.

To be more precise, suppose for a r-fold parallel repeated game ¥°®”; there exists some
strategy /%" = {A, |y}, {AJ‘::},{B;’}} which has a success rate higher than the value indicated
in Theorem . Then, the strategy . must be performed in some correlated manner (i.e.
the answer for the question pair (d;, b;) must rely on some other question pairs which are not
(X;,¥:)). More precisely, since the strategies are correlated between the different folds of the
parallel repeated game, there must exist some critical subset C < [r] such that conditioning on
the provers winning on the subset C using this strategy, the provers can win the overall parallel
repeated game with high probability. If the provers were to somehow obtain an entangled state
which mimics a “post-measurement state" in which they had already won on those C coordi-
nates, then this gives them an advantage with the remaining [r] \ C coordinates. Notably, this
also gives a comparable advantage for a single instance of the game ¢ by running the strategy
above and embedding the coordinate (X}, ;) onto one of the {(X;, ¥i)}ier)\c-

Unfortunately, it is not clear how to sample such a post-measurement state locally. Since
conditioning on the provers winning on coordinate C might change the input distribution on
coordinate j (as an example, this could occur when the answer given to coordinate j is entirely
dependent on the question on some coordinates on C), and in some cases, winning on coordi-
nate C might depend on one of the provers getting a certain input on the jth coordinate ! This
means that creating such a “post-measurement state" would often require the full question pair
{(Xi, Yi)}ierr) (which includes coordinates j). This is one of the main challenges for showing the
parallel repetition theorem using this approach.

One notable example in which the above approach works is the case where the classical in-
put distribution to the non-local game is a product distribution between both provers [ 1;
in this case, it can be shown that this “post-measurement state" is, on average, relatively un-
correlated to the provers’ question pair on coordinates outside of C, and hence this state can
be created locally by the provers. The anchored transformation used in [ ] and this thesis
intuitively destroys the correlations between the provers, and by using certain conditioning (on
dependency breaking variables), the prover’s distribution can be made uncorrelated, and hence
a similar argument can be made.

12.3 Proof of the anchored parallel repetition theorem

Having presented the von Neumann algebra framework for nonlocal games and some quantum
information theory tools within it, we prove Theorem in this subsection. Before we begin,
we first give some additional background about classical probability which we need for the
proof.

12.3.1 Preliminaries on classical probability theory

In this thesis, we use P, Q, S and R to denote probability distributions. Given a probability dis-
tribution P on a discrete finite set & and a random variable f on X, we let E,-p f(x) denote
the expected value of f with distribution P. We use Px to denote the distribution of random
variable X and Px(x) to denote the probability that X = x for some value x. For multiple ran-
dom variables, e.g. X,Y, Z, Pxyz(x, y, z) denotes their joint distribution. All random variables



170 Chapter 12. Parallel repetition

are assumed to operate on the same probability space, which is usually implicit and clear from
context.

We use to denote the conditional distribution Py x (y, x)/P x(x), which is defined
when Px(x) > 0. We use the shorthand Py . to denote the distribution Px|y-y,z=,. For ex-
ample, we may write Py,,,_, 3, 7, to denote Pyq_,-_, 7,=%,7,=7,- For an event W we let Pxy|w
denote the distribution conditioned on W. We use the notation Ex f(x) and Ep, f(x) to denote
the expectation ), Px(x) f(x). Let Pxy be a joint distribution on & x % and let W denote an
event. Then we define the distribution Pxjw Py x over & x % as

(PxiwPyix)(x, ) =Pxjw(x) - Pyjx=x(») .

For distributions Px and Py over the same set Z we use ||Px, — Px, || to denote their total
variation distance,
1

5 Y IPx,(x) = Px, (x)] . (12.14)
xeX

We recall the following lemmas from [ , Section 3.2], and we refer to Section 3.2 of the
aforementioned paper for the proof.

Lemma 12.3.1. Let Qr and Sk be two probability distributions for random variable F and let
Re|r be a conditional probability distribution for random variable 9, , conditioned on F. Then

IQrRGIF—SFRgFIl = IQF = SEIl .

Similarly, for two conditional probability distributions Qg r,Sq|r and a distribution Rg,
IRFQgF — ReSqFll = 2 1QgiF=f = Sair=r1,

where Er denotes the expectation over sampling f from Rp.

Lemma 12.3.2 (Data processing inequality). Let Qrg and Srg denote two probability distribu-
tions for random variables F,G. Then

IQr =Skl < IQrg —Srall -

12.3.2 Existences of a critical subset C and dependency breaking variable

Recall from the beginning of this chapter that ¢ = (¥,</ 1, D) denotes an anchoring game
which arises from Definition . Let ¥9®" denote the r-fold parallel repetition game and
let S = {L?*(A,1),|l¥) = 0|1, {A;Z}, {BJ? }} be a tracially embeddable strategy which violates
the bound given in Theorem . We start with the following proposition which introduce
the notion of the critical subset, since the proofis the same as in [ 1, we refer to the afore-
mentioned thesis for the proof.

Proposition 12.3.3 (Proposition 6.5 of [ 1. Lette{x,co} and let 9 be the game indicated
by Theorem with w'(9) < 1—e¢. Let W denote the indicator for winning all r coordinates

for the parallel repeated game 4®". Suppose that n > 16—6 log £~PA%W) . Then there exists a set C < [r]

; _8 4
of size at most t = 2108 -5y such that

[;P(I/ViIWC) =1-¢€/2,

where E; denotes the expectation over a uniformly random i chosen from [r]\ C and P(W;|W¢)
denotes the probability, using the strategy . ®", of winning the i-th instance of 4 conditioned
on winning all instances indexed by C.
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We fix a subset C promised by Proposition , which we call the critical subset for the
parallel repeated game ¢ ®". We further assume without loss of generality that C = {r—|C],..., n—
1}.

For the remainder of this section, we reintroduce dependency-breaking variablesfrom [
These are crucial tools for controlling the correlations between the input distributions between
the provers. Since most of the propositions in this section are classical in nature and are proven
in[ 1, we refer to Section 4 of the original paper for the proofs.

Recall from Section 3.4, the distributions ux and gy denote the marginals of the game
distribution p for the anchored game ¢ on the first and second coordinates respectively. We
first define a “single copy” distribution P as the law of random variables (Mplayer, Myalue, X, Y),
where each random variable may depend on previously defined ones. Following the same set
up as [ , Section 4.1], we fix a “noise” parameter

=-, (12.15)

We define the random variable Mpjayer to be a uniform distribution over the finite set {A, B},
and we define M1, to have the following distribution over Z: for all (x, y) e & 2.

Ly (X) . 1y (y) .
1-Nanchor if x 7L 1-Nanchor if Y 71
PMvalue |Mplayer:A (x) = 1 n and PMvalue‘Mplayer:B (y) = n
2 ~ ! Anchor . - 2 ~!|Anchor . _
1-Nanchor ifr=1 1-7Nanchor if y=4

In other words, conditioned on Mpjayer = A (r€Sp. Mplayer = B), the variable My,)ye takes on
avalue in & from arescaled version of the distribution px (resp. py) where less weight is given
to the dummy question L. Finally, define the random variables (X, Y) as follows.

* If Mpjayer = A then X is chosen to be an “nanchor-noisy” copy of My,e. Precisely, X =
M a1ue With probability 1 —napchor and X = L with probability nanchor- Define Y to equal
y with probability py|x (y|m), where m is the value of My je.-

o If Mplayer = B then Y is chosen to be an “nanchor-noisy” copy of My,e and X equals x
with probability p x|y (x|m), where m is the value of My jye.-

This specifies the distribution P. We recall the following properties about P from | 1,
which will be important for the parallel repetition theorem.

Claim 12.3.4 (Claim 4.1 of [ D). Conditioned on (Mpiayer, Myaiue) the random variables X
and Y are independent.

Claim 12.3.5 (Claim 4.2 of | D. If’Xy|Mplayer:A(x, y) = If’Xy|Mpmye,:B(x, ) = uxy(x,y) forall
(x,y) € Z2. In particular, the marginal distribution P xy is identical to the game distribution .

We remark that Claim and Claim states that, if (x,y) is sampled according
to P, then depending on whether Myjayer and Mygpe are conditioned, the distribution X and
Y either follows the original distribution for the game, or becomes uncorrelated. We define
the distribution P = (Mpjayer, Mvalue, X, Y, A, B) for the entirety of the input set as follows. Let
Mpiayer = ((Mplayer)o, - - -» Mplayer) r—1), Myalue = ((Myvalue)o, - - -» Myvatue) r-1), X = Xo, ..., Xr-1), and
Y = (Yp,...,Y,_1) be vectors of random variables, define

r

PMplayeeralueXY = l_[ P(Mplayer)i(Mvalue)iXiYi ‘
i=0

Finally, we define random variables A = (A;);¢[r] and B = (B;) ;[ as follows. When conditioned
on X and Y, the random variables A, B are independent of D and M, and for all realizations X, y
of X and y, define

PaBix=1,v=7(d, b) = <w|AgB}’§|u/>
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for all a = (dy,...,d,) € «™ and b= (751, s En) € AB". The following claim connects the distri-
bution P to the correlation set for the strategy.

Claim 12.3.6 (Claim 4.3 of [ ). The marginal distribution of XYAB is identical to the cor-
relation set obtained in the repeated game 4®" when the provers use the strategy ./ *".

We use the probability P as the distribution which models the behavior of .”®" for the proof
of Theorem . Having define the tuple of distribution P, we are ready to define dependency
breaking variables. These are crucial for controlling the correlations that arise when condition-
ing the distribution P on different events. Furthermore, we use Q¢ = X¢,Y¢) and S¢ = (A¢, Bc)
to denote random variables associated with the provers’ questions and answers in the coordi-
nates indexed by the critical set C, and we use R = (Q¢,S¢) to denote the correlation for .7 ®"
over the subset of coordinate C. We remark that the event S¢ could potentially depend on the
question pair from the coordinates outside of C. For i € [r] let W; denote the indicator vari-
able for the event that the provers win round i of the game for probability distribution P. Let
Wc =Tliec Wi, we define the dependency breaking variable as:

Definition 12.3.7 (Dependency breaking variable). Let C < [n]. Foralli € [r]\ C define the i-th
dependency-breaking variable Q; as

Q; = ((Mplayer)i; (Myaiue) i) -
Furthermore we define
= (Q)ier\c and Q_; = (Qj)jg[r]\(CU{i}) , Vielr]\C. (12.16)

We remark that when nanchor = 0 the definition of the production distribution Q;Q¢ coin-
cides with the one used by Holenstein [ ]; in that case, the variable (Mpjayer); is coupled to
either X; or Y; exactly. Here we set anchor t0 be a nonzero value that is related to the anchoring
probability, as in ( ). This “noisy coupling” between ; and the inputs (%;, y;) is important
for our analysis. Base on the above definition, we have the following claim.

Claim 12.3.8 (Claim 4.5 of | ). The following properties hold for the distribution P.

1. The joint distribution (X,Y,Q) is product across its r triples of coordinates. Furthermore,
foranyi,X; andY; are independent conditioned onQ;. In particular, Pq x,y; = Pa,Px; 0, Py, ;-

2. PSC|XY = Pscmxy.

Intuitively, this claim shows that the distribution of the answer is independent of the choices
of Q. By pre-sampling on Q, the provers can sample the question indexed on [r] \ C indepen-
dently. This is the crucial property which allows to estimate the post measurement state of
the provers conditioning on winning coordinates W, where recall W¢ is the event where the
provers win on all the coordinates C.

The following lemma shows that if the event W occurs with significant probability then
conditioning on W¢ only has a moderate effect on the distribution of (X;,Y;), on average over
a uniformly random choice of i € [r] \ C. Furthermore, the distribution of Q_;Q¢Sc is close to
being independent from (X;,Y;).

Lemma 12.3.9 (Lemma 4.6 of [ ). Let C < [n] be the critical subset which arises from
Proposition , we define the constant

_ 1 o 1
e\ %P

+|Cllogl</ 2] . (12.17)

Then following inequalities hold:
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L e X IPaxyiwe = Paxy, Il < \/pr.

2. g L1 IPaeexviwe — Pageiwe Pxvio, | < /Tpk.

3. =g LI 1P w:Pa_qeixi=1 Y=o, we = Paw:Pa_qcia,we | = O(/TER).

4. e L IPxy Pa qeixi=1 Y= we = Pxiv Pa_iqeix, v, well = OG/TeR).

We use npr to denote the constant given in ( ) for the critical set C for the remainder of
this chapter.

12.3.3 Notation for the proof of Theorem

In this subsection, we set up notation used for the proof of Theorem . We note much of
this notation is similar to notation from [ , Section 4.4]. Recall from the previous subsec-
tion that .7®" = {£?(,1),|y), {Ag}, {Bé’}} is a tracially embeddable strategy for ¢®" for some
anchoring game ¢ which violates the bound given by Theorem . Let C be the subset
promise by Proposition . For each (dc, EC) € (42%9), (%, Y e 2" define
AL =Y AL and =Y B, (12.18)
dldc ¢ bl bc

where d|dc (resp. EIEC) indicates summing over all tuples @ consistent with d¢ (resp. b consis-
tent with b¢). We see that the set {A’;C} (resp. {B;}’ }) denotes a POVM with outcomes in the set
C

¢ (resp. 2C), for all X (resp. ¥). Foralli e [r —|Cl|], w—; € Q_;, (X¢c, Yc) € Qc, and (x,y) € x?,
define
Aw-r¥x . p AT apnd @Y= g By (12.19)
dc Flo_i,Zc,x % be Vw_i.yc,y be
where Eg,_; 3.« is shorthand for Ezjq_;=w_; %c=%:3%=x and similarly for Ey,_, j.,,. Let &, =
{1/x:x e Z} be adisjoint copy of Z. Here, for each x € &, “1/x” is a new symbol that is used
to distinguish elements in & from elements in &,. For all 1/x € &, define

(w-i,%c),Ux _ (W_i,%c), (@_1,%0),x
A?la; ‘ = TAnchor AEia; "+ (1~ Nanchor) A;; . (12.20)
We remark that A(w pXChYX o be equivalently defined as Ezjq ;= ;%= Fe (Myayer) s Myaiae) ) =(A, )
and further remark that
Agy O = g, (12.21)

dac

Using that all operators are positive semidefinite, we observe for later use that

A(qw—i:fc),i < 1 A(_“”*ivx.C)’l/x (12.22)
dc NAnchor €

40T _ 1 j@ioux (12.23)
dc ~ 1 =Nanchor ac . .

Forallie [n]\C, w_; € Q_;, Tc = (?cC,J‘/C,ZzC,EC) €Rc, xe X, forall se {x,1/x}, and y € &,
define the (unnormalized) state

_ (Aga:_i,7c)15)1/2 (B(w 7o), y) ) (12.24)

ac bC

and the normalization factor

= |q)(a),i,'r'c),s,y> Il (12.25)
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Finally for y(,_, 7.),s,y # 0, we let
= y(—‘j_ijc)'w 1Dy, )50 s (12.26)

and D, 705 y) = 0 otherwise, this denotes the normalized version of the state |D,_; 7.),s5,y)-
Intuitively, for s € &, the state |, _, 7,) 5,y corresponds to Alice and Bob first perform the fol-
lowing pre-sampling procedure for the strategy . ®":

¢ For the coordinates in [n] \ C, Alice and Bob have pre-sampled Q_; = w_;.
¢ For the coordinates in C U {i}, the questions are sample normally.

In this case, y(y_, 7),s,y corresponds to the expected probability in which Alice and Bob obtain

the answer pair (dc, be) given the pre-sampling procedure above using the strategy .#®". The
state |D(,_, 7),s,y) correspond to the average post-measurement state for obtaining the answer

-

pair (dc, bc).
Similarly, for s € &, the scenario is similar as above, except for the coordinate i, Alice and
Bob have pre-sampled Q; = (4, s) as the outcome instead of sampling normally. By ( )

|(5(w_i,Fc),L/¢,y> = |EIS((1J-,',7Q),L,_}/> (12.27)

forallye &.

For notation convenience, since many of the operator will be used in the context in which
is over an expectation over the variable i,w_; and 7¢. For the clarity of notation, we often
omit these subscripts if it is clear from context. For example, for some fix i and the operator
Ay 13 (dc) expected over (w—;, o) ~ (2—; x R¢), we will instead write E¢, , 7.) Ay/x. As another
example, for the state |<f> x,y) expected over (w—;, 7c) ~ Q_; xRg, this is use to represent the state
@(w_i,?c),i, ). To make the above intuition more concrete, we have the following proposition.

Proposition 12.3.10. Forallse %,

. 1/2
Y(w_,-,'r'c),x,y = (PACBC|Q,i:w,,‘,Xi:x,Y,-:y(aC: bc)) y

and foralls=1/xe€ %,

. L o\12
Yw_i,Fe)sy = (nAnchor PAcBcl_i=w_; Xi=1Y;=y(dc, bc) + (1 =N anchor) PAcBcI19_i=w_; Xi=x,Y;=y (dC, bc))

= PAcBAIO =0 1 @i=(A0,Y;=y (dc, o) 2 . (12.28)
The proof of this proposition is similar to [ , Proposition 4.9] by expanding the defini-
tion of A-")* and -7V
ac bC

12.3.4 Proof of Theorem

The proof for Theorem requires the following proposition:

Proposition 12.3.11. For every C < [r], i € [rI\C, (w-;,7¢c), X,y € &, there exist two unitary
operator Uy, _, 7.y x € &/ and Vi,_, 7,y € &' such that

E E  E U ioxVieiow P i) = 1P, 7 I = 0(npg®),

T (0T We XV (w—;,Fo),x (w,,,rc),yl (w,,,rc),l,ﬁ | (w,,,rc),x,y> (T]pR )
where £ denotes the expectation over a uniformly random i € [r]\ C, E,_, 7.)jw, denotes the
expectation over (w_;, 7c) sampled from P, , 7 yw., and Exy denotes the expectation over (x,y)
sampled from p.
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We remark that this is an analogue of [ , Proposition 5.1] for tracially embeddable
strategies, and we give the proof in Section . Based on the above proposition, we give a
proof for Theorem below.

Proof. Let% be an anchored game, and supposed that there exist a tracially embeddable strat-
egy .7°" = (L%, 7), W), {A?C} {By}} which violates ( ). Let C be the critical subset C as
promised by Proposition and recall, without the lost of generahty we assume C is the
first |C| coordinates of [r]. Fixi € [r]\C, (w_;,7c = (xc,yc,ac,bc)) € (Q_;,Rc) and (x,y) € Z2.
For each d such that n<|c|(d) = dc, by ( ), we have A(w X)X < A(“: X)X , and hence by

i X)X

Lemma , there exist a positive element ﬁ;‘" such that

A(w—ivfc),x — (A(w_i,ﬁc),x)”z . A\(w—ivfc),x . (A(w-i,yfc),x)llz
a a '

Zlc ZlC
Likewise, for each b such that T<|C| (b) = b, there exist a positive element B(w #¥ehY such that

(w-;,Y¢),y — ( (w-i,j/'c),y)llz 'B\(w-i,?c).y . ( (w-i,f/c),y)l/z
b be b be )

For fixed (dc, b¢), both {ﬁ?w ) dldc and {B forms a POVM, where dldc (resp.

(w-i,¥¢), }blb
I;IEC) denotes summing over d sgch that m<|c(d) = dc (resp. 7r5|c|(E) = EC ). Foreachi €
[r1\ C and (w-;,7c = (Xc, Ve, dc, be)) € (Q-;,Rc), we define a tracially embeddable strategy
Fwiie) = (LA, 1), | D Fc),L,L>y{g&w_i'?C)yx}(x,a)E%xdyEéw_iY?C)'y}(y,b)E%x'Q{} for the game ¢
as the following: The joint entanglement between the prover is [®, . 7.),.,.) given in ( ).

The measurement operators {Av(aw‘i 'rC)'x}, {E;)w’i’rd’y } for the strategy .7, _, 7. is defined as

=i

AG T = Uy Agzw_i'xd’x) Ulw_i.7o)x

Sw_;,Fc)y _ 1 5(w_i,Jc),y
Bb =V B. Vi

where d|d; = a, dc (resp. EIEi =b, Ec) denotes summing over tuples d that are consistent with
dc and the ith coordinate is equal to a (resp. b that are consistent with b¢ and the ith coordinate
is equal to b), and Uy _, 7.),x» Viw_; 7o),y @re the unitary operators from Proposition . We
remark that we choose to represent the measurement as {ﬁﬁlw’i’FC)’x}(x,a)egx o« to emphasize
that ., , 7. is a strategy for a single copy of ¢ (i.e. given the question x € &, the first prover
"’?C)’x}amf on her half of the state |&>(w_i,?c),i,l>).

We wish to show that on average over (w-;, ¢c) there exist a coordinate i such that the strat-
egy /(w_, i) Violates the optimal success for the original game. Let Q 4|, 7),x,y denotes the
correlation Cy 4 » given the strategy -7{,,_, 7.), OT

. . ~(w_
will measure using {4,

QuBlw 1700y (@ D) = (@1 |AL-TOT BTG |y
-y ¥ (((I)lﬂUTVT(A(w N S VA AN

dldi=a,dc blb bbc

(12.29)

The following lemma shows that conditioning on 7¢ selected base on the question/answer
pairs which wins on the critical set C, the strategy on coordinate i is closed to being indepen-
dent from the other coordinates.
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Lemma 12.3.12. There exists a universal constant fpr = 1 such that,

1/16
EIIP(Q_i,chwc ‘Pxy - QaBlw_i70)xy — P RoxvaBwell < BrrNpr

wheren pg is defined in ( ) and we identify (x, y, a, b) with (%;, y;, a;, Ei).

Proof. We remark that this is essentially the same as | , Lemma 6.2]. We start with two
claims, from which the proof of the lemma follows.

Claim 12.3.13. Forall (w-;,7¢),x,y and a, b,
e A(w—i;F ),x A(wfirfc)vy A —
m;ﬂ mzbz (@asrr (A5 BNt 00) = Py
i=a,4c p|b;=b,bc
O

The proof of this proposition is similar to | , Claim 6.3] by expanding the definition of
A(w iTeh¥ and B(w wTehy

Claim 12.3.14. The following holds:
1/16
E”P(w-tfc)lwc ’ P?Cif/i 'Qa,»im(w_,-,?c)xiyi —Pw_rawe sz’?i ’ Pa,b (w-1,Fc) % Vi I'=0Mmpr") -

Proof. Fix (w-;,7¢c), x,y. We bound the total variation distance between the distribution Q and
P below. For the ease of notation, we define
AX — Alw-i,7c),x By _ al-ic)y
AZ_“ZqAa ¢ By = HZ AE oy
dla;=a,dc blb;=b,
for this proof. We see that {AZ}ae « and {BZ }peos forms two sets of POVM. By Equation ( )
and Claim

”Qﬁigil(w-ifc),x.y - PaiziKW—ir?C)yx,y
1 . R R ~ ~ n ~ ~
=3 Zb| (@1 L|\ULV](AS-B))UxVyl®1, 1) — (Dy, (A% - B) )|y, )|
a,

1 - R R ~ ~ N N ~
=52 (@1 L |\ULV(AS-B))U Vi@, 1) — (D L ULV (AL - B 1@y, )
a

+(D L UV (AS- BY) 1@y ) — (Do, (AL - BY) 1D ) |

1 PN ~ N AYy ~ ~ ~
<3 Y (1AL -B) UV D1, 1) 11+ (A B ) 1Dy 1) - 1 U Vi (B, 1) — 1D ) |
a,b

Z (A% - BY)UxVy | D11 1+ Y (AL B ) @) || 1TV (L 1) — D) |
a,b a,b
= ” UxVy |&)l,l> - |&)x,y> ” . (12.30)

Where the last line follows from Jensen’s inequality and {Az}ae « and {EZ } ey beingboth POVM.
Thus, returning to ( )

EIPw i roiwe "Pxgi Qb 0z~ Peiiowe Pigi Pagiw., rozy,]

=E E E IQ, I
I (w-i,F0)IWe X:3i

<V2E E E U, 7 ® Vio. 70y 1P 7 — Dy . 7 I
[ (7o) We XY —i,fc)X (wﬂ,rc),y| (wﬂ,rc),L,L> | (wﬂ,rc),x,y>

< 0mLis),

4ibil(@-,7) % 7 PdiEi‘(w—ivFC)fiyi

where the first inequality is by ( ) and the last inequality follows from Proposition
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Based on Lemma , we are ready to construct a strategy for the single instance of the
non-local game % which creates the contradiction. We remark that the remainder of this proof
follows similarly as [ , Section 6.2]. Recall by the definition of the critical set C in Proposi-
tion , we have

EP(WiIWe) = 1-¢/2,

and recall from Claim , since sampling each Q; are independent from each coordinates,
and the answers are independent from the distribution Q; for i € [r] \ (C U {i}). This implies by
sampling a uniformlyrandom i € [r]\C and then sampling from the distribution Pfci T )b We
yields a tuple (i, %;, Ji, (w_;, Fc), d;, b;) such that V(%;, Ji, d;, b;) = 1 (i.e W; = 1) with probability
atleast 1-£/2. By Lemma , the distribution Px,y, @ ; 7a:B,/we» 1S Brr71bR " close to Alice
and Bob performing the following strategy for the non-local game %

1. Post-select the question and answer pair r¢c ~ R for the critical set C in which they win
on all C coordinates for the strategy .¥", uniformly a coordinates i € [7]\ ¢ and (w—-;) ~
Q_;.

2. Up on receiving (x, y), perform the strategy .7(,, , 7.)-

By convexity, there exists some coordinate i in which we can fix on step 1 of the above pro-

cedure which succeed with probability at least 1 —€/2 - pRT]%)QG, where Bpr is the universal
constant from Lemma . Let the strategy define above be .7°°"?, Set
1

c= .
32log(e) (4Ppr)'®
By the initial contradiction assumption, we have

0817

4 r
g@r’ r > (_—),
w sz € P log(l</|+1)

and by rearranging the equation for r, we have

log(ls| + 1) ( 4 )
n <
c-el7 £-w(¥e,.S®)

Hence, we have

r 1 4 1 4
= = | >—1 _ ],
r log(l<Z/|+1) ~ c-€l7 n(a-w(éﬁm,y@’)) € Og(a-w(éﬁm,y@’))

where we usethat0<e<1,and0O<c< 7 Hence, if we consider npg, using the fact that

816
16-log(e
IC| < gloge.%(w) < r/2 from Proposition ,

1 1
= 1
TR =T ( “EPe)

- E(lG-logldlz og 4 )
N € e-P(W)
_2 165 clog(e)e'’ n

n € s
=32clog(e)e'® .

+ |C|log|£¢|2)

n

This implies that
W(G, SN > 1 — /2~ Bpr-Nbr° = 1—¢€/2— Bprnpr > 1 —¢, (12.31)

giving a strategy which wins ¥ is strictly greater than 1 — ¢, a contradiction. This concludes the
proof for Theorem . O
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12.3.5 Existence of the local unitary

In this section, we give a proof for Proposition . Similar to the proof of [ , Propo-
sition 5.1], the proof relies on two main lemmas. The first lemma, given below, guarantees the
existence of a local unitary operator which allows the provers to make the local adjustment as
per described in Section . We remark that this is a commuting operator model variant
of [ , Proposition 5.1], and the proof follows a similar structure.

Lemma 12.3.15. For all i, (w_;,7¢c), x and y there exists two unitary operator Uy, ,7.)x € &
and Vi, 70,y € &' such that with probability at least 1 — O(s3°) over the choice of a uniformly
randomie€ [n]\C,

a lgE W ;E 10w, 7o), |(D LoF L) IEIS( iox 0 | = 0(771/16)r (12.32)
iRelWc
Q IQE |W, ;E/ ” ‘/(w—iv?c)ry |®(w—i77C)!irl> |®(w—lrrc) L y> || - O(T]l/le) ’ (12.33)
iRelWc
o lgE W, ” V(a) ,7e), X,y |(D(w J7e), 1l x, y> | _i Fe), Al x, L) || = 0(771/16) (12-34)
clWe

where Ex, By, and Exy denote expectations under pix(x), py (¥), and u(x, y) respectively.

The second lemma, given below, relates the normalization factors yy, , and v,/ defined
in ( ). Since the second lemma is identical to [ , Lemma 5.17], we instead refer the
reader to the original reference for the proof.

Lemma 12.3.16. With probability at least 1 — 0(17”4) over the choice of i € [n]\ C,

E - Yewiooy gy, (12.35)
XY Q_;Re|IX;=1Y;=1, W Y(w,i,?c),L,L
and y
—ife) Al x,
E 1— (w_;,7c), L/ x y < 0(771/4) (12.36)
XY Q_;Re|X;=1,Y;=1,W¢ ’Y(wfi,?c),J.,J.
Local operator lemma
In this subsection, we give a proof for Lemma . Recall from the previous section that
the strategy .¥®" = (L2 1), ly) =0ol1), {Ag}, {B;}} is a tracially embeddable strategy which
realizes a contradiction for Theorem . For all w, (X¢, ¥¢), dc, and B¢, we define the mea-
surement operator
AT - E AL and BOUeTO - E BY (12.37)
% XIQ=0,Qc=(Ec,jo)  “C be YI0=0,Qc=(Gc,jc)  be
where AZC, Bg' are defined in ( ). Forallw, X, y, dc, Ec, we define the vector state
C
- ~ _ wr(j‘?C’yC) 1/2( j/' )1/2
1= 2o gdes = (e ™) (B ) (12.38)
= . _ w’(k'c,j;c) 1/2 ( j,’ )1/2
|~w,fcd"ﬁc'bc> - (Aﬁc ) BEC |17’/>’ (1239)

Y, 1A Y € 2(/, ). We remark that in the above definition, Aw ‘(xC’y c)

y - -~
and BEC uses the same value of y. Let = E o e, 7 dic,be and A - Jedcbe
be

states acting on £? (7, 1) specified by the vector |= ) and A
ie.

w,Xc,¥,dc,bc

where |E 0% JoBobe

denote the abstract normal

7 ), respectively,

w,%c,¥,dc ,%,yc,dc,bc

B icpiche @ =&

B (A = (A

,%,yc,dc,bc

1A=, 2. 7,405

B

,%,Yc,dc,bc

w,Xc,y,dc,bc

B [AIA

,X%,Yc,dc,bc
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Now define the classical-quantum states

= Y Poxw(@%c ) (@ % ¥, dc, bcl © 2, 5 sa g (12.40)
,%c,J,dc,be
= Y Paxv. (%70 (0% Ve, dc, bel ® A 3 je.dc b (12.41)

w,%,¥¢,dc,be

Both states are classical on the space Q, X, X¢, Y, Y¢ and Q¢ and quantum on the space .«/.We
remark that all classical register listed above are multiple classical registers, as each of them
are probability distribution over multiple coordinates (i.e. X = Xo,---,X;-1)). Observe that
this state looks very similar — but not quite — to the one that occurs in an actual execution of
the strategy .’®". There are several important differences: one is that the measurements only
produce answers for the coordinates indexed by C. Another difference is that the measurement
operators A;;(xc’y <) are not part of the strategy but instead are derived from the measurements
operator. Also, note that there is no explicit register for question vector X (except for the X¢
questions, which are included in the register Q); instead these questions are implicitly averaged
over within the A %¢:.Jo) measurement for a fix value of (w, Z¢, J¢).

The state Z®XcYQc 5 defined such that when restricted to the classical register Z®XcYQc,
the resulting state representing the probability distribution Pax.va.B.. To see this, observe that
for any (v, Xc, 7, dc, Ec), we have

— QX Y 5 - 5 - T _
=ilXc Qc = Z PQXCY(w»nyy) '<w»nyy)aC»bC|®:'wjo)7ﬁcy5c(ﬂﬁ) y
,Xc,¥,dc,be

Y (Paxc(@%e. ) Wiy " VB] ) @ %c. 3. dc bel

w,)_fc,y,ac,bc

Y Paxy(@ ¢, ) (

a),:fc,y,_dc,bc

E A% BY ) w,%c,7,dc bel
Xlﬂzw,XC:fC,Y:j} <1'U| ac bclw> < C y C CI

> PQXCY(w,X'C,?)( E Papx=3yv-7(d b)) {w,Xc,¥,dc, bcl ,
o a7 X[Xc=Xc, Y=y
w,Xc,y,dc,bc

> ) (PQXCYACBC (w,Xc, ¥, dc, Ec)) w,%c,7,dc, bel
w,Xc,y,dc,bc
where in the third line we used Item 1 from Claim and in the fourth line we used Item
2 from Claim and each Y; being independent of each other. By a similar calculation,
the state AXAcBc represents the probability distribution Poxy.a.B.. Since both Pox ya.B. and
Poxy.a.B. are probability distributions, the state Z*cYQc and A®XYcQc are indeed classical
quantum states.

Recall, the event W corresponds to the event where the provers produces an winning an-
swer given a winning question pair on all coordinates on the critical set C. Since the event W¢ is
determined by the random variables (2, R¢) we can condition the states =X YQc , AXYc Qe
on the event W¢ to obtain states

1 o o > - T -
= 5t < Z PQXCY((U;XC;J/)'<w;xC;y;aC»bC|®:w5€>C?aCEC,
P(Wc) 0T T8 B JXe, ¥, dc,
,Xc,¥,dc,be:
(Xc,ye,dc,bc)eEWe
1 . s . 7
= Pe > Paxy. (@, %, yc) -(w, X, yc, dc, bl ® A, 5 5 a5

w,fc,?,ﬁc,zcl
(Xc,¥c,de,bc)eWe
Since the event W is a subset of all possible coordinates in & 2Cl ¢ gg2lCl by definition, we

have
P(Wc) - XcYQee < 2OXcYQe P (pyy) - A9XVcQed o \QXV Qe (12.42)
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For a fix w and 7¢ = (G¢, J¢, dc, be) € 299 we write 6QXC‘){QC”®¢ as the (normalize) state

.—QXCYoch - - . - - - 7 —_ R
E o) ﬁZ  Poxcy(@,%,y¢) -, Xc, §,dc, bl ® 5 5 G i
¥ ¥le=Je
—OXYQo o

In other words, the state = E o) is equivalent to the quantum-classical E?XcYQc# restricted

to the component where Q) = w and R¢ = 7¢ for all coordinates in C. We define the state

Egégtgcﬂ as the same conditioning above, but only for fixed X¢, y¢ value, and we define the

state AQXC%QC “ and Ag);c‘g?c% in a similar manner as above.

Likewise, for 7c = (¥c, Jic, dc, bc) € We, we define the (normalized) state $o QXCYQC “

EQXCYQCQQV 1 Z

(0,Fc) P(WC) PQXCY(U)) x)yC) '(w»x»J/C;aC,bd ®':'w'5€CY.)7,aC,EC ’

V:¥lc=

and éQXEYQC'Q/ = 0if 7c ¢ W¢. We define the state A&XEYQCW

(w,Fc) rc)
definition, for a fixed w and 7¢ = (X¢, yc, dc, bc) € W, we have f&x?cc‘){QC'Q{ = EE}X?CC‘){QC'Q{. Sim-

ilarly to the proof of | , Lemma 5.12], the main step of proving Lemma is given
by two claims which build on top of each other. The following claim is an analogue of | ,
Claim 5.13] for the commuting operator model. We remark that the proofis rewritten for clarity.

in a similar manner as above. By

Claim 12.3.17.

E o opby, [V = OMer) , 12.43
i~[r]\C QRcIWe (Vi )Effu’ffcfQC“" (1pr) ( )
E E IX;; A o =0 . 12.44
i~[FI\C QRc|We ( i );L((:))f;((:C)QC o (MpR) ( )
Proof. We present the proof for ( ); the proof for ( ) follows from a similar calculation.
First, for a fixed w and 7¢ = (Z¢, Ve, dc, be) € We, E&X;C‘){ch = E&X%QCM. Hence, by rearrang-
ing ( ),
E E I(Yso = E E ® =7
i~[r]\C QRc|Wc ( ! k?f;?;ch i~[rI\C QRc|W¢ (E(w 7c) = (w 7c) (w, rc))
Yo/ —a/
= iN[[rE]\C QREW (f (w,7c) ” (w,7¢) ®= (v, rc))
Yo -—p/
= i~[[rE]\c QQEWC (o o ye ”“(w 7o) ® w'fc,?c) (12.45)
Where the second line follows from Proposition and the third line follows from Proposi-
tion on the distribution S¢. We wish to use Proposition to bound the inequality.

For all w and (X¢, J¢) € e

—YQco/
“wXc,jo

= Y Pyiejod) (1@ dchcl® =7

¥,dc,bc

,%c.3,dc.be

o ot

<) P ® Tr| y2101 ® = -
Z’ Ylw(J/) i ot 121 Z w,Xc,y,dc,bc

y dc,bc

Y

w,Xc,Jc

—
—)
—-

® Tr| i ® E7 - (12.46)

w,Xc,yc’

where the second line follows since the state (y| < Tr| 2, and the third line follows because

> ol - (Ig) =1 (by ( ) where both of the measurement operator A and B are
dc.be =g e, J,dc,be

POVMs). By con51der1ng the above state on the restriction of Mjgy|r ® | ;yppic1 ® 27,

=N e = U0 (2 s 02 ).

~w,Xc,Jc w,Xc,Jc w,Xc,yc
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Hence, by combining Proposition and ( )
1
E E I(Y;o < E Yo 12YY )+ |Cl-logl<|? .
i~[r1\C QRcIWe (¥; )ffzf%‘fw r—|Cl \eQciwe DlucelZoee) 11 1ogls|

1

r—ICl\eQciwe V@ ¥e e Sy
1

r—|C| \QQc wxc}’c wx J’c

1
S—
r—I|Cl
1 1
< log
r—I|Cl P(Wc)

(D(é-QXCYQCM”EQXCYQC%) + |C| . 10g|d|2 ) ,

)+ IC] ~log|g¢|2) =1pR,

where the first line follows from Proposition , the second line follows from Proposi-
tion and fﬁxiigcﬂ = 0 whenever (Xc, }7C,ﬁc,l_5c) Z W¢. The third line follows from
conditioning a probability distribution will never increase the relative entropy (i.e. Proposi-
tion ). The fifth line follows by combining Proposition and ( ). Thus show-

ing ( ). O

Given a fix w_; sampled from Q_;, 7¢c € W¢ and (x, y) € X2 let wfl. L= (-j,0; =(4,X)) in
Q. We define the (normalize) state

QX YQesl _
€(w_i'?’c)’xyy_ . Z . PQXCY(w_l x,x,J/C) <w—l x»xC,J/»aC,bC|®— A xC)y,ac bc (12~47)
Viyle=ye.yi=y
Similarly, let w® T (w-;,w; = (B,y)) and we define the (normalize) state
QXYcQc o
(w,i,i—gfx,y = )Y Poxy? i,§) P % Vo dc, bel ®Ays TN
X:Xlc=Xc,Xi=x

The second claim relates the states ¢ and A associated with different choices of i, (w_;, 7¢), x, y.

Claim 12.3.18. The following hold:

E . 2 =0 , 12.48
<N Q_RelWe XY 166070y =St Iy = O(VTPR) (12.48)

i~ [[rE]\c Q. I[tEclwc 14 (w nrc)xy A(wfi,?c)'iyy”% = O(ver) (12.49)
where the expectation over XY is with respect to the distribution uxy.

Proof. We show ( ); the proof of ( ) is similar. Fix i € [r] \ C and 7¢ € W, the state

Y;of _ ol
é‘(w.?c) - YiIRc[=E?cch <yl 6(‘0 ), ¥ E(w 7c) é‘(w:_r'c)
where the state &7 @703 {&XFC:){QCQ{ conditioning on the ith coordinates of y being y;. By
applying Proposition ‘
E E A <2ln2 E
i~[r\C Q_R¢|We Iz, E(‘” T )” o i~[r\C Q_ RCIWC (6(‘“ 7031 (’t(‘“ 7o)
=2Iln2 [E [E I(Y,,ﬂf)gnxcmcgf
(w,7¢)

=O0(Mpr), (12.50)

where the last line follows from Claim . The rest of the proof follows in an identical

manner to that of [ , Claim 5.14]. O
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We are now ready to give the proof of Lemma

Proof of Lemma . We start by showing the existence of operators V{,, _; 7. , that satisfy (
Leti€ [r]\C, (w_;) € Q_;, Fc € W¢ and (x, y) € Z2. We start the proof by showing the following
claim.

Claim 12.3.19. Forall A€ </, we have

Y _
(D(w—in7C)JL/xry(A) - g(w_i,7c),x,y(A)

& o
(I)(w_i,?‘c),L,y(A) = f(w—i,?C),l,y(A)
where ®,_, 70 x, y I8 the state defined by
(D(wfi,?c),L/x,y(A) = <q)(w4.'r'c),ux,y|A|q)(w,i,?c),l/x,y>

with |®, ),1/x,y) being defined on ( ).

_ifc
Proof. Recall from ( ), we can write the state ¢ &Xcggcfy explicitly as
Paox.v(@?. % ¥c)
QXCYQcézf _ XC —i,x" 7 . A - - > 7 - R
(w—i;?c);xyy - (U)_i’x,xC;y» ac, bCl ®_wéi‘xr5€C:?:aCybC . (12.51)

A -
File=Tegi=y PORCY: W% o7 y)
To see that the normalization is correct, we evaluate this state on the identity I, on the state

o
é(w—iffc),xvy to get

A = =
Paxcy(w?; , X, ¥c) _

A s e T
¥) w?; »Xc,Ydc,be

& oyl = (o) -

A -

J72J7IC=J7ch7i=y PQRCYi (w—i,x’ re,
A - -

PQXCY(w—i,x’x’ yeo) o?, Ge,¥e)

Ay B] 1)

a

A = '
575J7lc=57c,37i=y PQRch (w—i,x’ re, J/)

1 N
A = > >
b - > Paxvacs. (W”; X, ¥, dc, bc)
ORY; (W5 o TCY)  mdic=ic
V:¥le=Ye,yi=y

=1.

Now we compute the restriction of 6‘(‘25) . to the subalgebra <7. For all M € &/

)X,y

Pox.y(@?; % 7o) _

2 A = e T
¥) w?; »Xc,Y,dc,be

d —
é(w—iyfc),x,y(M) - P @A T (M).
V¥le=Ye,yi=y T QRcY; w—i,x’ re,

A3y - - \1/2 - - \1/2
Paxcy(Z; ,, X, yo) - Awi‘i‘x,(xc,yc) ! M Aw‘_‘,-,x.(xC,yc) / 57 )
oo - P ( A > ) [71(; Zl(; EC
y;y|C:yC,yi:y QRCY,' w_i’x)rC;y

A - -
Paxcv.v, (@Z; . Xc, Ve, y)

A -
Parcy, (@Z; T, y)

wfixr(vayC) 12 ‘”fixr(fc,f/c) 1/2 i ;
<W| Aiic' M Aac' Z PYIQ:w,i(y)'B_. W/)

o = bc
V:¥le=ye,yi=y
L. on1/2 L . 172
w?; (Ee.Jc) ! w?, (Ee,Je) (W-1,7¢),y
(Wl(AaC M Aac 'Bac [ ly)

PACBC|Q=wf‘i,x,Xc=76cch:J7cin =y (dc, be)

A oFeJe) 2 o EeFo)

) o 1/2 w 1/2 @ 5; )y
A —-iych
- Y(w-ifc),i/x:y (vl (A?lc ) M (Aﬁc ) Biic v
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1/2
( w?; (X, J’c)) (ng-iv?c):Y)llz M
dc dc

1/2 1/2
o, LGe,Jo) (w-i,¥c),y
Y(w Fo)Llxy (| A B, [y,

ac
(12.52)
where line 3 follows from Y; being independent from all other Y; and Q; for j # i and Claim
line 4 follows from the definition of B“-#Yc):Y from ( ), line 5 follows from Proposition
and the last line follows from Bg‘c)’i YOV € o', We see that the quantity given in ( ) are pre-
cisely the definition to @, _, 7)./ x,y(M) given in ( ).
A
For the second part of the claim, whenever x = L, A»C are the same as A(‘” XX given
in ( ). Hence the second part of the claim holds by ( ). This concludes the proof
of Claim . 0
By combining Claim and Claim , we have

E ”CD(w e, X,y q)(w 7e) xJ_”o{ = O(vnPR)

E

i~[r]\C Q_;R¢c|We XY

E E E I ~&o o2, = O(veR)
i~[rI\C Q_;Rc|We XY (w- “rc)xy (w—;,7c),x, L o :

By conditioning & = L on the third expectation (which occurs with probability nanchor = %),

E E ) D, 7 2 = O(v1eR).
i~[I\C O RelWe ¥ E NP ;7o) Ly~ Pw_iio), Ll (v7eR)

Now, by applying Proposition , there exists a collection of Unitary operator {V{,,_; 7. y} year
in 7' such that

E E  E{Puw 7oy Vo ioy|Pw. 7
i~[F1\C ©_;Re|We Y< (wfl,rc),i,y| (wﬂ,rc),y| (wﬂ,rc),m>

1 ~
>1-- E E EE|P —-®D, .7

2 i~lF\CO_RLWe ¥ ¥ || (w-;,7c),L,y (w_,,rc),L,L”bQ{
=1-0pg)

where the second line follows from Jensen’s inequality. By translating the above equation to
Euclidean distance, and then apply Jensen’s inequality, we have

E [EI|I<I> i) = Vi 79 P 7y ) |
i~[F\C Q_Re|We Y w_;,7c),L,y (w-;,7c),y ¥ (w-;,7c), 1,1

<./ E E  E P i)y — Vio iy | Pw i 2=0(nhe) .
\/i~[r]\cn RelWe ¥ NP w_;, 7)1, = Viw-iie),y [P i), | (pR)

Applying Markov’s inequality over the index i establishes ( ). The argument for ( ) pro-
ceeds similarly. We start by using Claim , which establish that the states |<fI3(w_i,7C)y Uxy)

= . . of .
and |, , 7.,./x,.) are purifications of the states ¢ @170 %y and E o respectively. Us-
ing Uhlmann’s Theorem and Claim in a similar way to how We derlved ( ) we deduce
the existence of operators V(y,_, 7.) x,y satisfying ( ). To prove ( ) we use the following

claim whose proof is analogous to that of Claim

Claim 12.3.20. Forall A€ </', we have

aS(w_i,?c),x,L(A) = A(w_iic),x,L(A)

where D, , 7.,y is the vector state defined in ( ).

Using the above claim, we can use Uhlmann’s Theorem in a similar manner as above to
deduce the existence of operators Uy, , 7., in &/ which satisfy ( ). This concludes the
proof for Lemma . O
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12.3.6 Proof of Proposition

We end the section with the proof of Proposition . We remark that this subsection follows
the structure of [ , Section 5.4].

Proof. For every i,(w-;,Tc), x and y let Uy_, 7). Viw_;,7),y a0d Viw_; 7),x,y denote the uni-
tary guarantee by Lemma . For notational convemence we suppress the dependence on
(i, (w-;,7¢)); thus the operators Uy, Vy, Vy y, the states |®, ,), and their normalizations yy,, all
implicitly depend on i and (w-;, 7'¢c = (X¢, ¢, dc, EC)). We also write Eq_,Rr,|1,1,w, as shorthand
forEo reix;=1,Yi=1,Wc

For a fixed index i € [r] \ C, we call the index to be good if it satisfies (i) the conclusions of

Lemma , (ii) the conclusions of Lemma , and (iii) it holds that
IPo_. ReiXi=1vi=1,we — Pa_reiwe|| < Omp) - (12.53)
By applying the data processing inequality (Lemma ) to Item 3 of Lemma to marginal-

ize over the random variable ©;, and then applying Markov’s inequality over the index i, we get
that ( ) holds with probability at least 1 — O(n” 4 over a uniformly random choice of i. This
combined with Lemma and Lemma implies that an index i is good with prob-
ability at least 1 — O(n” 16). For a good index i, by combining the bound from Lemma

and ( ),

o 1/16
b £ 118x2) = U@L = 0lp ), (12.54)
E E 1V D, )= 1D, I = 0(pe®), 12.
o B IVIBL0 18,01 =06y (12.55)
1/16
inRC[E,LWC £ ||ny|q)l./xy>_|(DL/XJ_> I=0mpg") (12.56)

where we bound O(nMG) + O(n1/4) = O(n”ls) he main step of the proof of Proposition
is to combine Uy and Vy together by showing the following claim. We remark that the following

claim is an commuting operator value variant of | , Claim 5.19].
Claim 12.3.21.
onE o GO Peplls  EEYLL vy i@ - 19, (12.57)
+ ZnA,l,l/jwrn LIV \y D/ y> 1D/, |l (12.58)
+Y U@L, = 1@y )| + O, (12.59)

wherey, , is defined in ( ).

Before proving the claim, it would be useful to work out the following two bounds. Using
the definition

o b 1P -yl l= ) E L E |1 - =0 sy (12.60)
where the second line is by Jensen’s inequality and ( ) in Lemma . Similarly,
E E 1®y/xy) =Y [Puxy) Il = E |1 Dty O(np) (12.61)
Q_;Rel1,1,We XY Q_Rel1,1,We XY Yoo
by ( ). We note that in the above division by v, , is well-defined because (w_;, 7¢) is sam-

pled with positive probability from the distribution P, , 7.).,.,w,.. We are now ready to prove Claim
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Proof. We start by writing
E U, Vy|®,,)—|D
Q_;Rcl1,1,We XY U Vy|®L1) = 1Py ) |l

Yxy Yxy

<o nE Wk ‘ Ux Vy|®.,1) - _~ |®sy) ‘ - By} — By
Yx,

_Q_ch[lEuW )%{YU |Ux V|00 = @) ] + ij - 1’

“a Rc[|Eu We XYY“ |Ux Vy[@1,.) = [ @) + Org)

“a Rc[lEu We el o (1UxVy|@1,0) = Us| @1y} | + [ Ux|®1y) = [@,0)])) + Orpg)

<o rE L Eri(viles) =)+ [Uxeuy) - [eu) )+ 0mpr),  (12:62)
where the third line follows from ( ), and the last line follows from Uy € % (<7). For all
L/x e, by Lemma and (12.22) and (12.23). There exist an operator (C**)z and (D**)2
such that

nAnchor(CL/x) (Aﬂx)% = (Al)%

D=

(1= Nanchor) "2 (DY 5%)2(AY%)2 = (A%)

By ( ), we have

_1
Dy = (B)Z(ANE [y =1, 2 (CY9)2(BY)2 (A2 1y) = (1~ Nhanchor) 2 (CY)2 D,y
1 1
|92,) = (1= Tanchor) "2 (D)7 @/, ,)

Thus, for each x,y € x?

_1 1 _1 1
” Ux |q)1,y> - |q)x,y> ” = ”nArzldloar(CL/x) 2 |(D¢/x,y> -(1- nAnchor) z (Dl/x’x) 2 |q)l/x,y> l
_1 1 _1 1
= ”nArzlchoar(Cﬂx) 2 Vy,y|®1/x,y> = (1 —=Nanchor) 2 (DY*%)2 Viy [Py
1

1 1 1
= Nanchor! U(CY)2 Vi y [®15,)) = Ux(CY9)Z 1@ ) | (12.63)

_1 1 _1 1
#1172 op U (C ) Z 1@ 2 1) = (1= Manchor) "2 (D)2 [@4y4,1) |
(12.64)

_1 1 1
+ (1= Nanchor) ZI(DY¥) 2 1@ ,yx,) — (D)2 Vi y @ x ) |, (12.65)

where the second line follows from Vy , € % (<), and the third line follows from the triangle
inequality. We bound each of these three terms as follows. For ( )

1

1 1 1
nAéchor” Ux(ci/x) 2 Vx,y |q)¢/x,y> - Ux(Ci/x) 2 |q)l/x,1_> ” = || Vx,y |q)J_/x,y> - Iq)J_/x,¢> ”

1 _1
o . . _1 1 1
Similarly, for ( ), since (1 —Nanchor) 2 =17, 1o, Whenever Nanchor < 5 (Manchor = )

_1 1 1 _1
(1 =Nanchor) 21D 52 @) = (DY) 2 Ve [0 p) 1 <1, 20 1@y = Viey [Py, ) |

Finally, for ( )
_1 1 _1 1
”nAéChorUx(Cl/x)E |(I)J_/x,i> -(- nAnchor) 2 (Dl/x’x) 2 |CDJ_/X,J_> =1 Uy |CDL/X,J_> - |q)x,1_> [
Putting the three bounds together, from ( )—( ) we get

[U|®, ) = 1@ ) | <2002 Ve 1)y = [@n ) 1+ | U l@L0) = 120, (12.66)

from which inserting it into ( ) proves the claim. O
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To conclude the proof Proposition it remains to bound each of the three terms on
the right-hand side of Claim by O(mb®), and then use ( ) to exchange the expec-
tation Eq_,Rr.|.,.,w. With Eq_, Rr.)w, by introducing an additive O(nl/ 4) error. We start with
bounding ( ):

o rE L BVl [ien) —1e.p]

Yy %

- E E H V|3 d H
ﬂ,iRCu,L,W( Y | b J—> J_ | . y>
Yiy
<o mE L BN -1B)0+ |1®.0- 218 |
=oM%+ |1—M
Q—iRC“- 1, Wc 1,1
_ O(n1/16) + O(n1/8) _ O(n1/16) ’
where the third line uses ( ) to bound the first term and the last line follows from ( )
and conditioning on X = 1 (which occurs with 1 45,c50r = % probability), which occurs with
probability % We bound ( ) in an analogous fashion. Finally, we bound ( ) as follows:
2t E By [Vayl®usy) = 19us)]
anchorn RelL,L,We XY 1,1 XLy ELUxy L/, L
-1/2 Yuxy Yilx =
= E E Viy|® - )
nanchor QRelL, LW XY || 7., X,y 1D,/ y> Y. | L/x,l>
1/2 Yixy ~ = = =
= 2N nchor O Re[LL We %{ | R D,y — [ Pyxy) || + ‘ Vi @uxy) = 1Puyx1) |
~ y /x, ~
+1Dsx,) = == Dy )
Vi1
- Yixy 1/16 1/2 -1/2 YilxL
= o /2 E [E|1— +0 +2 [E|1——
Manchor Q_RelL,L,We XY o ( anchor) Manchor Q_;R¢|L,1,We XY YL
_ O(nl/S) " O(nlllﬁ) N O(nl/B) _ O(nlllﬁ)
The last line follows from 1,nchor = i, ( ) to bound the first term, ( ) to bound the sec-
ond term, and ( ) along with conditioning on Y = 1 to bound the last term. O

12.4 Proof of Proposition

After proving the anchored parallel repetition theorem above, we are now ready to give a proof
for Proposition . For convenience, we restate the proposition here.

Proposition 12.4.1 (Parallel repetition). For all constants a € N, function s(n) : N — [0, 1] with
O(s(n)) = O(polylog(n)). Then there exists a functionr(n) : N — N withr(n) = O(a,s(n)) and a
polynomial time algorithm Parallelrep, i, that takes, as input, a pair of Turing machines
(Q,D) and outputs a tuple of Turing machine machines (QPararep pPararepy y,irpy

TIMEparaiie lrepg g (1Q1,1DD) = O(polylog(n))
such that the following holds:

1. (Independency) Q¥¥ P only dependent on Q and the polynomial functions s(n).
2. (Complexity bounds for the output):

° TIMEQPararep(n) < O(poly(r(n), log“(n))),
e TIMEpeaares (1) < O(poly(r(n), log®(n))),
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Furthermore, if the input V" = (Q,D) is a k level synchronous CL verifier for the infinite sequence
of synchronous game ¥ ={9,} nen for some constant k € N, and there exists some constant ng € N
such that for all n = ny, we have

Q(n, Parameter), TIMEq(n), TIMEp < log®(n).
Then forall n = ng
1. (Parameter) Q%% is a level k +1 CL sampler.

2. (Completeness) If there exists a perfect oracularizable strategy for 9, in model t, then there

exists a perfect oracularizable strategy for (55 WP in model t.

3. (Soundness)

1
w'(9y) < 1-s(n) = o' (@GP <

Before giving a proof for Proposition , we first show the following lemma.

Lemma 12.4.2 (Properties related to the parallel repeated anchoring transformation ). Letr €
N, and let 9 = (X ,,u,D) be a CL-samplable game where the question distribution y is a
(k,m, p). Then, 47", the r-fold parallel repetition of the anchor transformation of 4, is sam-
plableviaa (k+1,r-(m+2), p) CL distribution.

Proof. Let L4 and LB be the CL functions actingon V < F7,, which define the distribution u. We

first show that ¢, is samplable viaa (k+1, m+2, p) distribution. Define L, L¥ as the following:

Lf is defined as a series composition (Definition ) of two CL functions, where V! = [ng,
and V, = V. For (g, $1) € [F%,,, define the zeroth level CL function for Lf is defined as

(L40,0(s0, $1) = (50,0)

and the collection of level k CL function to be {(L)5} aer2, tobe
’ 2

(Lf)(s()vsl) =14

if the first bit of x(sg) is 0, where recall x(sp) € {0, 1}” is the canonical representation of sy and
(Lf)““’sl) =0, i.e. the linear function which maps all elements in [F;’,’g to 0, otherwise. Intuitively,
the first bit of x (sp) being 1 indicates that the anchoring question is sampled as Alice’s question.
Llj is defined similarly to Li‘ except the zeroth level CL function is defined as

50,00, 51) = (51,0).

We see that the CL distribution defined by L’j and Llj precisely samples p; . The proof of the
lemma then follows from applying Lemma onY,. O

We are now ready to show Proposition

Proof. Fix the constant a and a function s(n) : N — [0, 1], with O(s(n)) = O(polylog(n)). Let r(n)

be a function such that

16 —cParag(m 7)) 1
——-exp <= (12.67)
s(n) alog(n) 2

for all n € N. Since O(s(n)) = O(polylog(n)), r(n) can be taken to be O(polylog(n)).

Fix an input (Q,D) and integer n. We describe the corresponding output (QPararep pPararep)
forParallelrep, ., below: If at any point in the computation process, the computation step
for running Q and D either returns an invalid output or runs for time more than n%, return 0 (i.e.
an invalid input). The Turing machine Q3P is defined as the following: Q""" reads the first
input n and computes (k(n), m(n), p(n)) = Q(n, parameter).
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o Qpararef’(n,parameter) = (k(n),r(n) - (m(n) +2),p(n)).
* Oninput (n, Divide, 5), Q%P does the following:
1. Parses s = (Sp,-*+, Sr()—1), Where each s; € {0, 1}(m(m)+2)-p(n) (automatically returns 0

if the input does not match).

2. Foreachi € [r(n)], parse s; = (s;,0, Si >0), where s; o € {0,1}>P" and s; - € {0, 1}PUD M)
Furthermore, parse
(Si,1,*» Sixm)) = Q(n, Divide, $; >0).

3. For j e [k(n) +1],let tj = (so,j,* -, Sr(m-1,j), and return (fo, - - -, f(n)) as the output.
e On input (n, Function, p, j, s, x), QPararep qoes the following:

1. Parses s = (So,*** Sr(m)-1), and x = (xp, - Xr(m)—1)., Where each s; (resp. x;) have the
same number of bits with each other (automatically returns 0 if the input does not
match).

2. If j =0, apply the zeroth level linear function as specified in the proof of Lemma
to each of the x; to each i € [r(n)] and return the concatenated output.

3. Otherwise, for each i € [r(n)], parse s; = (s; 0, Si >0) Where s; ¢ € {0,1}2P()

- Ifthefirstbit of s; o is O (i.e. the normal question), compute ¢; = Q(n, Function, p, j—
L, si,>0, Xi).

- Otherwise (i.e. anchoring question), let t; = 0 be the zero string that has the
same length as x;.

Return the concatenated output of all the ;.

The Turing machine D"2'@®P is defined as the following: DY¥3°P reads the first input n, and
computes (k(n), m(n), p(n)) = Q(n, parameter).

1. Oninput (n,x, y, a, b), parse
x=(x0, ", Xemy-1), Y=o Yey-1), a=(ao, -, army-1) b= (bo, ", br(n)-1),

where x;, y; € {0, 1}mm+2,p(M for a1l § € [r(n)] and each of the a;, b; have the same num-
ber of bits. Output 0 (i.e. automatically reject) if this cannot be done.

2. Foreach i € [r(n)], parse X; = (X0, Xi,>0), ¥i = (Ji,0, Vi,>0) where X; 0, yi,o € F5,.

e If the first bit of x; ¢ and y; o are both 0 (i.e. the normal question), compute ¢; =
D(n, Xi, >0, Vi,>0, 4, bl)

¢ Otherwise, t; = 1 iff whenever x; (resp. y;) is the anchoring question (i.e. the first
bit of x; ¢ (resp. y;) is zero), then a; (resp. b;) is the zero string. ¢; = 0 if the above
condition is not met.

3. Return Ajepr(n) Li-

As seen from the description above, both (QP337P, pParaeP) can be described by using (Q,D) as a
black box, and Q¥4 @"P depends only on Q and

* TIMEgpaurep (1) < O(poly(r(n), log®(n))),

e TIMEprararep (1) < O(poly(r(n), log*(n))).
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If (Q,D) is a synchronous k-th level CL sampler for an infinite sequence of synchronous games
{9, = (X, n, hn, D)t nen for some constant k € N,with some constant g € N such that for all
n = ny,

Q(n, Parameter), TIMEq(n), TIMEp < log®(n).

Then (QFarareP pPararepy jg 4 (k + 1)-th level CL sampler for an infinite sequence of synchronous
games {4 "M} en, where 9y "™ is the r(n)-fold parallel repetition of the anchoring transfor-
mation for ¥,,.

For completeness, note if ¢ admits a perfect (synchronous) oracularizable strategy . =
(L2, 1),
I7),{A}). Then the r-fold parallel repetition game ¢®" admits a perfect oracularizable strategy
defined on £?(<7,1)®" because the provers can simply performing r independent instances of
. for each question labels on the parallel repeated game. Hence, combining with the remark
after Definition , if there exists a perfect oracularizable strategy for ¢, then there exists a
perfect oracularizable strategy for ‘52 1(").

For soundness, since TIMEp < log®(n) for n > ny, this implies that |.«/| = log® (n), and hence
combining ( ) and Theorem shows the soundness condition. This completes the
proof of Proposition . a
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CHAPTER 13

Implications and open problems

We end this thesis with a few implications from the MIP° = coRE theorem and results from
this thesis, as well as a few open problems which could be interesting.

13.1 Implications

We start this chapter by discussing some corollaries arising from the MIP® = coRE theorem.

13.1.1 Corollaries for non-local games and MIP protocols
Computability of the commuting operator value

Recall from Chapter 6, that the NPA hierarchy is an algorithm which generates a series of up-
per bounds that estimates the commuting operator value of a game. As shown in [ ,
Theorem 12.10], there exists a game ¢ such that w°°(¥¢) =1 and w*(¥) < % The best algorithm
used in practice for estimating the tensor product value of the game is still the NPA hierarchy
due to the inefficiency of the Searchfrombelow algorithm. Estimating the commuting oper-
ator value of a game is also important in the recently introduced compiled non-local game
setting [ 1, where the optimal bound of the game is known to be bounded by the com-
muting operator value of the game due to a recent result by [ l.

An obvious consequence of the MIP® = coRE theorem is that there is no algorithm which
can estimate the commuting operator value of a game up to any constant c € (0,1), or else
one can use this algorithm to construct a halting algorithm for the co non-local game value
problem. Our result also implies that one cannot compute the convergence rate of the NPA
hierarchy in general.

A variant of MIP called the zero-gap MIP® (MIPg°) is introduced in [ 1. MIP® is
the complexity class which is complete with respect to the gapless commuting operator value
problem, which is defined by the following two sets of non-local games

Lyes =194 : 0 (9) =1} and Loo ={94: 0w’ (9) < 1}.

This class is also shown to be coRE complete by a result of [ ], which implies that MIP° =
MIPG°. Combining this with our result, this shows that MIPg® = MIP, or in other words, it is
computationally equivalent to compute the exact commuting operator value of a game and to
estimate it up to % error. Interestingly, the equivalency between the gap and zero-gap versions
of MIP®® does not extend to MIP*, as the complexity of the zero-gap MIP* (MIPg) is shown to
be I1,-complete in [ 1, where I1, is defined as coRE with access to an RE oracle.

In| ], it was shown that every MIP* protocol has a perfect zero-knowledge proof sys-
tem in the MIP* model. In the same work, it was conjectured that the same would hold for the
complexity class MIP® provided MIP® = coRE, and a parallel repetition theorem was proved
for the commuting operator model. In conjunction with the result from this thesis, one could
similarly convert any MIP®® protocol into a zero-knowledge MIP° protocol.
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MIP° protocol with short questions and answer size.

An interesting open question left open by MIP* = RE is the following: what happens if we
restrict the question size and answer size of a MIP® protocol while still allowing the verifier
polynomial-time verification. To discuss this, we define MIP* (g(n), a(n)) (resp. MIP°(g(n), a(n)))
to be the complexity class described by a MIP* (resp. MIP®) protocol with question size q(n)
and answer size a(n).

In the case where the answer size is restricted, it was shown in [ ] that if the answer
size of an MIP* protocol is restricted to a constant, then the resulting complexity class remains
RE-complete. Since the technique used to prove this theorem is essentially the same as the
tools used for MIP* = RE, we have the following corollary.

Corollary 13.1.1. MIP“°(O(poly(n)),0(1)) = coRE

The proof of the above corollary follows much of a similar intuition as the proof from Part
of this thesis: by using tracially embeddable strategies to generalize the argument holding for
MIP* to the MIP®® model.

Proof. The proof follows similarly to the proof of [ , Theorem 6.10], which applies two
iterations of the transformation from [ , Theorem 52] followed by a single iteration of the
Hadamard test, given in [ , Figure 4]. [ ] follows by applying a “scale-up" vari-
ant of the answer reduction protocol, and then the parallel repetition theorem for projective
games from [ ]. Since the scale-up variant of the answer reduction protocol still de-
pends on the simultaneous quantum low-individual degree test, by Lemma the com-
pleteness/soundness condition for the commuting operator model follows accordingly. Inter-
estingly, the proof of [ ] does not use information-theoretic tools like most other proofs
of the parallel repetition theorems. However, the proof can still be extended to the commuting
operator setting by working with tracially embeddable strategies (along with the translation
chart from Table 4.1). The completeness/soundness condition of the Hadamard test can be
extended similarly by working with tracially embeddable strategies. O

On the other hand, if we consider the case where the question size is restricted, [ ]
has shown that MIP*(O(1), O(polylog(n))) = RE. We can again conclude a similar corollary
using similar proof techniques.

Corollary 13.1.2. MIP*°(0(1), O(polylog(n))) = coRE

Proof. The proof also follows a similar structure as the proof of [ , Theorem 54], where
the authors use a different configuration of the three propositions used in the proof of the com-
pression theorem for MIP* in order to show the existence of a “hypercompression" scheme for

MIP* = RE. Hence, the corollary follows from applying Proposition , Proposition , Propo-
sition in the same order as the proof given in [ , Theorem 54] in order to show a
hypercompression scheme for MIP°. O

Finally, if both the question size and the answer size of the protocol are restricted to con-
stant size O(1), the complexity of MIP*(O(1), O(1)) is an open problem in itself. I personally
don’t have a good intuition of whether this class should be computable or not, but MIP*°(0(1), 0(1))
should have a similar computability property as MIP*(O(1), O(1)).

13.1.2 Implication for operator algebras

Results related to continuous model theory.

As mentioned in the introduction, proving MIP® = coRE gives many implication for continu-
ous model theory. Since continuous model theory is not the focus of this thesis, we refer the
reader to [ ] for more in-depth introduction on this subject.
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An interesting result by Jananan Arulseelan and Aareyan Manzoor establishes a stronger
variant of the Connes embedding theorem [ ]. To introduce this theorem, we need to first
define the notion of a locally universal tracial von Neumann algebra.

Definition 13.1.3 (Locally universal tracial von Neumann algebra, Definition 4.1 of | D.
A tracial von Neumann algebra .7 is locally universal if every separable tracial von Neumann
algebra embeds in an ultrapower of .

To rephrase Connes embedding theorem introduced in Section using this language,
the negative answer of Connes implies that the hyperfinite II; factor Z is not locally universal.
Arulseelan and Manzoor show that, in fact, there is no locally universal tracial von Neumann
algebra which admits a computable presentation. Intuitively, one should view a separable tra-
cial von Neumann as inherently an uncomputable object by the MIP° = coRE theorem proven
in this thesis. In particular, there is no computable presentation that allows one to algorith-
mically approximate all evaluations arising from such an algebra (in the sense that there does
not exist an algorithm, when given a state ¥ and an element a from the algebra, the algorithm
will approximate 1y (a)). In the same paper, this result is also shown to extend to the 11, case,
meaning that even separable semifinite von Neumann algebras are, by nature, inapproximable
by any computational algorithm.

At the same time, by a result of Isaac Goldbring and Thomas Sinclair, it was shown the
maximal tensor norm between two C*-algebras is not explicitly definable in the framework of
continuous model theory assuming MIP® = coRE. Interestingly, the minimal tensor product is
also shown not to be explicitly definable by using the MIP* = RE theorem. The C*-algebra con-
sidered in Goldbring and Sinclair’s result is specifically focus on the case where the C*-algebra
in question as the group C*-algebra with n generators with n = 2, this also gives a negative
answer to an open problem proposed by Tobias Fritz, Tim Netzer, and Andreas Thom [ ,
Problem 4.2] .

I believe that these two results illustrate the nature of the MIP®® = coRE theorem in com-
parison to MIP* = RE in the context of operator algebras. In some sense, the MIP® = coRE
theorem is a general uncomputability result about tracial von Neumann algebras. In contrast,
the MIP* = RE theorem is an uncomputability result about what is approximatable by a “limit"
of infinite-dimensional matrices.

Connection to noncommutative polynomials.

Let &) be the free group consisting of m elements of order n, and let Q(%,") be the finitely-
generated *-algebra over Q. [ , Theorem 1.1] showed that the Q(&,") tensor product
positivity problem is coRE-hard in the case where n,m = 2, (n, m) # (2,2), where the Q(%,")
tensor product positivity problem is defined as follows: Given an element g € Q(%,") ® Q(F,"),
deciding whether the element g is positive in (Q(%,") ® C) ® (Q(%,") ® C)? Since one can also
view elements of (Q(&,") ® C) as an m-variate noncommutative polynomial over elements of
order n, the above problem can also be formulated as determining the positivity for two non-
commutative polynomials tensored together. The Q(&,") tensor product positivity problem is
conjectured to be H%—complete.

By considering the game polynomial introduced in [ ] and its connection to the
commuting operator strategies, the complexity class MIP is related to the “gap" version of
the Q(&,") tensor product positivity problem, where the gap Q(%)") tensor product positiv-
ity problem is defined as the following decision problem: given g € Q(F)") ® Q(%)"), decide
either g —1 is positive or g is not positive, where [ is the identity element in Q(%,") ® Q(Z/").
[ ] shows that our main theorem, MIP® = coRE, implies that the gap Q(% ") tensor prod-
uct positivity problem is also RE-complete. This, in turn, also implies that the Q(&,") tensor

1 Thus showing that “no, you cannot compute the operator norm"! Thereby answering the question proposed by
the title of this paper “Can you compute the operator norm?"
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product positivity problem is at least RE-hard, giving stronger evidence that this problem is
IZ-complete.

13.2 Open problems

I will end this thesis with several open problems. These problem are not necessarily mine, but
these are the problems that I encountered during my Ph.D. which I found to be interesting.
Hopefully putting these problems in Chapter 13 of this thesis won’t bring it bad luck for solving
them in the future.

13.2.1 Open problems about the compression paradigm

In Chapter 2, we introduced the generalized compression paradigm for showing RE-completeness
or coRE-completeness of a given decision problem, and we showed that the gap compression
theorem for non-local games gives a way to use the generalized compression framework for
showing that the tensor product/commuting operator value problem is RE/coRE-complete.
As mentioned in Chapter 2, the compression paradigm requires one to first show that one can
simulate the uniform succinct problem instance efficiently, and both examples of RE/coRE-
completeness are based on the underlying problem being NP-hard in a specific manner. It
would be interesting to see what other uncomputable problems satisfy the compression paradigm
“naturally” (i.e. a compression map can be defined on a succinct instance of said problem with-
out going through a reduction to another problem) can one use these techniques to show other
problems to be uncomputable. Alternatively, can one build another uncomputable problem
based on another PCP construction (for example, Dinur’s graph expansion based PCP [ D.

Another natural follow-up question is whether one can simplify other proofs of RE/coRE-
completeness using the compression paradigm. For example, one such problem is the spec-
tral gap problem for many-body systems [ 1, whose proof is based on a reduction to the
Wang tiling problem. Perhaps one can apply the compression directly in order to show uncom-
putability.

In the compression paradigm proof, there is an assumption that Ly, for the decision prob-
lem needs to be in coRE for this argument to go through, and we point out some of the potential
pitfalls if this assumption is not satisfied. An interesting open problem is whether one can for-
mulate a notion of the compression technique for higher levels of the arithmetic hierarchy? In
particular, [ ] defines a notion of super compression which is used to show that MIPy is
I[T,-complete. Is there a way to formulate this for I1o-completeness in general? Can this general
formulation be made to hold for higher levels of the arithmetic hierarchy?

13.2.2  Open problems about non-local correlations and non-local games.

Open problems related to MIP°

As mentioned earlier in Section , MIP® = MIPg°, where MIPg® is the zero-gap variant of
MIP. This implies that there must exist a direct reduction from the commuting operator value
problem to the gapless commuting operator value problem. Thus, an interesting open problem
is whether there exists a natural reduction between these two problems without going through
the Non-Halting problem?

Another open problem is whether there exists a more reasonable experimental realization
between the tensor product model and the commuting operator model of entanglement. Al-
though we show that no algorithm can find such a separation, this does not eliminate other
mathematical techniques which can be used to find a game that realizes said separation. An-
other interesting question is whether one can find the smallest question/answer size for which
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a separation can be found. This game would also provide a more reasonable way to construct
a counterexample to Connes’ embedding problem.

Does there exist a more general uniform sequence of games that admits a gap compres-
sion theorem, or are conditionally linear verifiers the most general class of uniform games that
can be compressed? As discussed in the technical overview, conditionally linear verifiers are
tailor-made to take advantage of self-testing from non-local games literature and PCP con-
structions from the interactive proof systems literature, so we suspect any general uniform
game sequence that admits a gap compression theorem must also be defined in a way that
enables both techniques.

In this thesis, we show that the commuting operator value problem with parameters (1,1 —
€) for conditional linear sampler games is coRE-complete for all constant € > 0. One nat-
ural question is whether this result holds for other classes of games. | | shows that
there exists a constant cjge > 0 such that the tensor product value problem for independent
set games with parameters (1,1 — cjpqe) is RE-complete, and assuming the main result of our
work, the commuting operator value problem for independent set games with parameters
(1, 1—cynge) would be coRE-complete. Similar results have been derived for the constraint satis-
faction problem (CSP) games and 3-colouring games by [ ]. An interesting open problem
is whether these types of results hold for other classes of games for both the tensor product
value and the commuting operator value problems.

At the other extreme, are there parameters in which the commuting operator value problem
is “easy" (i.e. computable)? In [ 1, it was shown that there exists a parameter d., such
that for all d’ < d,,, the tensor product value problem with parameters (1,1-d’) for 3-colouring
games is decidable in polynomial time! Does the same phenomenon hold for commuting op-
erator values? Does there exist a class of games such that the tensor product value problem
with parameters (1, 1 — ¢) is computable, but uncomputable for the commuting operator value
problem with the same parameter (or vice versa)? Does there exist a variant of the “unique
games conjecture” analogous to classical MIP [ ] or MIP* [ ; ] for MIP€°2

Lastly, another interesting question is what it means to have noisy entanglement in the
MIP® model. It was shown that if the provers’ measurements were restricted to noisy EPR
pairs, the complexity corresponds inversely with the presence of noise [ ]. However,
since there is no notion of a tensor factor within the commuting operator model, there could
be MIP protocols with more exotic noise models than in MIP*. Is there a more interesting
noise model for the commuting operator model that one could consider? Does noise reduce
the computational power of MIP?

13.2.3  Open problems related to tracially embeddable strategies and correlations

Exact tracially embeddable strategies. In Theorem , we only show that the closure of
the set of correlations generated by a tracially embeddable strategy <€qTC’ is equal to the set of
commuting operator correlations. Thus, a natural question would be whether the correlation
set <€ch’ is closed, in the ¢; sense, at all. We suspect the answer is no since to get the positive
o in the proof of Theorem , an approximation theorem must be applied to the states in
LY, 1) (Proposition ). Since the set of commuting operator correlations is closed, a
negative answer to the above question would imply that there exist some quantum commuting
operator correlations which a tracially embeddable strategy cannot realize.

Another interesting question is whether the same question posed in the last paragraph is
true when we relax the definition of tracially embeddable strategy and allow the state to be any
vector state |¢) € A instead, where . is the Hilbert space where the standard form of <7 is
represented in. Intuitively, the formulation above is a tracially embeddable strategy variant of
“Cq4" in the tensor product model while the variant given can be intuitively thought of as Cy,.
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Implementation of a tracial state within the NPA hierarchy. As mentioned in Chapter 6, in
[ ], a hierarchy of semidefinite programs is used in order to determine the optimal suc-
cess probability (i.e. the commuting operator value) of a non-local game. Roughly speaking,
level n of the hierarchy optimizes over the Gram matrix {S|y)} where S consists of products of
observables of length n from Alice or Bob. By using Theorem ,itis possible to define a vari-
ant of the NPA hierarchy where o is considered to be an additional variable that can be added
to each level n, as well as an additional constraint to be added using the cyclicity property of
the trace. Does this variant of the hierarchy require fewer levels for convergence, or can it be
potentially more efficient when the hierarchy does converge?

Operator algebraic formulation of self-testing. Roughly speaking, a self-test refers to the
uniqueness of quantum strategies given a specific correlation set, or correlation sets close to
it in the approximate case. It was recently shown in [ ] that having an exact self-test is
equivalent to having a unique abstract state acting on the game algebra. However, it is unclear
what the definition of robust self-testing should be in the operator algebraic framework.

In this thesis, we take advantage of the structure of tracially embeddable strategies and de-
fine a notion of robust self-testing of any approximate correlation for the commuting operator
model in Theorem . Informally, in our definition, a game has the rigidity property if, for all
tracially embeddable strategies, there exists a pair of partial isometries which commute with
each other (this corresponds to Alice and Bob applying the partial isometries locally), and map
the state used in the approximate strategy to a vector state that is close to the state arising from
the ideal tracially embeddable strategy. We remark that this notion of self-testing is similar to
the notion of self-testing defined in [ ; ].

The proof of the main theorem could also give some potential insight into defining robust
self-testing in the operator algebraic framework. The proof mainly relies on Haagerup’s reduc-
tion [ , Theorem 2.1], which, roughly speaking, approximates the crossed product of the
game algebra by a sequence of increasing tracial von Neumann algebras. A potential definition
for robust self-testing could be: for any other correlation close to the given correlation, the ap-
proximate correlation must be realized by a state on a tracial von Neumann algebra, and this
state must also be close to the “unique state" from the definition of exact self-testing. Since this
is beyond the scope of this thesis, we will instead leave it as an open problem about the proper
definition of robust self-testing in the algebraic framework and whether it is equivalent to the
definition we have given in Theorem

13.2.4 Open problems related to operator algebras

Additional insight into the Connes embedding problem. Our proof techniques for MIP* =
RE and MIP®® = coRE can potentially give an alternative perspective into the counter-example
for the Connes embedding problem. If we view a non-local game as a functional which maps
correlations into (0, 1), a norm on this set of functionals would correspond to their optimal suc-
cess rate on a given correlation set. Theorem can intuitively be seen as a map that maps
functionals acting on a correlation to one that acts on a smaller correlation set (in terms of
input/output), while maintaining the norm to some degree. The fact that Theorem pre-
serves both tensor product and commuting operator values means that the difference between
the tensor product value and the commuting operator value only lies in how the compression
is being used. This intuition might be useful in constructing a counterexample for the Connes
embedding problem using operator algebraic techniques.

Due to the characterization by [ ], the tensor product model corresponds to the “max"
tensor product between two free algebras, whereas the commuting operator model corresponds
to the “min" tensor product between two free algebras. Thus, MIP° = coRE allows one to work
with the “max" tensor product when considering operator algebraic results which rely on the
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Connes embedding problem being false. Can this additional insight be helpful for the operator
algebra community?

Lastly, does the undefinability result for locally universal von Neumann algebras discussed
in Section extend to type I1I von Neumann algebras? This is an open question asked
by [ 1, which I found to be interesting. The reason why this result can be extended easily
from the I1I; setting to the I, setting is due to the following fact: If <7 is a type II; von Neu-
mann algebra, the algebra o7 ® () for some infinite-dimensional, separable Hilbert space
J€ is type I1. As mentioned in [ ], extending this to the type I11 setting will likely require
some heavy lifting from the Tomita-Takesaki construction [ ].

Application to other operator algebra problems. The complexity of approximating the val-
ues of non-local games has a natural connection to the study of operator algebra. As mentioned
above, the MIP* = RE theorem gives a negative answer to the Connes embedding problem in
the study of tracial von Neumann algebras. [ ; ] gives a negative answer to the
Aldous-Lyons problem [ ] in probability theory by showing that TailoredMIP*, MIP* with a
more restricted class of strategies, is RE-complete. An important open problem in group theory
is whether a non-hyperlinear group exists. It is shown in [ ] that LinMIP*, or MIP* proto-
cols being restricted to Linear Constraint System games [ ; |, being computable is
equivalent to the existence of a non-hyperlinear group. The class of Linear Constraint System
games does not fall into the conditionally linear verifier framework, and it would be interesting
to see if a similar compression technique can be used to resolve this problem. Interestingly,
resolving this problem would also imply the existence of a non-sofic group, which is one of the
biggest open problems in modern group theory.

Another interesting set of strategies is the set of invariant random subgroup (IRS) strate-
gies introduced in [ ]. Intuitively, this can be seen as the “commuting operator vari-
ant" of the “Z-aligned permutation strategies" introduced in [ ], used to disprove the
Aldous-Lyons problem. It is conjectured that MIP'™RS, MIP with access to IRS strategies, is coRE-
complete. Showing this complexity-theoretical result would also give a similar “undefinability"
statement for invariant random subgroups. Showing this conjecture would also have interest-
ing implications for the Ergodic theory community, and we refer to [ ] for more details.

A more general question, proposed by Andrew Marks at the UT Austin Graduate Mini-
School on Sofic Groups and the Connes Embedding Problem, is whether one can phrase the
Connes embedding problem and other types of “approximation” type problem in terms of a
decision problem, and potentially apply the compression paradigm onto these problems? To
me, the advantage of non-local games seems to be that one can use both self-testing techniques
and the quantum low-individual degree test in order to define a compression map. For the
aforementioned LinMIP* problem, the bottleneck seems to be the lack of a perfect complete-
ness linear PCP, for which there is not even a natural classical analogue! For solving operator-
algebraic inspired problems, if one were to try to use the techniques from this thesis, perhaps
the right approach is to move away from non-local games, and explore other ways to use the
compression paradigm.

13.3 Outro

I personally do not want to end the technical portion of this thesis on a negative note about the
role of non-local games on operator algebraic problems for the future. Since the majority of this
thesis is about the complexity of non-local games, my heart still wishes that these techniques
can be pushed further. This is why I am adding an outro section.

To be fair, I don’'t have a good intuition about whether continuously exploring the connec-
tion between operator algebra and quantum complexity would lead to more groundbreaking
research in operator algebra. However, at the time of writing this thesis, I am optimistic that
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the compression paradigm will bring many more interesting results for both the complexity
theory, computability theory and operator algebra communities, and I hope to realize this in
my academic career. Hopefully in 10 years, when I look back on this thesis, I will have a better
understanding of the potential and limitations of using non-local games for operator algebraic
problems!
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Nomenclature

Sets, strings and probability distribution.

IS|: Cardinality of a set.

Islw: Length of the string s.

Ex~n: Expectation over the distribution p.

My (T): nby nmatrix of elements of T.

k(@) : The inverse of the spectral gap for the distribution u over a group.

supp(u) :  The support for the distribution p.

Pyix=x(y): Probability of Y conditioning on X.

IPx, —Px, I : The variation distance between probability distribution Px, and Py,, given
in ( ).

04p: The delta kronecker product.

s-t: Dot product between s and ¢ for string s and .

Is|: Hamming weight for the string s.

sla: Coordinate of s index by a.

7>j(s): The map which zeros out the first j entries of the string s.

[n,m]: Theset{n,n+1---,m-1}.

[n]: Theset{0,1---,n—1}.

bin(n) : Binary representation for the integer n.

bininv(s): Theinverse binary function, i.e. bininv(s) = m where m is the unique integer such
that bin(m) = s for s € {0, 1}".

Turing machines, complexity classes and algorithms.

(A(x)) :  The description of the Turing machine A which is hardcoded to run x € {0,1}* as
input (in this case (A(x)) takes the empty tape as input, and will return A(x)) after the
computation step..

(A):  The minimial description lenght of a Turing machine |A].

|A]:  The minimial description lenght of a Turing machine |A].

TIME,(n): The maximum of the runtime and decription size for the Turing machine A.

coRE :  The complement of RE, complete with respect to the non-halting problem..

coD : The complement of the decision problem D..

RE : The set of recursively enumerable languages, complete with respect to the halting prob-
lem..

D1 <, D2: Ds is polynomial-time reducible to D using the standard Karp reduction..

D, <D,: D;isreducible to D, using the standard Karp reduction..

MIP*:  Multiprover interactive proof system with tensor product model of entanglement (two
round, one prover with completness 1 and soundness %).

MIP€®:  Multiprover interactive proof system with commuting opereator model of entangle-
ment (two round, one prover with completness 1 and soundness %).
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searchfrombelow, : The search from below algorithm for ¢ € [0,1], Teminates whenever
w* (%) > € (Runs forever otherwise).

searchfromaboves : The search from above algorithm for § € [0, 1], Terminates whenever
w°° (%) < 6 (Runs forever otherwise).

&> : The input for the Turing machine for the proof of RE/coRE completeness. This is the
only non-western character used in this thesis.

Finite fields.

F,» :  Finite fields over 27, p is always assume to be odd in this thesis.

é; . Canoical basis for for the field F».

Tr(a): Finite field trace for the element a € F».

x(a): The bijection map between F,» to {0, 1}” whenever a € F2». The bijection map between
7, to {0,1}P™ whenever a € [}}.

dim(V): Dimension of the subspace V < [F;’,i.

W+ : The orthogonal subspace of W for W € V Fop. W+ is the orthogonal subspace over
[/, if unspecified.

WC¢: The canonical complement of W for W € W < [, for a canoical basis subspace V. w¢
is the canoical complement over [} if unspecified.

V<i: The union of the first i subspace in a disjoint partition of V.
n;"j :  The map which zeros out the first j entries for elements of ;.

Functions on finite fields.

ker(L): Kernel subspace for a linear function L.

L1: The Linear map which projects onto (ker (L)*) where L: V — V is a linear function over
a canoical basis subspace V.

Can(l): Canonical representation of an affine line, define as Can(l) := (v, Null}N (1)) € F2m.

IdPoly(p, m,d): The set of polynomails g: [}, — F2» with individual degree of at most d.

RM;: Reed-Muller encoding for the string b.

no(p,m,d,e) : The soundness parameter function for the quantum low-individual degree
test, given in Theorem

nstp(p, m,d, k,€): Thesoundness parameter function for the (p, m, d, k)-simultaneous quan-
tum low-individual degree test, given in Lemma

von Neumann algebras.

€ : Hilbert space.

&/ :  von Neumann algebras.

AB(A): Bounded operator acting on .

[ly)|: Vector norm.

/'  Commutant of &7 .

</t Setof positive elements within .7

Tr(-): Normalized trace for finite dimensional matrix.

7: Trace function (often assocated with a von Neumann algebra 7).

[|All, :  Hilbert schmidt norm for A € o7, where 7 is a tracial von Neumann algebra.

[|Allg: The state dependent norm for a density matrix o (i.e. 0 € &* and 7(0) = 1) and A€ &7,
where (<7, 1) is a tracial von Neumann algebra.

lyll : State norm for the state v.

£?(a/,1): Hilbert space for the standard form of .7, where (7, T) is a tracial von Neumann
algebra.

|T): Vector state associated to the trace T for the standard form of .<7, where (<7, 1) is a tracial
von Neumann algebra.
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a®? . The bijection map between &7 in standard form to <7’ through the opposite algebra
map.

o/°P . The opposite algebra of o7

2 Xg®: The crossed product of &7 with the continous automorphism a : & — Aut(<).

J‘ﬁ; :  The canonical positive cone for the von Neumann algebra <7 in standard form.

Quantum measurements.

Ajfisy: Data processing measurement.

pZV,p :  The PVM with outcome a associated with Generalized Pauli meausrement over [F,q for

WelX, Z}.

p"'P(a): The observable associated with Generalized Pauli meausrement over Fo» for W €
{X, Z} over a € [, also can be define using s € [}, given by (8.6).

{pf }sev: Generalized Pauli measurement with outcome over a register subspace V < [Fg},.

Uz—.p: The Unitary which converts between the generalized (qubit) Pauli measurement over
2P to the one qubit Pauli measurement given in Lemma

=5: O-close when the underlying state and distribution is clear. §-close is given by (3.6).

=5 : O-consistant when the underlying state and distribution is clear. §-consistant is given

by (3.5).
Quantum correlations and strategies.

Cyyab: Correlations, the subscipt x, y, a, b are often omitted.

Cq4: The set of all quantum tensor product correlations. Cy (¥, /) if the questionset and the
asnwer set are specifed, sometime written as C,.

C ;Z :  The set of all quantum tensor correlations realizable in 4, (€) ® 4, (6).

Cgc:  The set of all quantum commuting operator correlations. Cy (%, /) if the questionset
and the asnwer set are specifed.

C;: The set of all quantum syncronous correlations under model ¢ € {*, co}.

1) sync(i, C) :  The synchronicity for the correlation C under the discribution u, sometimes
written as dsync (4,-7) for quantum strategy instead.

Non-local games.

% : Non-local games, often denoted with ¢4 = (%, </, u, D) where & is the question set, an-
swer set &/, question distribution u and validation function D.

@accept . The accepting syncronous game, with w* (G2°CePt) = )¢ (gaccepty = 1,

@relect . The rejecting syncronous game, with w* (§™9°) = @ (g"ect) = 1.

¢, : Oracularization transformation for the game 4.

¢, : Anchoring transformation for the game <.

%4®" . r-fold parallel repetition of a game 4.

(X, : Question pair for r-fold parallel repetition.

(da, l;) :  Answer pair for r-fold parallel repetition.

w(¥,C): The value of the game under correlation C or strategy .%.

w*(¥): Tensor product value of 4.

w°°(¥4): Commuting operator value of 4.

wé(éﬁ) :  Syncronous value.

Conditional Linear functions and Conditional linear verifier.

L: Conditionally linear function.
Ljs: The jthlevel CL function used to define L when the previous function returns s..
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L?:  The CL function which is used to define a CL distribution (Definition )for Pe {A,B}.
Same notation (L") is used to define a typed CL distribution (Definition )forveT.

neigh; (v) : Indicator vector for v € T, where (T,E) is a graph.

¥ . ACL Verifier sequence for a MIP*/MIP®° protocol, as specified in Definition
Qv : The sampler for ¥, as specified in Definition

Dy : The decider for ¥, as specified in Definition

k(n) : The level function for a CL verifier.

m(n): The cardinality function for a CL verfier.

p(n): The field size function for a CL verfier.

Notations for the paralllel repetition theorem.

W% . A state define within 7] ® 2%, also notation for the restriction of <7, ® < if the state

is defined in a bigger Hilbert space.

Classical quantum state with the classical component being &'.

D(w1lly2): Relative entropy betweenm the state v, and .

1(/ : %)y :  Mutual information between algebra .71 and .o for the state .

NAnchor : The noise parameter.

C: The critical set given by Proposition

npr: The constant given in Lemma

Rc: The question/answer correlation for coordinates in the critical set C, consist of question
distribution Q¢ = X¢, Y¢) and answer distribution S¢ = (A¢,Bc).

Q: The dependence breaking probability distribution define for coordinates outside of the
critical set, given in Definition . We further use Q_; to denote the distribution
without the coordiate i.

[®_; 70,5y : The (unnormalized) post measurement state |) with measurements condition
on Q_; = w-;, Rc = 7¢, s and y are either the normal measurement, or the slanted
measuremnt given in ( ) if s or y are 1/x.

Yw-i7o),s,y - Thenormalized factor for the state |D(,_, 7. s,

@, 705y :  Normalized version of [®,_, 7.y 5,y)-

ZOXcYQc . The classical quantum state which packages all of the post-measurement state
from the strategy .®", with outcome being restricted to (ac,b¢) € Sc. For each index,
Alice’s measurement is being condition on Q = w and Q¢ = (X¢, J¢), Bob’s mesurement
only depends on j.

EQXcYQee/ ;. Z9XcYQe peing additionally conditioning on (X¢, jic, dc, be) giving a winning
question/answer on all coordinates in the critical set C.

A9XYcQc . The classical quantum state which packages all of the post-measurement state
from the strategy .¥®", with outcome being restricted to (ac,bc) € Sc. For each index,
Bob’s measurement is being condition on Q = w and Q¢ = (X, J¢), Alice’s mesurement
only depends on X.

A9XYcQee . 1 0XcYQed heing additionally conditioning on (X¢, Jc, dc, be) giving a winning
question/answer on all coordinates in the critical set C.

¢%,% .
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