The Complexity of Entangled Games
by
Thomas Vidick
A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy
in
Computer Science
in the

Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor Umesh V. Vazirani, Chair
Professor Satish Rao
Associate Professor Ashvin Vishwanath

Fall 2011



The Complexity of Entangled Games

Copyright 2011
by
Thomas Vidick



Abstract

The Complexity of Entangled Games
by
Thomas Vidick
Doctor of Philosophy in Computer Science
University of California, Berkeley

Professor Umesh V. Vazirani, Chair

Entanglement is at the heart of quantum mechanics. The nonlocal correlations that can
be obtained from space-time separated measurements on an entangled state are a central
feature which provably distinguish it from local theories. This dissertation studies entangle-
ment through a computational viewpoint. We develop new insights into the complex nature
of entanglement by studying its role in multiplayer games, in which cooperating, but non-
communicating, players interact with a referee in an attempt to win a pre-specified game. On
the one hand, the nonlocal correlations that entanglement allows may enable players using
it to develop new colluding strategies, defeating previously secure protocols. On the other,
the richness of this new resource may also be exploited in order to design new protocols, pro-
viding solutions to problems previously deemed impossible. We explore both aspects of this
dual nature of entanglement, putting limits on its strength while at the same time showing
how it can be put to profit to solve new computational problems.

A major unresolved question on the computational complexity of multiplayer entangled
games is the power of MIP*, the class of languages having entangled multi-prover interac-
tive proofs: how does it relate to its purely classical analogue MIP, which was completely
characterized through the fundamental equation MIP = NEXP? Since the players may use
entanglement to increase their odds at colluding against the verifier, MIP* could potentially
be a much weaker class than MIP. Indeed, for a long time it has been an open question
whether two entangled provers are more useful than a single prover.

In this thesis we resolve this question by showing that the class of languages having
multiprover interactive proofs with entangled provers is at least as large as its classical
counterpart: NEXP C MIP*. At the heart of this result is an analysis of the multilinearity
test of Babai, Fortnow, and Lund in the presence of entanglement. The fact that this test
remains sound gives a systematic way for a verifier to impose strong limits on the ability of
entangled provers to collude against the verifier.

Gap amplification is a fundamental primitive in the study of classical multiplayer games.
While sequential repetition of a game always decreases the prover’s maximum success proba-



bility at an exponential rate, the fact that parallel repetition also achieves a gap amplification
is a highly non-trivial fact. We show that gap amplification can be performed in parallel
even in the presence of entanglement between the provers. We adapt a technique which was
originally introduced by Feige and Kilian and results in a polynomial rate of amplification.

The phenomenon of monogamy of entanglement states, in first approximation, that if
two parties are maximally entangled then they cannot simultaneously be entangled with a
third party. We use this phenomenon in two distinct results. In the first, we show that the
bits generated in our randomness-expansion protocol are certifiably random even from the
point of view of a quantum adversary who may share prior entanglement with the provers.
In addition, we prove the security against quantum adversaries of a randomness-efficient
extractor construction originally due to Trevisan. This lets us transform the high-entropy
bits that are generated in our protocol into ones that are almost indistinguishable from
uniform by any adversary.

More generally, we show how the monogamy of entanglement can be exploited to design
multi-prover interactive proof systems that are partially entanglement-resistant. Quantita-
tive bounds on the monogamy of entanglement have generally been elusive, and the analysis
of our protocol demonstrates such a bound in a new context.

The nonlocal correlations that can be created by entangled players provide a statistical
means of differentiating them from classical, unentangled players. This is the main idea
behind Bell inequalities, the violation of which demonstrates the nonlocality of quantum
mechanics. We show how this phenomenon may be exploited to design a protocol in which the
bits produced by successful players necessarily contain a large quantity of fresh randomness.
The presence of randomness is guaranteed irrespective of the provers’ actual strategy, as long
as the sole constraint of no signaling is respected. Hence a statistical certification for the
presence of randomness, a feat easily seen to be impossible to achieve classically.

In order to manipulate the random bits produced in our protocol, and make them useful
in cryptography, we give the first proof of security of a poly-logarithmic seed extractor
secure against quantum adversaries. To achieve this we adapt the reconstruction paradigm
originally introduced by Trevisan to the quantum setting.

We study other ways in which entanglement may be used in interactive proof systems
by also allowing a quantum interaction between the referee and the players. We show that,
using entanglement, the class of QMIP* proof systems can be parallelized to only three
rounds of interaction, and made public-coin, a property that does not hold in the absence of
entanglement between the players.
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Chapter 1

Introduction

Entanglement is arguably the most counterintuitive aspect of quantum mechanics — it
plays a crucial role in the exponential speed-ups of quantum computers. Einstein, whose
skepticism about quantum mechanics rested in part on thought experiments involving en-
tanglement, derided it as “spukhafte Fernwirkung”, or “spooky action at a distance”. In
his landmark 1965 paper [15], Bell proved that entanglement had a testable consequence:
simultaneous measurements on a pair of space-like separated entangled particles could lead
to outcomes correlated in a way that no classical local hidden variable theory could explain.
However, these correlations are still limited by the no-signaling principle, which states that
no information can be communicated from one particle to the other. Enormous efforts have
since been devoted to a systematic investigation of the statistical aspects of nonlocal cor-
relations. Understanding and quantifying the precise nature of these correlations is one of
the basic goals of quantum information theory, and has led to a full characterization of the
“nonlocal polytope” in two dimensions, the case of three dimensions still being open (see
e.g. |47] for a survey).

This dissertation takes a different, more computational approach towards understanding
the nature of entanglement. The strength of this approach is in taking entanglement out of
the static context commonly used in physics, and putting it into a dynamic setting. The re-
sult is a new understanding of the limits (beyond no-signaling) of the power of entanglement,
as well as the discovery of new tasks that are made possible using it, but are impossible in
a classical world. Moreover, the benefit is reciprocal: the introduction of a powerful new
element, entanglement, in the theory of computation promises to bring about a new under-
standing of some of the basic techniques of complexity theory, such as parallel repetition or
multilinearity testing.

The first theme of this dissertation, introduced in Section [[.2, consists in using compu-
tational complexity to study entanglement: what are the computational consequences of the
nonlocal correlations that it generates? A second theme, introduced in Section [[.3], explores
the following question: what are computational tasks that are made possible by the presence
of entanglement? Before describing these themes, in the next section we introduce the main
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computational model that our work is based on, multiplayer games.

1.1 Entanglement as a nonlocal resource

The following experiment, originally introduced by Clauser, Horne, Shimony and Holt [25],
gives the simplest demonstration of the strength of entanglement as a nonlocal resource.
Consider two distant parties, each holding one half of an entangled pair of particles. Each
of the parties receives a single bit x,y € {0,1}, chosen uniformly at random, as input.
They are allowed to perform arbitrary measurements on their particle, but are not allowed
to communicatel] Their goal is to produce outputs a,b that satisfy the CHSH condition
adb=zxANy.

Figure 1.1: The bases used in the CHSH game. Plain lines correspond to the basis used on
input z = 0 (left) and y = 0 (right). Dotted lines correspond to the basis used on input
x =1 (left) and y = 1 (right). Pairs of vectors corresponding to valid outputs always make
an angle of 7/8.

It is not hard to see that, if the particles are only classically correlated (i.e. they play the
role of shared randomness) then the best strategy will lead to a success probability of 3/4
— in fact, systematically outputting 0 is the best one can do. However, there are quantum
measurements on a 2-qubit entangled state that allow one to obtain a strictly higher success
probability of cos® /8 ~ 0.85. The entangled state is a Bell pair

1

V2

This notation describes the joint state of a pair of two-dimensional systems that are in an
equal superposition of two identical states: the |0)|0) state and the |1)|1) state. Each party
will measure its own half of |¥) using one of two possible choices of basis, depending on the
input bit. These bases are such that, out of the 4 pairs of bases, those corresponding to
input pairs (z,y) such that x A y = 0 make an angle 7/8 with each other, while the pair
corresponding to the inputs (1, 1) make an angle 7/2—7/8 (see Figure[[ Tl for an illustration).

W) (10)10) + [1)]1)).

'In the original version of the experiment the no-communication assumption was enforced through space-
time separation of the two parties.
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The resulting measurements have the property that, for every possible pair of inputs, the
pair of outputs obtained by making the corresponding measurements on both halves of | )
will be correct with probability cos? /8. While using these measurements the marginal
distribution of outcomes obtained by either party will be uniform, their joint distribution
depends on the local choice of basis. The possibility to obtain such correlations is the source
of the strength of entanglement.

Multiplayer games. Multiplayer games generalize the setting of the CHSH experiment
by framing it as an interactive game between a referee, who runs the game, and two or more
players. In such a game the players co-operate in an attempt to win the game arbitrated by
the referee. While they have unlimited computational power, they are crucially not allowed
to communicate with each other once their interaction with the referee has started. This
no-communication, or no-signaling, assumption is at the heart of the richness of multiplayer
games.

Given a game, the key quantity associated to it is its wvalue: the maximum winning
probability that any players can obtain in the game.@ This quantity lets us frame games as
a model of computation: the input is a description of the game itself, and the output is its
value. One may think of the players as computing this output for the referee: if it is close to
1 then the players have a high chance of winning the game, and if it close to 0 it is unlikely
that they will succeed.

The introduction of entanglement in multiplayer games is all but natural — in a quan-
tum mechanical universe, the sharing of entanglement between resource-unbounded players
cannot be physically avoided. We will call such games entangled games, and their value the
entangled value, thereby referring to the additional resource that the players may share. The
language of games lets us study entanglement in a new context, going well beyond the simple
non-interactive setting of the EPR paradox and Bell inequalities. For instance we may ask,
does entanglement strengthen or weaken the types of computations that can be performed
using multiplayer games? We have seen that entanglement may increase the value of a game:
what are the computational consequences of this fact? If the increase in value was system-
atically bounded, these consequences would be minimal. The following example shows that
this is not the case.

The Magic Square game. As a further example demonstrating the strength of the non-
local correlations of entanglement, consider the Mermin-Peres Magic Square game [83, 91].
In this game there are two players, the row player and the column player. The row player
is trying to convince the referee that the cells of an imaginary 3 x 3 square can be labeled
with bits in {0, 1} so that the bits in each row have even parity, while the column player is
trying to convince him that the square can be labeled in such a way that the bits in each
column have odd parity. In order to catch them, the referee asks the row player (resp. the

2This probability is taken over all random choices made in the game: the referee’s and the players’.
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0/1 1

R h
010]0 ) evenparity
110]7?

\/_/
Columns have odd parity

Figure 1.2: The Magic Square game. Cells in any given row should have even parity, while in
any given column their parity should be odd. Any labeling of the remaining cell will violate
either a row or a column constraint.

column player) for the values that he would assign to the three cells of a randomly chosen row
(resp. randomly chosen column). He then verifies that the parity of each player’s answers is
correct, and that the two players are consistent in the value that they assign to the unique
cell in which the chosen row and column intersect. A moment’s thought will convince the
reader that the players cannot win this game with certainty — indeed, the square’s overall
parity must be either odd or even, so that one of the players has to be wrong (cf. Figure [[.2]
for an illustration). In stark contrast, Aravind [8] demonstrated the existence of a simple
entangled strategy succeeding with certainty, dashing all hopes of entanglement providing
only a bounded advantage over classical players in general.

This striking example can be pushed even further. As we will see in the next section, the
fact that entangled players can collude perfectly in the Magic Square game has dramatic con-
sequences on the computational complexity of multiplayer games. Indeed, it demonstrates
that the soundness property of certain proof systems (e.g. some proof systems used in con-
nection with the PCP theorem to show hardness of approximation of constraint satisfaction
problems) can completely fail in the presence of entanglement.

1.2 The computational complexity of entangled games

The introduction of multiplayer games as a model of computation in the late 80s had a
profound impact on classical complexity theory. It was the natural result of a revolutionary
line of work expanding on the definition of the class NP by adding a layer of randomization
and interaction. In that context multiplayer games are often referred to as interactive proof
systems: a polynomial-time referee (or verifier) interacts with the players (or provers) in
order to verify the validity of a certain statement. One may think of the provers as holding a
detailed proof of the statement. That proof may be very long and complex, and the verifier
can only ask specific questions about it. The provers are computationally unbounded, but
not allowed to communicate. They will always attempt to convince the verifier to accept,
irrespective of the truth of the statement he is attempting to verify. It is therefore crucial
that such proof systems have a good soundness property: if the statement is false, then
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the interaction should be such that no answers from the provers could convince the verifier
otherwise (except with small probability).

The corresponding class MIP of languages having multiprover interactive proofs |17]
was fully characterized in the celebrated result MIP = NEXP [12], where NEXP stands
for non-deterministic exponential time. This characterization demonstrates the impressive
computational power of multiple provers. It should be contrasted with the power of a
single prover, as expressed in the result that TP = PSPACE [80, [106], the set of languages
recognizable in polynomial space. At the same time, the discovery that MIP = NEXP
started a long, extremely fruitful line of work exploring the properties of multiplayer games,
eventually leading to a proof of the PCP theorem [9, [10] and to the subsequent exploration
of its deep connections with hardness of approximation [45].

The introduction of entanglement leads to the natural extension of multiprover entangled
interactive proofs, in which the provers may share an arbitrary entangled state. In spite of
the no-signaling principle, which shows that the players cannot use entanglement to exchange
information, its introduction can have a profound effect on the properties of certain proof
systems. As an example, consider the following simple protocol used to verify that a given
3XOR formula has a large fraction of its clauses satisfiable. A 3XOR formula is given by
a list of clauses z; @ y; ® z; = a;, where x;,y;, z; are variables and a; € {0,1}. The verifier
picks two clauses (7, j) at random, under the constraint that they share at least one variable,
say x; = x;. He sends the three variables in the first clause to a first prover, and the
variables from the second clause to a second prover. Each prover should answer him with
an assignment to the three variables it was sent. The verifier checks that the assignments he
receives satisfy the clauses, and are consistent: both provers should assign the same value
to the shared variable z;.

It is possible to relate the value of this proof system to the maximum number of clauses
that can be simultaneously satisfied in the formula: if there is an assignment satisfying
a large fraction of clauses then the provers have a successful strategy, and conversely any
successful strategy implies the existence of a good assignment. The key point is that the
consistency check made by the verifier prevents the provers from using a cheating strategy
that would assign different values to the same variable, depending on the clause they are
being asked: such a strategy will fail because the provers do not know which variable they
share in common.

The Magic Square game shows that such a relationship no longer holds in the presence of
entanglement between the provers: there are examples of 3XOR formulas that are far from
satisfiable, but such that entangled players have a perfect winning strategy. This example
shows that the soundness property of certain interactive proof systems may be broken by
the introduction of entanglement. It raises a fundamental question:

What is the computational complexity of entangled games?

This question can be stated more precisely by introducing the “entangled” analogue of
the complexity class MIP, MIP* [26]. The question then becomes: what is the relationship
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between MIP and MIP*? To show the inclusion MIP C MIP*, one has to show that the
soundness property of an interactive proof system is preserved: if there is no classical strategy
achieving a high success probability, then there is no entangled strategy achieving a much
higher success probability. But the example discussed above shows that such a relationship
does not hold! Hence the impossibility of a direct reduction between the two classes.

Cleve, Hgyer, Toner and Watrous [26] pushed this observation further by showing that
entanglement could indeed lead to the collapse of a whole complexity class. More specifi-
cally, they study a class, ®MIP, of languages having a certain restricted type of two-prover
interactive proofs. While it follows from work of Hastad [52] that this class equals NEXP
(and is thus as powerful as the whole of MIP), Cleve & al. show that the corresponding
class with entanglement, ®MIP*, collapses to EXP. This result shows that, in the setting
of ®MIP proof systems, whatever the verifier’s attempts to prevent entangled provers from
colluding, they will have a strategy that fools him.

In spite of this negative result, the question of the complexity of general entangled in-
teractive proofs remained open. Indeed, it could be that by allowing the verifier to interact
with the provers in a less constrained way, one may devise more complex proof systems that
are immune to the kind of behavior that caused the collapse of @MIP*. Despite intense
efforts on this question, for a long time little was known. The best lower bound on MIP*

consisted in the trivial observation that multiple entangled provers are at least as powerful
as a single prover, hence PSPACE C MIP".

1.2.1 Contributions on the complexity of entangled games

We prove three results putting strong limits on the ability of entangled players to use their
entanglement in order to collude against the referee in a multiplayer game.

NEXP C MIP*. We prove the inclusion NEXP = MIP C MIP*, answering a long-
standing open question [72] and establishing the fact that multi-prover interactive proof
systems with entanglement are at least as expressive as their classical counterparts.

We prove our result by adapting Babai, Fortnow and Lund’s [12] original proof that
NEXP C MIP to the entangled setting. A key component in this proof is a multilinearity
test, by which one ensures that the provers are answering the verifier’s questions according to
an arbitrary multilinear function f : F” — F, where FF is a finite field. The test is very simple:
the verifier picks a triple of axis-aligned points «,y, z € F”, and he checks that the provers
provide him with answers a, b, c € I that are correspondingly aligned. Babai, Fortnow and
Lund showed that if three deterministic provers had a high probability of success in this test,
then it must be the case that each prover computes his answer using a function a = f(x)
that is linear in each of its n coordinates.

The main difficulty in extending this test to the quantum setting is that there is no
underlying function: the strength of an entangled-prover strategy is in the correlations that
are generates by the provers’ respective measurements on their shared entangled state, and
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there is no meaning to either provers’ strategy when taken in isolation. As such, the situation
is similar to, but more complex than, a scenario in which the provers would be using shared
randomness but one would not allow for the usual “convexity” argument stating that this
randomness could be “fixed”. We explain this difficulty, and the way in which we overcome
it, in more detail in Section below. We also give a more detailed introduction to the
problem of linearity testing with entangled provers in Chapter 2l

Our main result is that the multilinearity test is sound even in the presence of entangled
players. This demonstrates that even entangled players cannot escape the strong linear
structure imposed in this test, making it impossible for them to gain more than a negligible
advantage from their shared entanglement. This result is presented in Chapter

Our result leaves open the intriguing possibility that entanglement may lead to a larger,
more expressive class of proof systems: is MIP* C MIP? Since the presence of entanglement
seemingly only increases the power of the provers, weakening the soundness guarantees of
existing protocols, it may seem like this inclusion should de facto hold. But there is an
intriguing possibility: the presence of entanglement between the provers may also increase
the power of the verifier by allowing him to devise new protocols, enabling the verification
of more complex classes of languages. This could result in MIP* being a larger class than
MIP. In the second part of this thesis (cf. Section [[.L3.2]) we will show that entanglement
can indeed be used to perform certain tasks that are impossible in its absence.

The monogamy of entanglement. Monogamy is a genuinely quantum phenomenon.
At an intuitive level, monogamy dictates that the correlations obtained from entanglement
can only be shared successfully between two parties, not more. Indeed, if two players are
mazimally entangled, then neither of them can be simultaneously entangled with a third
player. Unfortunately this appealing property is very difficult to quantify precisely, and it can
be expressed in many distinct ways through the use of different entanglement measures [118,
71].

Multiplayer games provide a concrete way to understand the monogamy of entanglement:
in a three-player game, constraining two of the players to be strongly correlated should limit
their ability to collude with the third. We show how this idea can be put to profit by
transforming any game in a way that, even if in the original game entangled players were
able to use their entanglement to collude perfectly, in the modified game this is no longer
possible. Our transformation consists in introducing a third player, sending him the same
question as to one of the original players, and checking that he provides the same answer.

Using this transformation, we are able to give the first hardness of approximation result
for three-player one-round entangled games: it is NP-hard to approximate the value of such
a game to within a factor that is inverse polynomial in the size of the game, as measured
by the number of possible questions. This result is incomparable to the previous one: while
the hardness factor is weaker (inverse polynomial compared to constant), it applies to a
more restricted class of games, in which there are only three provers and a single round of
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interaction. Moreover, the transformation that we introduce here is generic, and can be used
to enhance the “entanglement-resistance” capabilities of any two-player game.

Parallel repetition of entangled games. Gap amplification is a fundamental primitive
in complexity theory. In the context of interactive proofs, one often arrives at a situation
where one has designed a specific game such that one can show that either there exists a
strategy for the players with success probability 1, or no players can succeed with probability
larger than, say, 0.99 — without knowing which is the case. It is then required to amplify
this distinction in order to make it more robust, while altering the properties of the game
the least possible.

In the setting of two-player classical games, an important result of Raz [96] shows that
gap amplification can be performed in parallel, without increasing the number of rounds of
interaction: the referee simultaneously sends independent pairs of questions to the players,
receives all their answers together, and checks that all pairs of answers are valid for the cor-
responding questions. This result shows a limitation of classical non-communicating provers:
they cannot take advantage of the fact that, in a parallel repeated game, they are allowed
to see all their questions before sending back their answers.

In Chapter [[] we show that gap amplification can also be performed with entangled
players, albeit only at a polynomial rate, by adapting the “miss/match” technique introduced
by Feige and Kilian [42]. While the polynomial rate we obtain is sub-optimal, this technique
has the benefit of proving more than amplification. Indeed, one can show that any players
with a reasonable (at least inverse polynomial) success probability in the repeated game must
be using a strategy taking a very specific sequential form, which may be useful to analyze
repeated games in more detail.

1.2.2 Proof strategy

The three results discussed above all rely on the analysis of certain multiplayer games, or
multi-prover interactive protocols, designed to achieve a specific goal. The main hurdle in
the analysis of such a game is to prove its soundness: given a game, show that no players can
have a significantly higher success probability than could “honest” players, playing according
to an “ideal”, well-behaved strategy. In the classical setting, a strategy for the players is
specified by a function f from the question set to the answer set. One usually reasons by
contrapositive, showing that high success in the game imposes strict constraints on f, up to
the point where one manages to show that f must be “close” to the ideal strategy. In order
to make this analysis possible one has at one’s disposal all the modern tools of computer
science, including error-correcting codes, Fourier analysis, and many others.

The analysis of entangled strategies, however, poses an immediate challenge: there is no
underlying function. This difficulty already arises in the presence of shared randomness, used
by the players to coordinate in selecting one of many possible functions before producing
their answer. The solution, in that case, is well-known: there is always an “optimal” shared
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random string which can be fixed, reducing the analysis to the deterministic case. Entan-
glement, however, cannot be “fixed”. This is a consequence of the non-commuting nature
of the players’” measurements, making it impossible in general to extract even a joint global
distribution describing the players’ choice of answers for every possible pair of questionsEI

One is therefore constrained to work directly with the players’ strategies, as represented
by their measurements and potentially very high-dimensional entangled state. In the setting
of classical players using shared randomness, this would correspond to carrying out the whole
analysis in superposition, without fixing the randomness — a challenging task by itself.

As in the classical case, our goal is, starting from the assumption that the provers have a
high success probability in the game, to deduce constraints on the structure of the strategy
they could be using, relating it to a honest, “ideal” strategy whose success we can easily
bound — for instance because it can be modeled using shared randomness, thus reducing
the analysis to the classical case.

In order to carry out this approach we develop techniques geared at analyzing and con-
straining entangled-player strategies. One such technique is a quantum counterpart to the
celebrated linearity test of Blum, Luby, and Rubinfeld [23], and we present it in an accessible
way in Chapter 2l An extension of this test to multilinearity testing is at the heart of our
proof that NEXP C MIP*, described in Chapter (Bl

Another technique exploits the monogamy of entanglement to obtain almost-commuting
conditions on the players’ measurements. This condition lets us apply a weak rounding
procedure from entangled strategies to classical strategies. We relate the success of this
rounding technique to a conjecture about “almost-commuting” versus “nearly-commuting”
measurements, which is discussed in Chapter 4l

Our last technique, used in the proof of our result on parallel repetition, consists in
exploiting consistency constraints on the players’ answers to deduce that their measurements
must obey certain orthogonality conditions. These conditions are used to derive a direct
product test for entangled strategies.

1.3 Using entanglement in multiplayer games

The second theme of this thesis explores the new possibilities that are afforded by entangle-
ment in multiplayer games in order to present tasks that can only be accomplished in the
presence of entanglement. These complement the results in the first part of the thesis, in
which entanglement was seen as a negative resource used by the players to collude against
the referee. We give two main applications: the first to cryptography and the second to
interactive proof systems with quantum messages.

3This very fact is what makes the existence of games such as the Magic Square possible: in this game
entangled players have a perfect winning strategy even though there is no deterministic assignment of answers
to all questions that satisfies the constraints imposed by the referee.
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1.3.1 Generating certified randomness

A source of independent random bits is a basic resource in many computational tasks, such
as cryptography, game theoretic protocols, algorithms and physical simulations. However,
constructing a physical source of randomness is an unexpectedly tricky task. What makes
this task particularly challenging is the following: how can one even test whether one has
succeeded? In other words, suppose we are given a box that claims to output perfectly
random bits; is there a test to verify that claim? On the face of it, this task is impossible: a
perfect random number generator must output every n-bit sequence with equal probability
1/2™, and there seems to be no basis on which to reject any particular output in favor of any
other.

Entanglement provides a surprising way out of this conundrum. Recall the CHSH game
outlined earlier. This game has the property that classical players can achieve a success
probability at most pepsy < %, while for any number % < Pousy < cos? 7/8 ~ 0.85 there is
a quantum strategy achieving exactly that success probability. Hence we may define the
quantum regime for the CHSH game as this range of probabilities: for any value in that
range there is a simple quantum-mechanical strategy, obeying the no-signaling condition,
which achieves that success probability.

These well-known facts have a striking consequence, first made explicit in Colbeck’s Ph.D.
thesis [28] (see also [29] for an expanded version): any players producing correlations that
fall in the quantum regime must be randomized! Indeed, deterministic players are inherently
classical, so that their success probability must fall in the classical regime peysy < 3/4. By
checking that the players produce answers that are more strongly correlated than could any
deterministically chosen answers, the referee is in effect implementing a statistical test for
randomness.

This idea was quantitatively analyzed in work by Pironio & al. [92]. They showed, us-
ing a protocol based on the CHSH game, that one could achieve a quadratic expansion of
randomness: while the protocol requires the referee to use y/n uniformly distributed bits in
order to select his questions, n bits of randomness are generated.

The work in [92] left open two important questions. First, what is the best expansion
factor achievable? Is quadratic optimal? Among the many applications for random bits,
some of the most prominent pertain to the area of cryptography. For instance, the most
widely-studied key distribution protocol, BB84 [18], requires a large number of uniformly
distributed bits in order to make an initial choice of basis. Hence a second question: Are
the random bits produced secure for cryptographic uses? That is, could any information
about them potentially be leaked to an adversary, who may share prior entanglement with
the players?

Our contribution. We give an answer to both these questions. In Chapter [ we introduce
a protocol that only requires the referee to use O(logn) random bits, and still results in the
generation of n bits of certified randomness: an exponential expansion. In our protocol, an
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experimenter (the referee) has a sequential interaction with a pair of unknown devices (the
players). The experimenter repeatedly selects inputs to the devices, and collects outputs.
He then verifies that the chosen inputs, together with the outputs obtained, verify a certain
constraint (in this case, the CHSH condition). If so, he accepts the outputs, and if not
he rejects them. This protocol is such that, if the devices share entanglement, there is a
simple strategy that will lead them to produce outputs that are accepted by the referee
with near-certainty (and are highly random). Moreover, any pair of devices satisfying the
no-signaling condition — whether or not their inner workings can be described by quantum
mechanics — will either be rejected by the experimenter with high probability, or produce
bits that contain large amounts of entropy. Hence the certified presence of randomness does
not depend on any assumption on the physical nature of the devices — it is guaranteed by
a simple statistical test, together with the no-signaling condition.

We also show that the bits produced in our protocol appear random even to the point of
view of a quantum adversary, who may herself be entangled with the two players used in the
protocol. This condition is crucial for the use of the random bits in cryptography, as well as
for composability of the protocol. Our proof of this additional security guarantee exploits
some key features of a specific construction of quantum-proof extractor. Specifically, suppose
that the conditional min-entropy of the devices’ outputs B, conditioned on the adversary’s
system F/, is much smaller than the number of random bits we claim the devices produce:
Ho(BJ|E) < n. The key observation is then that, if we were to apply an extractor to
B in an attempt to extract more bits than its conditional min-entropy, then certainly the
extractor’s output would not be secure: Eve would be able to distinguish it from a uniformly
random string. By exploiting key features of the security proof of a specific extractor, based
on a construction paradigm due to Trevisan [119], we are able to use this argument to
derive strong conditions on the adversary, eventually leading to a contradiction with the
no-signaling condition. We explain our results one extractors next.

Quantum-proof extractors. Extractors are pseudorandom constructions that transform
a high-entropy string of bits (the source) into one that is close to uniform (but shorter). In
order to achieve this, they typically require an additional input, the seed, that is uniformly
distributed. An adversary to the extractor is given access to the seed, and to the output
of the extractor. The goal of the adversary is to distinguish this output from a uniformly
distributed bit string. If the adversary succeeds then the extractor is not accomplishing
its task. Quantum adversaries may be further (weakly) correlated with the source of the
extractor, and use this quantum side information in order to help them distinguish the output
of the extractor from uniform.

Showing that an extractor is secure against quantum adversaries is a challenging task,
and the first such proof of security is due to Renner |[100]. Other constructions were proven
secure on a case-by-case basis |117, [74, [76], but for a long time no extractor construction
with poly-logarithmic seed was shown secure against quantum adversaries. The first such
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result came in work by Ta-Shma [112], who provided an analysis of a variant of Trevisan’s
extractor [119] in the quantum bounded-storage model. That variant had a poly-logarithmic
seed, but an output length with a poor dependence on the adversary’s memory size.

In Chapter[§ we show that Trevisan’s extractor is secure in the presence of a quantum ad-
versary, in the most general model of security. Moreover, we show that the parameters of the
extractor are essentially the same as in the classical setting. Our proof technique adapts the
so-called “reconstruction paradigm” to the quantum setting. Adapting this technique poses
the unique challenge of overcoming a fundamental property of quantum measurements, which
is that they perturb the state on which they are performed. The resulting “quantum recon-
struction paradigm”, which derives its key ingredient from work of Koenig and Terhal [76],
plays an important role in the proof of security of our randomness-expansion protocol.

1.3.2 Interactive proofs with quantum messages.

Entanglement plays a dual role in multilayer games. As we have seen, it can be used by
the players in order to collude against the referee. But it may also potentially be useful to
the referee: by exploiting the presence of entanglement between the players the referee may
require them to perform more complex tasks, that even “honest” but un-entangled players
would not be able to achieve. This intriguing possibility, together with the absence of a
quantitative bound on the amount of entanglement that may be required of the players to
play even near-optimally in a given game, helps explain why there is currently no upper
bound known on the class MIP*. (See [38] for an upper bound on the related class of
languages having quantum commuting-prover interactive proofs.)

In order to explore this question we study multiplayer games in which the referee is
allowed to exchange quantum messages with the players. This natural modification may
open the way to stronger forms of interaction: for instance, the referee may himself send
entangled questions to the players, potentially making it harder for them to collude — or at
least making it necessary for them to share entanglement in order to succeed in the game.

The corresponding complexity class, QMIP*, was introduced by Kobayashi and Mat-
sumoto [72]. Kobayashi and Matsumoto show that, in the absence of entanglement between
the players, QMIP = NEXP, while if a polynomial number of qubits of entanglement are
allowed then the inclusion QMIP* C NEXP still holds. Their first result demonstrates that
quantum messages are no more useful than classical messages in the context of multiprover
interactive proofs without entanglement.@

Our contribution. We show that the presence of entanglement in multiprover interactive
proofs with quantum messages can be used beneficially by the verifier. Indeed, we show

4An analogous result was very recently shown for the class of languages having single-prover quantum
interactive proofs: QIP = IP = PSPACE [64]. While the inclusion IP C QIP is not hard to see, it is the
proof of the reverse containment QIP C PSPACE = IP that required major work and the development of
radically new techniques [63, 62].
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that using entanglement QMIP* systems can be parallelized to three rounds of interaction,
and made public-coin: the verifier’s sole message to the provers is the broadcast of a single
random bit.

This second property does not hold in the absence of entanglement: in the classical case,
public-coin multi-prover interactive proofs are only as powerful as single-prover interactive
proofs — since every prover receives the same question from the verifier, every prover knows
how other provers will behave and the joint strategy of the provers can therefore simulate any
strategy of a single prover. Hence, these systems cannot be as powerful as general classical
multi-prover interactive proofs unless NEXP = PSPACE.

In contrast, our result shows that in the quantum case, public-coin QMIP systems are
as powerful as general QMIP systems. The non-triviality of public-coin QMIP systems may
be explained as follows: even if every quantum prover knows how other quantum provers
will behave, still each quantum prover can only apply local transformations over a part of
some state that may be entangled among the provers, which is not enough to simulate every
possible strategy a single quantum prover could follow.

1.4 Bibliographical remarks

This thesis is based on seven different papers. The result NEXP C MIP* is joint work with
T. Tto [60]. The parallel repetition of entangled games was studied in joint work with J.
Kempe [67]. The results exploiting the monogamy of entanglement in three-player games
appear in joint work with J. Kempe, H. Kobayashi, K. Matsumoto and B. Toner [68]. The
randomness-expansion protocol is joint work with U. V. Vazirani |[121], while the security
of Trevisan’s extractor against quantum adversaries was first shown in the bounded storage
model in joint work with A. De [33], and extended to the most general setting in work with
A. De, C. Portmann and R. Renner [34]. The results on the structure of QMIP* are taken
from joint work with J. Kempe, H. Kobayashi and K. Matsumoto [69].
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Chapter 2

Working with entangled provers: the
example of linearity testing

The results in this thesis bring together techniques coming from two distinct areas, quan-
tum computing and classical multiplayer games. In this chapter we give a gentle introduction
to some of the key concepts from both in a simple but fundamental context: the analysis of
the celebrated linearity test of Blum, Luby and Rubinfeld [23] in the presence of entangled
players. While being simple enough to afford an elementary description, this analysis cap-
tures many of the key ideas that will be used in later chapters The results in this chapter
are joint work with T. Ito [60].

We first recall the definition of the linearity test, and give a brief proof of its soundness for
the case of classical players, in Section 2.1l In Section 2.2l we give a “beginner’s introduction”
to the quantum formalism used to describe entangled playersg In Section we state the
“entangled-prover linearity test”, taking the opportunity to explain some of the challenges
that arise in the analysis of entangled games. Finally, in Section we give a proof of the
soundness of that test, emphasizing the important tools and techniques that it makes use of.

2.1 The linearity test

Blum, Luby and Rubinfeld’s linearity test is a game played with three provers. The verifier’s
questions are elements of F}, for some integer n, and he expects answers in Fo. The test
is designed to verify that each prover answers the verifier’s question according to a linear
function f : Fy — Fo, i.e. one that can be written as f(z) = u - x for some u € F4. The test
is as follows:

'We will come back to these ideas in more detail in Chapter @ in which we’ll give a more complete
introduction to the tools and techniques used in this thesis.

2 A more complete description of the useful notions from quantum information theory, as well as definitions
related to games and interactive proofs, will be given in Chapter
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Linearity test. Perform either of the following with probability 1/2 each:

1. (Consistency.) Select a random z € Fj, and send x to each of the provers.
Accept if and only if all three provide the same answer.

2. (Linearity.) Select two random points z,y € F, and set z := z+y. Send x
to the first prover, y to the second, and z to the third. Expect three answers
a,b,c € Fy, and accept if and only if a + b = c.

This test has perfect completeness: if the provers answer according to the same linear
function, then they succeed in the test with certainty. Note also that the marginal distribu-
tion on each prover’s questions being the same in both parts of the test, there is no way for
the provers to determine locally which part they are being tested on by the verifier: they
must use the same strategy in both cases. BLR show the following.

Theorem 1 (BLR). Suppose that three deterministic provers succeed in the linearity test
with probability 1 — €, and let fi, fa, f3 : Fy — Fy be the functions describing their respective
strategies. Then there is an u € Fy such that, for each i € {1,2,3}, fi(z) = u -z for all but
a fraction at most 8¢ of x € Fy.

Theorem [I] starts from the assumption that the three provers are deterministic. In the
case of classical, randomized provers this always holds without loss of generality by “fixing
the randomness”: among all shared random strings that the provers may use, there is always
one that gives them at least as good a success probability as on the average, and we may
as well assume that they are using the corresponding deterministic strategies. In the case of
entangled players this step will not be possible.

Analysis of the linearity test.

We refresh our reader’s memory by giving a classic Fourier-analytic proof of Theorem [Il
The proof for the case of entangled players will follow the same outline, and readers new to
linearity testing may find it useful to familiarize themselves with the classical proof first.

By assumption the provers succeed with probability 1 — ¢ in the linearity test, so they
must succeed in the “consistency” and “linearity” parts of the test with probability at least
1 — 2¢ each. From the “consistency” part we can infer that there is at most a 2¢ fraction
of x € F} such that fo(x) # fi(x) or f3(x) # fi(x); call them “bad” z. In the “linearity”
part of the test, the probability that either of the two questions y or z is bad is at most 4e.
Hence we may as well assume that all three provers answer according to the same function
f = fi, in which case their success in the linearity part of the test should be at least
1—-2e—-4e=1—-6e.

Instead of working directly with f, it will be convenient to introduce the function ¢ :
Fp — {—1,1} defined as g(x) = (=1)/® for every x € Fy. For any u € F}, define the
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Fourier coefficient of g at u as g(u) = E,(—1)“*g(x). Parseval’s identity states that

S (5W) = 3 Bay [(-1)*g(2)g(y)] = E. [g(a)’] = 1.

u

It is not hard to see that for any ¢’ > 0 the provers having success probability at least 1 — &’
in the “linearity” part of the test is equivalent to the following equation on g:

1 1

5 T 5 Eeyl9(@)g)g(e+y)] 2 1~ 2¢’. (2.1)

The key claim in the proof of Theorem [Ilis the following.

Claim 2. Suppose deterministic provers applying the same function f succeed in the linearity
test with probability at least 1 — ¢, and let g = (=1)/. Then

S (Fw)’ > 1-2¢. (2.2)

u

Proof. Expand

ST (W) = By [(—1)" @ g () g(y)g(2) ]

u u

= E,, [9(x)g(y)9(z +y)],

since > (—1)*(@*¥+2) = ( whenever 2z # z + y in Fy. The claim then follows directly

from . O

As a consequence of the bound proven in Claim 2 one can see that g must have a large
Fourier coefficient:

1-126 < 3 (Gw)’ < (max [5)]) (3 Gw)*) = max [5(w)]

u

by Parseval’s identity. Let ug be such that |§(u0)| > 1 — 12¢. Then by definition
B [(~1)"g(2)] | = [g(uo)| > 1 12€.

Recalling the definition of g, this bound immediately implies that the functions f and = —
(ug - ) can differ on at most a fraction 6e of coordinates, proving Theorem [Il

Recapitulating, the proof of Theorem [ has three main steps. First we argued that,
since the provers had a high success probability in the “consistency” part of the test, we
could assume that they were using the same function f to compute their answers. Then we
proved Claim [2, which puts a lower bound on the sum of the third powers of the Fourier
coefficients of any function that passes the “linearity” part of the test with high probability.
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Finally, from that bound we deduced that there must exist a linear function ¢ (the function
x +— ug - x) that differs from the prover’s function f on at most a small fraction of questions,
implying that if we replaced the provers by ones answering according to ¢ rather than f
then the verifier would see little difference — even if this replacement is done as part of a
larger protocol in which the linearity test is only a subroutine (provided that, in the larger
protocol, the marginal distribution of the questions to each of the “linear” provers is uniform
in F7).

2.2 Entangled strategies

In this section we introduce some notation and concepts from quantum information theory
that are needed to describe what an entangled strategy is. Even though the linearity test
uses three provers, for clarity we focus on the setting of two provers; everything that we say
here has a natural extension to the case of more provers.

The reader may already be familiar with pure quantum states, which are described by
unit vectors |¥) € C?H for some dimension d which is usually a power of 2 (if the system is
represented by qubits, then the number of qubits is log, d). The reader may also have prior
experience with orthogonal measurements: a measurement is described by the choice of an
orthonormal basis {|e;), i = 1,...,d} for the space C?. Upon measuring in that basis the
i-th outcome is observed with probability |(e;|¥)|?, while the state of the system is projected
to its post-measurement state |e;).

In the remainder of this section we introduce generalizations of these two fundamental
concepts that will be necessary to describe entangled-prover strategies.

Density matrices. While pure states provide a convenient way to describe isolated sys-
tems, such as the joint state of all provers in a multiplayer game, we will sometimes need
to work with more general, non-isolated systems, such as the first prover’s subsystem alone.
In full generality, a quantum system is described by a probabilistic mixture of pure states
(pi, |¥;)). This mixture is represented by a corresponding density matriz p =Y, p;|¥;) <\I/Z|H
Since the p; are a distribution, and the |¥;) are normalized, p is a positive matrix with trace
1.

How does one compute the density matrix representing the first prover’s subsystem, given
that both provers are jointly in the pure state |¥)? Suppose the second prover was to measure
his system using an arbitrary fixed orthogonal measurement, described by an orthonormal

3Recall that Dirac’s very convenient “ket” notation indicates how we think of the vector ¥: a ket |¥) is
a column vector, while a bra (U] is a line vector: (¥| = [¥)T.

4The careful reader may have noticed that different distributions can give rise to the same density matrix.
But quantum mechanics states that the formalism of density matrices does give a full description of a given
subsystem’s state: different distributions giving rise to the same density matrix are indistinguishable.
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basis {|e;), i = 1,...,d}. Given such a basis, one may always express |U) as
) = > VpilWi)les),

where the p; are a distribution, and the |¥;) normalized (but not necessarily orthogonal).
Hence once the second prover measures, he obtains outcome ¢ with probability p;, and the
whole system gets projected in the state |¥;)|e;), implying that the first prover is then in
state |W;). But of course, by the no-signaling principle, the state of the first prover should
be independent of whether the second prover makes the measurement or not — hence the
first prover can be accurately described as being in state |U;) with probability p;, i.e. the
state of his subsystem is represented by the density matrix

pr= > pil W) (.

The skeptical reader should check that this matrix is independent of our choice of basis for
the measurement on the second prover’s subsystem, as it should be.

The operation of finding a description of a subsystem given a description of the whole is
called “tracing out”, and it will be important for us. It can be performed in the same way as
described above even starting from a density matrix representation of the whole system: if
both provers are in a joint state o, then the first prover’s reduced state, obtained by tracing
out the second prover, is given by

pr = Tra(0) = Y _(Id® (e;]) o (Id® [e;)). (2.3)

2

Generalized measurements. Just as we generalized our notion of quantum state from
pure states to density matrices, we’ll need to generalize measurements to allow “high-rank”
measurements, which have fewer possible outcomes than the system’s dimension. While we
used to think of a measurement as projecting a state on a basis, a projective measurement
corresponds to projecting a state on a subspace. Hence a projective measurement is given by
a set of orthogonal projectors Ay, ..., A such that Ay + ...+ Ay = Id. The “measurement
rule” is that when {A;} is performed on the quantum state p, outcome i will be observed
with probability Tr(A;p), the “overlap” of the density p on A;. Using a decomposition
p = >;pj|Vi)(¥;], this probability also reads Tr(Aip) = >, p;j(V;|A;|V;), which is the
average, according to the distribution {p;}, of the overlap of the state |¥;) on the subspace
on which A; projects.

Entangled strategies. We are ready to put our newly-learned notions from quantum
information theory to practice in describing an entangled-prover strategy in a multiplayer
game. Consider a two-prover game, in which the first (resp. second) prover is sent a question
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x (resp. y), and has to provide an answer a (resp. b). For simplicity, assume that the
provers’ answers are bits, as will be the case in the linearity test. Let o be the density
matrix describing the joint state of the two provers. Upon receiving his question z, the first
prover measures his subsystem using a two-outcome measurement, described by a pair of
orthogonal projectors A2 and Al such that A + Al = Id; this measurement can also be
succinctly described through the corresponding observable A, = A% — Al B As a result, the
prover obtains an outcome a € {0,1}, and he sends it back to the verifier as his answer|
Similarly, upon receiving y the second prover makes the measurement {BS, B;} on his share
of o, and sends his outcome back to the verifier.

In order to complete our picture we need to give the rule describing the joint probability
p(a, blz,y) that the two provers answer the questions (z,y) with (a,b). The way to compute
this is to imagine the two provers as making a single, joint measurement, described by four
projectors obtained by taking the tensor product of both prover’s measurement operators:
A) ® By, AY ® B,, etc. This leads to the following definition:

p<a’ b|x’ y) = TI'((A; ® Bz) U) = Z (A;)r,r’ (Bz) 8,8’ 0-(7"75)»(7“/75/)'

(r,8),(r",s")

To make sure one understands this equation, one can think of how one would describe
classical provers using shared randomness in this formalism. In that case, ¢ would be a
diagonal matrix representing the prior probability ¢(r) of each shared random string r € [d]:
o’s rows can be indexed by pairs (r,s) € [d]?, and it would have a coefficient ¢(r) in the
diagonal entry corresponding to the (r,r) row; all other coefficients (diagonal and otherwise)
would be 0[] Let f, (resp. ¢,) be the function that the first (resp. second) prover would
use if the shared random string was r. Then for any question x and answer a the prover’s
measurement matrix A% (resp. Bg) would also be diagonal, and contain a 1 in each diagonal
entry (r,r) such that f,.(z) = a (resp. g.(y) = b). One can now check that with this setup

TI"((A; ® Bz) O') == Z q(T’) ]-fr(x):a 197-(y):b7
reld]

as should be the case. Of course, general entangled strategies will differ from the one con-
structed above in a key aspect: the prover’s measurements corresponding to different ques-
tions will not in general commute, hence they will not be diagonal in the same basis.

>Going from the pair (4%, AL) to A, is the quantum analogue of going from a {0, 1}-valued function f
to the {—1,1}-valued function g = (—1)f.

6The measurement formalism that we have described also encompasses seemingly more complex strategies,
in which the prover would make a measurement, then do some classical processing on the outcomes, maybe
another measurement, etc. — all these operations are taken into account by the projectors AY and Al
which describe his final answer.

7As a side remark, note that choosing ¢ = d~2Id would not correspond to shared randomness — indeed,
that state has a tensor product form (d~'Idg) ® (d~'1dg), so that it corresponds to a setting where there
would be no correlations between the provers at all.
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2.3 Linearity testing of entangled provers

The first difficulty in extending the linearity test to the case of entangled provers is to
determine what its precise statement should be. Indeed, in the presence of entanglement (as
in the presence of shared randomness between the provers), there is no hope of extracting
a single linear function from the prover’s strategy, as was done in Theorem [Il What does
it even mean for entangled provers to be linear, if their strategy cannot be tied to a single
function? The following informal theorem suggests an answer:

Theorem 3 (Entangled-prover linearity test, informal). Suppose that three entangled provers,
using a strategy described by measurements {AS}, {BY}, {C¢} and a shared entangled state
o, succeed in the linearity test with probability 1 —e. For u € Fy, let

A, = E,(—1)74(A% — A1)
be the matrixz Fourier coefficient associated to the first prover’s strategy. For every u, define
Me = (A4,)% (2.4)

Then {M"} is a proper quantum measurement. Moreover, the original prover’s strategy is
almost indistinguishable from that of three “oblivious” provers whom would behave as follows:

1. Measure their share of the entangled state using {M"}, each obtaining an outcome u;,
forie{1,2,3},

2. Upon receiving the prover’s question x, answer with w; - x.

The key point in Theorem [3] is Eq. , which, rather than defining a single linear
function to which the provers would be close, constructs a global measurement, independent
of the prover’s questions, and then claims that this measurement faithfully reproduces the
original provers’ strategy. It does this by considering new, “oblivious” provers, who first
measure according to the constructed measurement, obtaining the label u of a linear function,
and then apply that function to their question. Hence the measurement might as well have
been made before the start the protocol: the oblivious provers are effectively reduced to
being classical, using shared randomness to determine the linear function they will use.

The definition of M*" has a simple interpretation in the special case where the provers
are classical, but may use shared randomness. It corresponds to the following definition
of an “oblivious” strategy: the prover simply looks at his random string r, pointing to a
function f, according to which the “original” prover would answer his questions. Instead,

8This observation shows that success in the linearity test imposes a very strong constraint on the struc-
ture of even entangled provers, thus reduced to using their entanglement in only a very limited way. A
generalization of this strong constraint will be at the heart of our proof that NEXP C MIP*, given in
Chapter
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the oblivious prover samples a function ¢ : x +— wu - x, where u is chosen according to the
distribution suggested by f,’s Fourier spectrumE When his question x arrives, he answers
with l(z) = u - z.

Why is this a good strategy? Recall that in the soundness proof for the classical, deter-
ministic case we had proved Eq. which stated that the Fourier coefficients of g = (—1)/
were sharply concentrated. This justified our “rounding” of the provers’ strategy to the lin-
ear function corresponding to the largest Fourier coefficient. In the case of a randomized
strategy it will still be the case that most functions f, have a large Fourier coefficient. Even
though which coefficient might depend on the random string r, the “linear” strategy defined
above intrinsically accounts for that possibility, and it is not hard to see that it will indeed
faithfully reproduce the original prover’s actions.

Returning to Theorem [B, what is maybe more surprising is that essentially the same
definition of a new strategy will also work in the case where the original provers use an
arbitrary entangled strategy! Before showing that this is indeed the case, we should make
precise what we mean by two entangled-prover strategies being “almost indistinguishable”.
In the classical case this was taken to mean “the new provers’ strategy differs from the
original one in a fraction at most O(e) of questions”, and we give a definition formalizing a
similar intuition in the case of entangled provers in the next section. We then give a more
precise statement of Theorem [3], as well as its proof, in Section 2.3.2

2.3.1 Measuring the distance between provers

In the classical analysis of the linearity test, from three functions (f, g, h) having high success
in the test one constructs a linear function ¢ such that f, g, h differ from ¢ in a small fraction
of points & € [F. This ensures that the linearity test can be performed as part of a bigger
protocol, possibly involving a larger number of provers: its goal is to constrain a subset of the
provers to answer according to a linear function. Provided in the larger protocol the verifier’s
question to each prover is distributed as in the linearity test (uniformly in F%), replacing
them with their linear approximation will not affect the provers’ success probability in the
overall protocol much, while potentially making the analysis much simpler.

We would like to achieve the same result in the case of entangled provers. In order to
make a meaningful statement, we need an appropriate measure of what it means for two
distinct strategies of a single prover to be “indistinguishable”. Any measure that we use
should be strong enough that a small distance implies that the type of “prover replacement”
described above does not affect the provers’ success probability in the overall protocol too
much, while still being weak enough that one is able to prove bounds on that distance simply
from the fact that the provers have a high success in the linearity test[19

9Letting g, = (—1)/, this is the distribution induced by the |g,(u)|?> (Parseval’s identity shows that this
is indeed a distribution).
10T his implies for instance that the operator norm on the provers’ measurements would not be appropriate,
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Consider two distinct measurements, {Ag} and {Ag}, that the first prover could apply
on his share of the entangled state, which we’ll take to be a pure state | V) for simplicity.
Fix a question x € 3. Quantum mechanics dictates that, once the first prover has applied
the measurement {A%, AL} on his share of [¥) and obtained an outcome a € {0,1}, the
entangled state gets projected to [¥') = (A2 ® Id ® Id)|¥), where the identity terms are
meant to indicate that the other two provers have not performed any action yet This
means that, for this fixed x, the global states resulting from the first prover measuring using
cither {A%, AL} or {A% Al}, and conditioning on either answer being obtained, will be close
if the following quantity is small:

ST (A2 @ 1d @ 1d)|8) — (A2 @ Id @ 1) W) || = > (|((A2 — A2)* @ 1d ® 1d) | ¥)
= " Tr((A% - A2)%p), (2.5)

where p is the reduced density of the state |¥) on the first prover’s register (cf. Eq.
for a definition). The magic of this last equation is that the systems corresponding to the
second and third provers have disappeared; this was made possible by the fact that they
act on subsystems separated from the first prover’s. Nevertheless, we have shown that if
the quantity in small, then the provers’ shared state is almost the same after the first
prover has measured his subsystem using either A or A, and obtained an answer a. Hence
whatever happens in the remainder of the protocol, the probabilities that arise from other
provers’ measurements will be essentially the same irrespective of which of A or A the first
prover applied.

Incorporating the choice of the question x, we are ready to define our distance measure
on strategies: we’ll say that the strategies described by {Ag} and {Ag}, together with the
entangled state o with reduced density p on the first prover’s subsystem, are J-close if

d)(A,B) = <ExTr((A;—flg)2p))l/2 <

We will explore properties of d, in more detail in Chapter @l In particular, it is not too
hard to see that d, is indeed a distance measure (it is non-negative and satisfies the triangle
inequality), and that if {42} and {A2} are measurements then it is bounded between 0 and
V2.

We argued that the distance measure d, was strong enough to ensure that switching
from one of two strategies close in that distance to the other would have a small effect on

as success in the test does not put constraints directly on the provers’ measurements themselves, but only
on their probability of obtaining certain outcomes when applied on the entangled state o.

HObserve that the squared norm of the state after the prover’s measurement is ||(A% ® Id ® Id)|¥)||? =
Tr(((A2)? @I1d@1d)(|¥)(V])) = (U|(A2®@Id®Id|¥), since A2 is a projector: it is the probability of obtaining
outcome a when measuring ¥ with {A%}. As such, the post-measurement state is not normalized.
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the overall performance of the provers in any entangled game. The analysis of the linearity
test in the next section will show that it is also weak enough, in the sense described above:
one can place bounds on d, from the seemingly weak assumption that provers have a high
success probability in a certain well-chosen test that the verifier plays with them.

2.3.2 The quantum analysis

Before stating our theorem, we observe that, given that the linearity test is symmetric
under permutation of the three provers, one may assume without loss of generality that the
following hold of the provers’ strategies:

1. All three provers are applying the same set of measurements { A%},

2. The provers’ shared state o is invariant with respect to any permutation of its three
subsystems.

This observation follows from a symmetrization argument; it is re-stated in more detail and
proved as Lemma[I[3in Chapterd In practice, it means that the probabilities p(a, b, c|z, y, 2)
do not depend on which prover applied the measurement corresponding to each question:

Tr((Al®@ A @ AS) o) = Tr((AD @ AL @ AL) o) = ... = Tr((AL @ A) @ AY),

a convenient property we will make frequent use of.

The following theorem, a precise reformulation of Theorem B is the main result of this
chapter.

Theorem 4 (Linearity test with entangled provers). Suppose three entangled provers succeed
in the linearity test with probability at least 1 —e using a symmetric strategy-1 with measure-
ments {A;} and entangled state o. Then there exists a measurement {B“}, independent of
x and indexed by outcomes u € Fy, such that if we let B :==>" . _ B" then

(d,(A, B))” = EmZTr((Ag— - B“>2p> < 8E. (2.6)

U u-r=a

As discussed in Section 2.3.1] through Eq. |(2.6) the theorem asserts that “oblivious”
provers, who would first measure according to { B*}, obtain an outcome u, and then answer
their question x with u - z, are almost indistinguishable from the original provers, in the

12Even though this symmetry implies that all three provers are using the same set of measurements { A%},
and their entangled state is invariant with respect to any permutation of the provers’ subsystems, this
assumption alone is not sufficient to guarantee that they will succeed with certainty in the “consistency”
part of the linearity test. Indeed, the assumption of symmetry does not for instance preclude randomized
strategies in which the random strings would be triples of bits (a, b, ¢) and the i-th prover would answer with
the bit contained in the i-th position.



CHAPTER 2. WORKING WITH ENTANGLED PROVERS 24

strong sense that one may replace the original provers by the new ones while only affecting
their success probability in any overall protocol of which the linearity test might only be
a subroutine, by O(1/2).

We now turn to the proof of Theorem [l Following the classical proof given in Section 2.T],
we will use Fourier analysis directly on the prover’s observables A, := A% — Al: for every
u € [Fy one may define

A, = B (-4, ].

In general, //l\u is Hermitian, with eigenvalues in [—1,1]. Indeed, a variant of Parseval’s
identity also holds in this setting:

ST (AN = Bay [(-1)"EA,4,] = B, [42] = 14, (2.7)

u
where the last equality uses that the A, are observables.

As in the classical case (cf. , the following two equations re-formulate the fact that
the provers must succeed in each of the “consistency” and the “linearity” parts of the tests
with probability at least 1 -1 (Recall that we use p(a, b, |z, y, z) to denote the probability
that the provers answer (a, b, ¢) to questions (z,y, z).)

E, Z pla,a,blx,z,z) = E, Tr((AgC ®RA® Id) 0) > 1—4e, (2.8)
a,b

E., Z pla,bya+blz,y,2) = B,y Tr((A, ® Ay @ Aypy) o) > 1 — 4e. (2.9)
a,b

The proof of both equations is exactly similar to the classical case, and we postpone it
until Section 2.3.3l Still in complete analogy with the classical setting, one can translate
Egs. |(2.8)[ and [(2.9)| into conditions on the Fourier coefficients A, that we associated with
the observables A,:

> T((A®A,®1d)0) >1—4e, (2.10)

Y T((A®A,®A,)0) 21— e (2.11)

u

The proof of both equations follows from the definition of A, and Egs. [(2.8)] and |(2.9)l In
the classical setting, would already be a proof of Claim 2} since the “entangled state”

13 As we already mentioned, this is only possible provided the marginal distribution on the “linear” provers’
questions in the overall protocol is as it is in the linearity test, uniform over Fg.

4Note that, for the first equation, we write the probability of the provers succeeding as if the verifier
only checked that two out of the three answers were consistent; a weaker but sufficient requirement for our
purposes.
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in that case is one-dimensional, the tensor product becomes a product, and the sum of the
third powers of the Fourier coefficients appears.

In the presence of entanglement, however, it seems that we are stuck: each prover acts on
his own subsystem only; how could one bring different subsystems together? The following
claim shows that this is, in fact, possible as a consequence of the “consistency” part of the
linearity test: a measurement { A%} performed on the first subsystem can be “replaced” by the
same measurement performed on the second subsystem, without affecting the provers’ shared
state, after that measurement has been performed, by much[d Note that this property is
distinct from that of the strategy’s symmetry: while symmetry dictates that the distribution
of outcomes should be the same irrespective of which measurement is performed on which
subsystem, here we are showing that the whole post-measurement state is almost the same
in both cases. Claim [{] provides an important tool to manipulate entangled strategies, and
we will subsequently see how it lets us deduce an analogue of Claim 2l from .

Claim 5. Suppose the provers succeed in the consistency test with probability 1 —e. Then

S Tr((Ay@ldeld-1de A, ®1d)%0) < S,

and the same holds under arbitrary permutation of the registers.

Proof. 1t suffices to expand the expression on the left-hand side as

Y (A, @ldeld-1de A, ®1d)’0)

=S (Tr((fxi ®Id®1d) o) + Tr((Id® A2 ® 1d) o) — 2Tr((4, ® 4, ® 1d) a))

<2921 - 4e),
where we used Parseval’s identity to compute the first two terms, and |(2.10)[ to lower-
bound the last term. O
Writing

LBeoldeld-4,04,94, = (A2 0ldeld) (4, ldeld-1de A, ®1d)
+(A,24,01d)- (A4,eldeld-ldelde A,),

Claim [ together with Eq. |(2.11)| and the Cauchy-Schwarz inequality let us obtain the fol-
lowing quantum analogue of Claim [2

5The claim proves this statement for the Fourier operator ﬁu, but a similar bound can be proven directly
for the observable A, itself.
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Claim 6. The following holds

D Te(Ap) > 1-8vE. (2.12)

While in the classical setting Eq. , together with Parseval’s identity, immediately
implied the existence of a single large Fourier coefficient for g, in the presence of entanglement
Eq. does not imply such a strong statement. Indeed, even in the case of provers
using shared randomness, only states that for most random strings there should be a
corresponding large Fourier coefficient — but which coefficient it is may well depend on the
random string itself.

Instead, as described at the beginning of Section 2.3 we define a measurement {M"} as

MY = (/Alu)Q

Each M*" is non-negative, and Parseval’s identity shows that )  M" = Id: the M" form a
proper quantum measurement. To show that they satisfy the requirement of the theorem,
let Cp = A, — >, (—=1)**M*, and observe that the Fourier coeflicient of C, at u is

Co = Ay —E, Y (-1)™"M" = 4, — (A,)°,

so that by Parseval’s identity

E,C2=Y (C.) =Y 21a-4,)" <2 22(-4,) =2) (ld-2),

u u

again as a consequence of Parseval’s identity. Hence

B Te((A, - S (-1)rear) ) <223 (A
u < 16ve '

by |(2.12)} This proves the theorem since

Am—Z(_l)u-zMu:%(IdJrAg) —%(Id+ > Mu) :%(Ag_ 3 M“>,

u-x=0 w-z=0

and a similar equation holds after replacing ‘0" by 1’

2.3.3 Omitted proofs

We give details of the proofs that were omitted from our analysis of the linearity test in the
presence of entangled strategies.
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Proof of Eqs. |(2.8) and|(2.9). The player’s success probability in the consistency test is

Bay 305 (Tr((A7 @ AT @ Td) o) + Tr((AL @ T © A2) o) + Tr((1d© A3 A%) 0)) 21— 2

(2.13)
By symmetry, all three terms inside the summation are the same. By definition of A, =

A% — Al we have

Tr((4 ® A, @1d) o) = > Tr((AL @AY @1d) o) - Y Tr((AL® AL ®1d) o).

a=a’ a#a’

Using that A% + Al = 1d, the sum (instead of the difference) of the two terms on the right-

hand side is 1. Combining this observation with |(2.13)| proves|(2.8) and |(2.9)|is proved in a
similar way. O

Proof of Claim[@.

ZTr (Beldold-A4,0A,A4,)0)
—ZTr doldeld-A2e A, ®1d) o —I—ZTr A2@A,eld-4,04,0A4,)0)
—ZTr A2 @ld@1d) - (Eu®1d®1d—1d®Au®Id)a)

+ZT1" @A) (A4, 0deld-delde 4,) o)

(ZTr L@ldeld-1de 4, ®1d)’ ) (ZTrA4 +Tr((21§®21§®1d)a)>1/2

S\/gw/i

where the first inequality is the Cauchy-Schwarz inequality, and the last uses Parseval’s
identity >~ A2 =1Id. Eq.[(2.11)]lets us conclude the proof. O
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Chapter 3

Preliminaries

This chapter describes the notation that is used throughout this dissertation, and collects
some useful definitions relating to quantum computing, entangled games and interactive
proofs. We start with some notation in Section B.Il before giving a brief overview of the
relevant notions from quantum computing in Section and from quantum information
theory in Section .3l We then define multiplayer games in Section [3.4.T] and introduce the
complexity classes built on them in Section

3.1 Notation

Sets and indices. We write [N] for the set of integers {1,...,N}. If z € {0,1}" is a
string of length n, i € [n] an integer, and S C [n] a set of integers, we write z; for the i‘!
bit of z, and zg for the string formed by the bits of x at the positions given by the elements
of §. We also use the shorthands x; for xy ;_1), T>; for z; ), etc. Given two n-bit strings
z,y we let dy(z,y) = £ 37" | 64,4, denote their relative Hamming distance.

Algebra. R and C denote the fields of real and complex numbers respectively, and || - ||, the
Euclidean norm. A calligraphic letter H will usually denote a finite-dimensional complex
Hilbert state. M4(C) is the set of all d x d matrices with coefficients in C. We will use
Tr(A) := Y, Ay to denote the trace, and A' := (A_],)Z] to denote the conjugate-transpose.
M,(C) forms a Hilbert space when equipped with the inner-product (A, B) — Tr(ABT'), and
the resulting norm is the Frobenius norm ||Al|r = /Tr(AA"). We also let ||A]; = Trv AAT
be the Schatten 1-norm, also called the trace norm [|A||y; := ||Al|1 in the context of quantum
computing, and ||A||,, be the operator norm. We denote by P(H) the set of positive semi-
definite operators on H. We define the set of normalized quantum states S(H) := {p €
P(H) : Trp = 1} and the set of sub-normalized quantum states S<(H) := {p € P(H) :
Trp < 1}.
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Random variables. We use capital letters X, Y, Z to denote random variables, and X', ), Z
for the sets that they range in. If a classical random variable X takes the value x € X with
probability p,, it can be represented by the state px = Y.y po|7){(z|z, where {|z) },cx is an
orthonormal basis of a Hilbert space Hx. If the classical system X is part of a composite sys-
tem X B, any state of that composite system can be written as pxp = D,y Pa|®) (2|2 ® pp.
Such a state is called a cg-state (cq stands for classical-quantum).

Other notation. [ will be used to denote a finite field. We use poly as a short-hand for
any fixed polynomial. We use the script M to denote a register containing a quantum state.

3.2 Quantum computing

We refer the reader to Section2.2lin the previous chapter for a gentle introduction to quantum
states and measurements in the context of entangled games. Here we collect some of the
most important definitions uses throughout this dissertation, referring the reader to a book
such as Nielsen and Chuang’s [85] for additional details.

States and measurements. A d-dimensional quantum state is a vector |¥) € C?. A
d-dimensional density matrix is a positive matrix p € M,4(C) with trace 1. A k-outcome
positive operator-valued measurement (POVM in short) is given by a set of k (possibly
rectangular) matrices A; such that ) . AYA; = 1d. The Al A; are called the POVM elements.
A projective measurement is a POVM in which each element is a projector, i.e. (AZT»Ai)2 =
ATA;. When the POVM {A4;} is performed on a state p, the outcome i is observed with
probability Tr(AZTA,-p), and the state is projected onto the post-measurement state
AiPAzT

e Tr(AZAip)'

Distance measures. The usual distance measure on states is the trace norm, defined for

any matrix A as
|All; := TrV ATA.

Another useful distance is the Fidelity, defined for a pair of density matrices p and o as

F(p,0) = (Tr\/\/ﬁa\/ﬁy.

We will use the following property of the fidelity.
Lemma 7 (|109, 84]). For any density operators p,o,& over a Hilbert space H,

F(p,0)* + F(0,8) <1+ F(p,¢).
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3.3 Quantum information theory

In this section we introduce a few basic information-theoretic notions that will be used mostly
in Chapters B and [0 Given a random variable X € {0,1}", its min-entropy is

Hypin(X) = —logmax Pr(X = z).
For two distributions p, ¢ on a domain D, their statistical distance is

lp =gl = (1/2) > [p(x) — q(z)],.

zeD

This notion of distance can be extended to random variables with the same range in the
natural way. In the context of randomness extraction, we need a “robust” version of the
min-entropy, the smooth conditional min-entropy, to measure how much randomness a source
contains and can be extracted. In the classical setting it is given by

HE

min

(X) = sup  Hpin(Y),

Y, [[Y—=X|1<e
where € > 0 is a small parameter. The following simple claim will be useful.

Claim 8. Let a,e > 0 and X a random variable such that HE, (X) < a. Then there ezists
a set B such that Pr(X € B) > ¢ and for every x € B, it holds that Pr(X = x) > 2.

Proof. Let B be the set of z such that Pr(X = z) > 27% and suppose Pr(X € B) < ¢.
Define Y so that Pr(Y = 2) = Pr(X = z) for every x ¢ B, Pr(Y = z) = 0 for every xz € B.
In order to normalize Y, introduce new values z such that Pr(X = z) = 0, and extend Y
by defining Pr(Y = 2) = 277! until it is properly normalized. Then ||Y — X||; < ¢ and
Hyuin(Y) > «, contradicting the assumption on the smooth min-entropy of X. ]

A quantum analogue of the smooth conditional min-entropy was first introduced by
Renner |100]. It represents the optimal measure for randomness extraction in the presence of
quantum adversaries, in the sense that it is always possible to extract that amount of almost-
uniform (from the point of view the adversary) randomness from a source (with which the
adversary may be correlated), but never more. We first define the (non-smooth) quantum
conditional min-entropy.

Definition 9 (conditional min-entropy [100]). Let pap € S<(Hap). The min-entropy of A
conditioned on B s defined as

Hin(A|B), == max{\ € R: dop € S(Hp) s.t. 2 MAQ0p > PAB}-
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We will often drop the subscript p when there is no doubt about what underlying state
is meant.

This definition has a simple operational interpretation when the first system is classi-
cal, which is the case we will consider. Konig et al. [75] showed that for a state pxp =
Y vex Pzl) (2|2 ® ph classical on X,

Hmin(X|B)p = _10gpguess(X|B)pa (31)

where Pguess(X|B) is the maximum probability of guessing X given B, namely

Pauess(X|B), == max (pr Tr(EEp%) ) ,

{BIEX

where the maximum is taken over all POVMs {E%}.exr on B. If the system B is empty,
then the min-entropy of X reduces to the standard definition, H,(X) = —logmax,cx p.
(sometimes written H,,(X)). In this case the connection to the guessing probability is
particularly obvious: when no side information is available, the best guess we can make is
simply the value x € X with highest probability.

In terms of randomness extraction the conditional min-entropy is not quite optimal, in
the sense that it is sometimes possible to extract more randomness. However, the smooth
min-entropy is optimal. In analogy with the classical setting, this information measure
consists in maximizing the min-entropy over all sub-normalized states e-close to the actual
state pxp of the system considered. Thus by introducing an extra error €, we have a state
with potentially much more entropy.

Definition 10 (smooth min-entropy [100, [116]). Let € > 0 and pap € S<(Hap), then the
g-smooth min-entropy of A conditioned on B is defined as

A’B) max Hmin<A|B)ﬁ7

i pPABEBE(paB)

where B (pap) € S<(Hap) is a ball of sub-normalized states of radius € around pAB.

3.4 Games and complexity classes

Multiplayer games and interactive proofs give two different languages to study the same
object, and each is adapted to a slightly different context. A game is usually thought of

!Theoretically any distance measure could be used to define an e-ball. We use the purified distance,
P(p,0) := /1 —F(p,0)?, where F(-,-) is the fidelity, since this measure has some advantages over other
metrics such as the trace distance. The only property of the purified distance we will need is that it is larger
than the trace distance, i.e., P(p,0) > 3||p — o|lir. We refer to [116] for a formal definition of the purified
distance (and fidelity) on sub-normalized states and a discussion of its advantages.
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as being specified explicitly, through a description of the verifier’s set of possible questions
to the players, the probability distribution with which he chooses them, and the predicate
with which he decides to accept or reject the provers’ answers. Moreover, the language of
games is often used to describe the simplest setting of a single round of interaction between
the verifier and two provers (also sometimes called players in this context), even though in
principle they can also involve more rounds of interaction or more provers.

In contrast, when using the language of interactive proofs one usually thinks of the
protocol as being given implicitly, through the specification of a polynomial-time randomized
Turing machine describing the verifier’s behavior in the protocol, given access to an input
x € {0,1}*. As such, interactive proofs may involve a number of possible questions to the
provers that is exponential in the input size, but such that the verifier can sample from the
corresponding distribution in polynomial time. Interactive proofs can involve a polynomial
number of rounds of interaction between the verifier and a polynomial number of provers.

We proceed with the formal definitions.

3.4.1 Games

Let @ and A be finite sets and let £ be a positive integer. We distinguish three types of
games.

Classical game: A classical game is given by a distribution 7: Q¥ — [0, 1] and a function
Vi AR x QF — {0, 1}E The verifier samples questions (g1, .., qx) according to 7, and
sends ¢; to prover ¢ from whom he then receives an answer a;. He accepts those answers
if and only if V(ay,...,ax | ¢1,...,qx) = 1. The value of the game is

w(G):maX[ Z (g1, qr) Pr(ay, ... ak | @1y 5 k)

(q15-501) €EQ¥
((Zl,...,(lk)EAk
X V(alw"a&k ‘ qla"'a(Jk)]:
where the maximum is taken over all the provers’ strategies W; for i € {1,...,k}, i.e.,

functions W;: @ x R — A for some domain R (“shared randomness”), and
Pr(alu cees Qg ’ qi, - - - 7Qk) = TP;% <W1(Q177") =ag, ..., WN(Qk;T> = a/k)-

In fact we can assume the strategies to be deterministic: there is always some r € R
that maximizes the winning probability and we can fix it in advance.

Classical entangled game: A classical entangled game is similar to a classical game, ex-
cept that the provers are now allowed to share an arbitrary state |¥) of arbitrary

2We write V(-,-) as V(- | -) to clarify the role of the inputs.
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dimension. This increases the set of possible strategies to quantum operations per-
formed on the prover’s share of the entangled state. Note that no restrictions on |¥)
(such as |¥) consisting of EPR pairs, or |¥) having bounded dimension) are currently
known to hold without loss of generalityﬁ. By standard purification techniques (see,
e.g., [26]) one can assume that for each question g each prover performs a projective
measurement W, = {W},c4 with outcomes in A. We will use a superscript “*” to
indicate entangled-prover games. The value w*(G) of such a game is given b

w*(G):sup[ Z (g1, qe) Prias,...;ap | @1, ., Qi)

(ql7"'7qk)€Qk
(a1,...,ar)EAF

Xv<a’17"‘7a/k‘q17"‘7qk3)j|7

where the supremum is taken over all a priori shared states |¥) and all projective
measurements (W;), = {(W;)¢}aca for i € {1,...,k} and ¢ € Q, and the probability
now is

Pr(ay,...;ax | q1, ..., qx) = (U|(W1)gl @ -+ @ (Wi)gk|W).

Quantum entangled game: A quantum entangled game is a game in which both the
verifier and the provers are quantum, and they exchange quantum messages. We
usually denote such a game by G,. The verifier holds k& message registers of size
poly(log |Q|) each, in addition to a private register of size poly(log|Q|), all initialized
to the state [0---0). He applies a unitary V] to all the registers, then sends the
message registers to the corresponding provers. By purification we can assume that
the j-th prover performs a unitary transformation U; on his message register and his
part of the entangled state |¥) and then sends the message register back to the verifier.
The verifier performs a quantum operation V5 on the message registers and his private
space, followed by a measurement {IL,, I1,¢;} of his first qubit. The value of a quantum
entangled game, Wy, is given by

wi(Gy) = sup  Tr(ILeVoUVAT) (T[T & [0---0)(0---0[0--- OV UTV),
[0),U1,...,Ug

where U =U; ® - - - ® Uy.

3In fact, there are games known in which the maximum success probability of the provers goes to 1 with
the dimension of their entangled state |77]. Note however that these games involve quantum messages, and
are thus quantum entangled games in our terminology.

4We use a supremum because the optimal strategies might not be finite in the case of entangled provers.
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Input size. We measure the size of a game through the cardinality of the question set Q).
All the other components of the game’s distribution (the distribution 7, the answer size, the
verifier’s circuits V; and V5 in the quantum case) will always be of size polynomial in \Q||§

Special classes of games. In our work on parallel repetition (cf. Chapter [7) we will
distinguish the following classes of games.

Definition 11. A two-player game G = (V,7) is called a

e Projection game if for every ¢',q € Q and o' € A, there is a unique a € A such that
V(d,al¢,q) =1.

e Free game if m = 7y X mp is a product distribution.

e Symmetric game if w is symmetric, and for any ¢',q,a’,a we have V(d',al¢,q) =
V(a,d|q,q).

Symmetric games

More generally, we will say that a k-prover entangled game is symmetric, or permutation-
invariant, if, for any tuple of strategies (Pi,..., P;) of the provers, the verifier accepts
(P, ..., Py) with exactly the same probability as he accepts any permutation (Pyqy, ..., Pr))-

In this section we show that any entangled game can be turned into an equivalent sym-
metric game, in the sense that the maximum success probability of any provers in either
game is the same. Moreover, if a game is symmetric then the provers always have an opti-
mal symmetric strategy as defined below. Symmetry is a useful simplifying assumption in
two respects: first it lets one assume that the set of POVMs used by both provers is the
same. Second, and most important, it implies that the prover’s shared entangled state is also
permutation-invariant. This property will be essential in much of our analysis of entangled
games (cf. e.g. the very definition of the p-norms in Section [£.1lin Chapter ). In its simplest
form we will often make use of it to argue that the specific register on which each prover
makes his or her measurement is unimportant.

Definition 12. Let (P, ..., P, |¥)) be a k-prover stmtegyﬁ We say that this strategy is
symmetric, or permutation-invariant, if Py = --- = Py and |V) is invariant with respect to
any permutation of the subsystems corresponding to each prover.

°In fact all games we consider also have circuits of size poly(log |Q|) to prepare the questions and check
the answers.
SWe think of P; as an arbitrary representation of the set of all of prover i’'s POVMs.
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The following lemma shows that one can always assume without loss of generality that a
game is symmetric, and that in any symmetric game there is an optimal symmetric strategy
for the provers.

Lemma 13. For every k-prover game G there is a k-prover game G' of the same value and
k times as many questions that is permutation-invariant. Moreover, G and G' have the same
value, and given any strategy Py, ..., Py with entangled state |W) that wins with probability
p in G, there exists a strategy P, ..., P with entangled state |V') and success probability p
in G' such that P{ = --- = P, and |V') is permutation-invariant. In addition, if |¥) was a
mazximally entangled state then |¥') is also.

Proof. The verifier V' in game G’ picks a uniformly random permutation = € &, where
Sy is the set of permutations of {1,...,k}, at the start of the protocol. He then behaves
exactly as in GG, except that for every question ¢ he would have sent to the ¢-th prover, where
i € {1,---,k}, he sends the question (g,%) to prover (i) instead. Any answer he receives
from prover (i) he treats as an answer received from prover ¢ in the original protocol.

By appropriately padding with extra qubits, assume that all k registers of |¥) have the
same dimension. Define strategies Pj,..., P, as follows: the provers share the entangled
state [U') =3 ce, [0(1)) @ @ |o(k)) ® [¥7), where the register containing |o (7)) is given
to prover ¢ and |¥7) is obtained from |¥) by permuting its registers according to o. For
1 < ¢ < k prover i measures the register containing |0 (7)) and behaves as in the strategy
P,). By symmetry of m and V' this new strategy has the same success probability p, and
|¥’) has the required symmetry properties.

This also shows that the value of G’ is at least that of G. Conversely, if P,..., P, is a
strategy in GG/, one constructs a strategy with at least the same value for G by choosing the
best out of (Pyy,. .., Psx)) over all permutations o € &y. O

Lemma [I3] has the following trivial but useful consequence.

Claim 14. Let (Py,. .., Py, |V)) be a symmetric strategy, and for everyi € {1,...,k}, {A%}a
a POVM for the i-th prover in that strategy. Then for every permutation o on {1,... k},
and every (aq,...,ax),

(VAT @ - @ Ak W) = <\II|AZ‘ZS> Q- ® AZ(EIS;)|\I]>7

i.e. the register on which each of the POV Ms is performed does not matter up to an arbitrary
permutation.
The CHSH game

We conclude this section with a brief description of the most famous entangled game, the
CHSH game, originally introduced by Clause, Horne, Shimony and Holt [25] to demonstrate
the non-locality of quantum mechanics. This game will be important for our results in
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Chapter[@ There are two players, Alice and Bob. Each is given a bit x,y € {0, 1} distributed
uniformly at random. Their goal is to produce bits a, b respectively such that a®b = zAy. It
is not hard to see that classical parties (possibly using shared randomness) have a maximum
success probability of 3/4 in this game. In contrast, quantum mechanics predicts that the
following strategy, which we will sometimes refer to as the “honest” strategy, achieves a
success probability of cos?(7/8) = 0.85. Alice and Bob share an EPR pair |¥) = \/LE|OO) +
\%Hl). Upon receiving her input, Alice measures either in the computational (z = 0) or
the Hadamard (z = 1) basis. Bob measures in the computational basis rotated by either
7/8 (y =0) or 37/8 (y = 1). One can then verify that, for every pair of inputs (z,y), this
strategy produces a pair of correct outputs with probability exactly cos?(mw/8).

3.4.2 Interactive proofs with multiple provers

In this section we define the three main complexity classes that this dissertation is concerned
with: Multi-Prover Interactive Proof Systems (MIP systems), Multi-Prover Interactive Proof
Systems with Entanglement (MIP* systems), and Quantum Multi-Prover Interactive Proof
Systems with Entanglement (MIP* systems). They are based respectively on multiplayer
games, multiplayer entangled games and quantum multiplayer games.

As before, k denotes the number of provers and m denotes the number of turns (a turn
consists in a single step of interaction in the protocol, in which either a message is sent
from the verifier to each of the provers, or a message is sent from each of the provers to
the verifier; a round is made of two turns). All of these are from the set of polynomially
bounded functions in the input size |z|, denoted by poly. Further, ¢ and s denote polynomial-
time computable functions of the input size into [0, 1] corresponding to completeness and
soundness. For notational convenience in what follows we will omit the arguments of these
functions.

Multi-Prover Interactive Proof Systems (MIP systems): MIP systems were first
introduced in [17]. A k-prover interactive proof system consists of a verifier V' and k provers
Py, ..., P.. The verifier is a probabilistic polynomial-time Turing machine, while the provers
are computationally unbounded. Each of them has a read-only input tape, a private work
tape and a random tape. In addition, the provers share an infinite read-only random tape of
0’s and 1’s (their shared randomness). Each prover has a write-only communication tape in
which he writes messages to the verifier. The verifier has k write-only communication tapes,
on which he writes messages to each of the provers.

The protocol proceeds in m turns. A turn is either a turn for the verifier or a turn for
the provers. A turn for the verifier consists in the verifier reading the message tapes from
each prover, and writing new messages to the provers on the corresponding write-only tape.
A turn of the provers is similar, except now the provers individually read the messages they
received from the verifier, and write their answers on the corresponding tape. The last turn
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is always a turn of the provers. The verifier then gets to read the last messages he received
from the provers, and he produces a special output bit, designating acceptance or rejection.

Definition 15. A language L is in MIP(k,m, ¢, s) iff there exists an m-turn polynomial-time
verifier V' for k-prover interactive proof systems such that, for every input x:

(Completeness) if © € L, there exist m-turn provers Py, ..., Py such that the interaction
protocol of V- with (Py, ..., Py) results in the verifier accepting with probability at least
C7

oundness) if x , for any m-turn provers P|, ..., P, the probability that the interaction
Sound ' L t P/ P/, th bability that the interacti
protocol of V- with (P, ..., Py) results in the verifier accepting is at most s.

If the parameters k£ or m are not specified they will be taken to be fixed polynomials in
the input size. If the parameters ¢ (resp. s) are not specified they will be taken as ¢ = 2/3
(resp. s = 1/3). Hence MIP = MIP(poly, poly, 2/3,1/3).

Multi-Prover Interactive Proof Systems with Entanglement (MIP* systems): MIP*
systems were first introduced in [26], and they are defined analogously to MIP systems. The
only difference is that now the provers are allowed to be quantum, while the verifier (and
communication) remains bounded in classical probabilistic polynomial-time. This implies the
provers may share an arbitrary entangled state |¥) in-between themselves before the proto-
col starts. A turn of the provers in the protocol is defined as a turn in which the provers
individually read the messages they received from the verifier, perform a measurement on
their share of the entangled state, and send back the outcome to the verifier f] Formally,

Definition 16. A language L is in MIP*(k,m,c, s) iff there exists an m-turn polynomial-
time verifier V- for k-prover interactive proof systems such that, for every input x:

(Completeness) if x € L, there exist m-turn provers Py,..., Py and a state |V) such that
the interaction protocol of V' with (Py,..., Py) results in the verifier accepting with
probability at least c,

(Soundness) if x € L, for any m-turn provers P, ..., P} and entangled state |¥), the proba-
bility that the interaction protocol of V with (P, ..., Py) results in the verifier accepting
18 at most s.

7Any classical post-processing by the prover can be incorporated as part of the description of his
measurement.
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Quantum Multi-Prover Interactive Proof Systems with Entanglement (QMIP*
systems): As in earlier work [125, 70, [72], we define QMIP* systems in terms of quantum
circuits. It is assumed that our circuits consist of unitary gates, which is sufficient since non-
unitary and unitary quantum circuits are equivalent in computational power [4]. To avoid
unnecessary complication, however, the descriptions of protocols often include non-unitary
operations (measurements). Even in such cases, it is always possible to construct unitary
quantum circuits that essentially achieve the same outcome. A notable exception is in the
definition of the public-coin quantum verifier, where we want to define the public coin-flip to
be a classical operation. This requires a non-unitary operation for the verifier, the (classical)
public coin-flip.

A quantum k-prover interactive proof system consists of a wverifier V with private quan-
tum register V and k provers Py, ..., P, with private quantum registers Py, ..., P, as well as
quantum message registers My, ..., My, which without loss of generality are assumed to have
the same number of qubits, denoted by qu. One of the private qubits of the verifier is desig-
nated as the output qubit. At the beginning of the protocol, all the qubits in (V, My, ..., My)
are initialized to [0---0), and the qubits in (Py,...,Py) are in some a priori shared state
|®) prepared by the provers in advance (and hence possibly entangled), which without loss
of generality can be assumed to be pure. No direct communication between the provers
is allowed after that. The protocol consists of alternating turns of the provers and of the
verifier, starting with the verifier, if m is even, and with the provers otherwise. At a turn
of the verifier, V' applies some polynomial-size circuit to the qubits in (V, My, ..., M), and
then sends each register M; to prover P;. At a turn of the provers each prover P; applies
some transformation to the registers (P;, M;) for 1 < i < k and sends M; back to the verifier.
The last turn is always a turn for the provers. After the last turn the verifier applies a
polynomial-size circuit to the qubits in (V, My, ..., M), and then measures the output qubit
in the standard basis, accepting if the outcome is |1) and rejecting otherwise.

Formally, an m-turn polynomial-time quantum wverifier V for k-prover QMIP* systems
is a polynomial-time computable mapping from input strings x to a set of polynomial-time
uniformly generated circuits {V', ..., VI(m+D/211 "and a partition of the space on which they
act into registers (V, My, ..., M), which consist of polynomially many qubits. Similarly an
m-turn quantum prover P is a mapping from z to a set of circuits {P1, ..., PRerl)/ﬂ} each
acting on registers (P,M). No restrictions are placed on the complexity of this mapping
or the size of P. We will denote the i-th prover, his registers and transformations with a
subscript 7. We will always assume that each prover P; is compatible with the verifier, i.e.,
that the corresponding register M; is the same for the verifier and the prover for 1 < i < k.

The protocol (V, Py, ..., Py, |®)) is the alternating application of the circuits of the provers
and the verifier to the initial state |0---0) ® |®) in registers (V,My, ..., My, Py,...,Py). For
odd m, circuits P! ® --- ®@ P!, V!, P2 ®---® P2, V? and so on are applied in sequence
terminating with V(m*+1/2_ If m is even, the sequence begins with V! followed by P} ®- - -® P}
and so on up to V™+2/2 We say that (V, P, ..., Py, |®)) accepts z if the designated output
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qubit in V is measured in [1) at the end of the protocol and call the probability with which
this happens pacc(xa ‘/a Pla s 7Pk" |q)>)

Definition 17. A language L is in QMIP*(k, m, ¢, s) iff there exists an m-turn polynomial-
time quantum verifier V- for quantum k-prover interactive proof systems such that, for every
mput T:

(Completeness) if x € L, there exist m-turn quantum provers Py, ..., Py and an a priori
shared state |®) such that pacc(x,V, Pi, ..., P, |®)) > c,

(Soundness) if © &€ L, for any m-turn quantum provers P{,... P, and any a priori shared
state |D'), pace(x,V, P{,..., P,|®)) < s.

Finally, we introduce the notions of public-coin quantum verifiers and public-coin QMIP*
systems, that will be used in Chapter [0l These are natural generalizations of the corre-
sponding notions in the single-prover case introduced by [81]. Intuitively, a quantum verifier
for quantum multi-prover interactive proof systems is public-coin if, at each of his turns,
after receiving the message registers from the provers, he first flips a fair classical coin at
most a polynomial number of times, and then simply broadcasts the result of these coin-flips
to all the provers. No other messages are sent from the verifier to the provers. At the end
of the protocol, the verifier applies some quantum operation to the messages received so far,
and decides acceptance or rejection.

Formally, an m-turn polynomial-time quantum verifier for k-prover interactive proof
systems is public-coin if each of the circuits V', V2, ..., VIm=D/21 implements the follow-
ing procedure: V receives the message registers M; from the provers, stores them in his
private space, and then flips a classical fair coin at most gy times to generate a public
string r;, records r; in his private space, and broadcasts r; to all the provers. The circuit
V [(m+1)/2] is some unitary transformation controlled by all the recorded random strings r; for
1<j5<[(m—=1)/2]. A QMIP* system is public-coin if the associated verifier is public-coin,
and we define QMIP? , (k,m,¢c,s) to be the class of languages in QMIP*(k, m, ¢, s) with a

pub
public-coin verifier.
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Chapter 4

Techniques

In this chapter we give a technical introduction to some of the important tools that are
used to analyze entangled strategies throughout the remainder of this dissertation. Our
goal is to find ways to manipulate entangled provers by designing tests that the verifier can
perform and which enforce specific structural constraints on the provers’ strategies.

The first tool we introduce, in Section [4.1] is an appropriate distance measure on entan-
gled strategies. It is designed to measure how much arbitrary provers differ from “ideal”
provers in a multiplayer game Such a distance should be strong enough to imply that close
strategies induce a similar behavior in the game (their success probabilities are close), but
weak enough that one can obtain bounds on it from the sole assumption that the provers
have a high probability of succeeding in a certain game.

In Section we introduce an important test in the analysis of entangled strategies,
the consistency test, and we study the structure of strategies having a high probability of
passing that test. Finally, in Section 4.3 we give two general-purpose results building on the
previous sections. The first one is the orthogonalization lemma, which states that consistent
strategies are close to orthogonal (projective) strategies. This lemma will be used in the
proof of our parallel repetition result in Chapter [l The second is the almost-commuting
vs. nearly-commuting conjecture, which provides an attempt at limiting the provers’ use of
entanglement in a multiplayer game. It will be explored further in Chapter[6, and we explain
how it would imply a hardness result for the value of entangled games.

Notation. To simplify the presentation, in this chapter we will for the most part focus
on the case of two provers, Alice and Bob, applying only one POVM each: {A“} for Alice
and {Bb} for Bob. We will assume their entangled state |V)4p is symmetric with respect
to permutation of the A and B subsystems (this assumption is justified by Lemma [I3] from

'Recall that the soundness analysis of a game usually proceeds by showing that arbitrary successful
provers must be “close” to ideal, honest provers, whose maximum success probability can be bounded.
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Chapter B]), and denote its reduced density on either subsystem by
p = Trp(|E)(P]) = Tra(|P)(¥]).

Moreover, we will choose a basis in which to represent matrices that is such that p is real
(such as its diagonalization basis).

The maximally entangled state. Many of the results in this section can be greatly
simplified, and sometimes even trivialized, by assuming that the prover’s entangled state
|W) is the maximally entangled state |¥) = d~/23>%  [i)|i) of arbitrary dimension d, with
reduced density p = d~'Id. Whenever possible we will first introduce the results in that
setting, and then explain what needs to be done for the case of a general entangled state.

4.1 Distance measures

In this section we introduce two key distance measures on single-prover strategies, the uni-
variate and bivariate p-norms. In the case where the prover’s entangled state is maximally
entangled these two norms collapse to a single one, which we introduce in Section EI.1l
The univariate and bivariate p-norms are then introduced in Section L.1.2l We relate these
distance measures to more standard measures from quantum information theory, such as the
trace norm, in Section [£.1.3]

4.1.1 Prelude: the case of the maximally entangled state

Let {Af} and {A3} be two distinct measurements on Alice’s share of the maximally entan-
gled state |W). We think of A; and As as two possible strategies that she could apply: what
is an appropriate way to measure the distance between these two strategies in the context
of a multiplayer game?

We can always think of Alice as making her measurement first, obtaining an outcome
a that she sends to the verifier as her answer; then Bob will make his own measurement.
Once Alice has applied the measurement A;, for i € {1,2}, conditioned on the outcome a
she obtained Bob’s share of the state is projected onto the post-measurement state

1
i = Tra( (VAT ©1ds) [W)(¥] (VAT ©1ds)) = VAT pay/AT = (A7),

where for the last two equalities we made use of the fact that |¥) was the maximally entangled
state, so that for any X we have (X @ Id)|¥) = (Id®@ XT)|¥), and pp = Trs|¥)(¥| = d~'1d.
A sufficient condition for the provers’ behavior in the game to be roughly similar irrespective
of whether Alice measured using A; or A, is that the corresponding post-measurement states
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be close, on average over the outcome aE The appropriate measure of distance between two
quantum states is the trace norm, so that a good candidate measure of the distance between
the strategies A; and A,, in case the underlying state is maximally entangled, would be

1
dy(Ay, Ay) = ZHpBl :ZETr\A‘f—Ag\.

a

The difficulty in working with the distance d; is the absolute value in the last term, which
is hard to compute in general. Instead of d;, we will use its much more malleable Euclidean
equivalent d, defined as

da(Ay, Ag) = (Z %Tr((\/A_‘f \/ﬁ) ))1/2

Note that ds corresponds to measuring the amount by which the provers’ entangled state
was moved in the Fuclidean distance, as a result of Alice applying either A; or As:

dy( Ay, Ag) =(ZII Af @ 1d)|¥) — (\/A_%®1d)|\11>!!§)1/2

In fact, in the specific setting of the maximally entangled state dy is simply a dimension-

normalized variant of the Frobenius norm: (da(A;, Ag) =3, d'[\/A] - \/AgH;

The measure d, will be more convenient than d; for two reasons. The first is that it
derives from an inner product: if we define

4B =Y éTr(A“(B“)T)

a

then (-,-) is an inner product on (Mg4(C ))k where k is the number of distinct outcomes a,
and do( Ay, A2)? = (VA — VA, /AL — VA3). As a result, the Cauchy-Schwarz inequality
will be an important tool to manipulate distances measured according to ds.

The second reason is that the provers’ success in a game often naturally translates into
constraints on the distance dy. We will explore this connection in much more detail in
Section [1.2] but to give an idea of its flavor we show the following.

Lemma 18. Suppose that, when Alice and Bob respectively apply their measurements {A*}
and {B*} on their share of the mazimally entangled state |¥), they obtain the same outcome
with probability 1 —e. Then

(A B) = 3 a4~ B < 2

a

showing that consistent measurements are close in the dy distance.

2If an outcome has a very small probability of occurring then it does not matter whether the post-
measurement states differ much; the verifier will still not notice.
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Proof. Rephrasing the fact that Alice and Bob’s measurements give consistent answers,

1—e<) (V|A"® B|P)
= 3 T(an(BY)
<> éTr(\/E\/(B“)T)
= (VAVE'),

(4
where the first equality uses that |¥) is maximally entangled, and the second 0 < A®

< <
Vv/Aa < 1d, and similarly for (B%)”, since A® is a POVM element. Given that (v/A,vA) = 1
as a result of ) A® =1d, |(4.1)| proves the lemma (since the B* are Hermitian). O

We end this section by proving a lemma showing that the distances d; and d, are closely
related, implying that not only is d a more convenient distance to work with than dy, but it
also provides a good bound on the distance between two entangled strategies in a multiplayer
game.

Lemma 19. Let {A%} and {Ag} be two POVMs. Then the following relations hold:

1
§d2(A1,A2)2 < di(Ar, Az) < 2dy(Ar, Ag).
Proof. For any a it holds that

(VAT = v/A5)" < |VAT+ /A3 |VAF - VA5] < 2/A¢ - /4y,

since both /A¢, /A$ < Id; the first inequality follows. For the second, write
A = 3 1A - g,
<23 (VA (A - VA, + | (VA - /) VA,
<X 2las — g (VA + VA L)
< (3 ar - ag)) " (3 Sl + vl

< 2dy(Ay, As),

where the first inequality is the triangle inequality, and the second and third each follow
from the Cauchy-Schwarz inequality. O]
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4.1.2 The p-norms

We turn to the case where the provers’ entangled state |V) is a general symmetric bipartite
state, with reduced density p on either prover’s subsystem. We will introduce two distinct
distance measures, each deriving from a norm: the univariate and bivariate p-norms. In case
|W) is the maximally entangled state both distances reduce to the distance dy introduced
in the previous section, but in general they are distinct and will have different uses. To
motivate their introduction, first recall Ando’s identity:

Fact 20 (Ando’s identity). For any matrices A and B and symmetric |V) = > Niu;)|v;),
let K =%, V/Ailug)(vi|]. Then

(V|A® B|¥) = Tr(AKBTKT), (4.2)
and the reduced density
p = Trg|O)N(U| = Trg|UNV| = KK = KK,
Proof. By symmetry it holds that p =37, Ai|u;) (ui| = >2; Aj|v;) (v, and

(VA ® B|Y) = Z VAN {uil Alvg) (il Bloy)

= Tr(K'AKB").
O

Suppose given two measurements {A‘f} and {Ag} for Alice, and a measurement {Bg }
for Bob. For a fixed pair (a,b), the probability that Alice and Bob obtain that outcome is
(U| A% @ B®|W) if Alice measures using A, and it is (V|A% ® B®|¥) if she measures using As.
By Ando’s identity, the difference between these two probabilities is

[(P|AY @ BY|W) — (U|A5 @ BY|0)| = |Tr((A} — A3) K (B")'KT)|. (4.3)

In an attempt to bound this quantity by one that depends only on Alice’s two measurements,
one may use the Cauchy-Schwarz inequality in two different ways. The first sees the quantity
on the right-hand side as the matrix inner product between (A} — A3)K and K (BT, in
which case it can be upper-bounded as

I Tr (A3 — A K (BY) K| < Tr((A2 — 49)%0) *Tr(((BY)")p) /2. (4.4)

The second interprets the right-hand side of as the matrix inner-product of Kj (A} —

AOKT and K,(BY)TK], where Ky, K, are such that KK, = K, in which case it can be

bounded as

1/2 1/2

/ Tr((Bb)Tpl/2<Bb)Tpl/2) / ’
(4.5)

| Tr((Af — ADE(B")TKT)| < Tr((Af - A3)p"/?(Af — A35)p'?)
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where p'/2 = (KKN/2 = KK, = KIK,. Both ways of bounding have their uses, and
they give rise to the two distance measures on entangled strategies that we now introducel

The univariate p-norm

The univariate p-norm is the one that arises from the bound |(4.4), As we will see, it is the
strongest of the two norms that we introduce, and is defined as follows.

Definition 21. Let A be any matriz, and p > 0. The univariate p-norm of A is
4], = /Tr(adtn).

Remark. The choice of Tr(AATp) instead of Tr(ATA,o) in the definition of the norm is
arbitrary, but the two choices are not equivalent, as is seen by taking e.g. A = |0)(1] and

p=10)(0).

Based on this norm one can define a corresponding distance on POVMs: if {A‘f} and

{Ag} are two POVMs for AliceH we let

/
duplAr 42) = (32 VA - VA2,

We note that this is the same distance as was already introduced in Section 2231l of Chapter[2l

An important tool in using the univariate p-norm is that, while the map (A, B) —
Tr(AB'p) is not quite an inner-product in general (it is not symmetric), it still obeys a
Cauchy-Schwarz inequality.

Claim 22 (Cauchy-Schwarz inequality for the univariate p-norm). Let A, B be any two
matrices, and p > 0. Then

Te(AB'p)| < [[All,, [ B]

u,p’

Proof. Apply the Cauchy-Schwarz inequality for the inner-product (A’, B') +— Tr (A' (B’ )T),
with A’ = p'/2A and B’ = p'/?B. O

3The attentive reader might have already observed that [(4.5)] provides a tighter bound than [(4.4)] since
for any matrices A4, B it holds that Tr(ABAB) < Tr(A?B?).
4We’ll assume that A; and A have the same set of outcomes, as otherwise they are incomparable.



CHAPTER 4. TECHNIQUES 46

The bivariate p-norm

The bivariate p-norm arises from the bound |(4.5), and we define it as follows.

Definition 23. Let A be any matriz, and p > 0. The bivariate p-norm of A is

[All,, = y/Te(4p A1),

Remark. If p = d—'1d is the totally mized state, then both the univariate and the bivariate p-
norms are the same: ||AHup = ||AHb )= d='2||Al|p. In general this equality no longer holds,
and we will explore the relationship between the two norms in more detail in Section [{.1.53

Claim 24. A — HApr is a (semz’—)norm,ﬁ and it derives from the (semi)-inner-product
(A,B) € My(C) — (A, B), := Tr(Ap'?B'p'/?) = (V|A ® B|¥).

Proof. (A,B) — (A, B), is sesquilinear, symmetric by cyclicity of the trace, and non-
negative: it is a semi-inner product. Hence A — (/(A, A), is a semi-norm. O

As a consequence, the bivariate p-norm satisfies a Cauchy-Schwarz inequality analogue
to the one proved in Claim 22 We end this section with another useful inequality showing
that the bivariate p-norm is an upper-bound on a measurement’s self-consistency.

Claim 25. For any A and symmetric state |V),
2
(U[A® A|T) < HAH]W.

Proof. Using Ando’s identity |(4.2)]
(V|A® Al¥) = Tr(AKATKT),

and the claim follows from the Cauchy-Schwarz inequality as in |(4.5)] O

4.1.3 Relationships between norms

In this section we explore the relationships between the two norms introduced in the previous
section and other distance measures on quantum operations or states. We first show that, in
the case of a Hermitian A, the univariate p-norm is an upper-bound on the bivariate p-norm.

Claim 26. For any Hermitian A and p > 0,

141}y, <[4l

u,p’

5Tt is a norm if p is positive-definite.
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Proof. The claim follows from the Cauchy-Schwarz inequality:

4[5, = Tr((Ap") (02 4)7) < Tr(ApAT) P Tx(p 244 ) 7 = |4

2
u,p’

where for the last equality we used that A was Hermitian. n

Remark. In case A is not Hermitian, but still satisfies AAT <1d (and we have Tr(p) < 1),
the proof of the previous claim only shows the weaker relationship HAHip < HAHup. This

bound is tight in general: if A = |0)(1] and p = (1 — &)|1)(1] + £]0)(0| then HAHiP = ¢,
while HAHip = +/e(1 —¢). Choosing A = |1){(0| instead shows that one cannot hope for any

nontrivial inequality in the other direction.

The next lemma shows that the univariate p-norm is at least as strong as the trace norm.
It provides a partial analogue to Lemma [I9] which was proven in case p was totally mixed.

Lemma 27. Let p be a density matriz and {A“}, {Ba} two POVMs. Then

S |[VAvA VBB < 2\/2 VA — VB = 2du,(A, B).

Proof. The inequality follows from a calculation similar to Ogawa and Nagaoka’s proof [90]
of Winter’s “gentle measurement lemma” (Lemma 9 in [129]). By the triangle inequality, for
any a

|V Aspv/As — VBapy/Be||, < ||[VA2p(VA* — VB |, + || (VA — VB2) pVBe,.
Applying the Cauchy-Schwarz inequality (cf. Theorem in Appendix [A]),
VAV V)|, < (VA V)
= [[Vae], VA = VB,
The claim follows by another application of Cauchy-Schwarz, together with the fact that
2
> VA, =, Tr(A%p) = 1. 0

Unfortunately, no bound similar to the one in Lemma [27] holds for the bivariate p-norm.
The following claim shows that a relationship does hold between the two norms when one
considers measurements that are consistent, a property that will be discussed in more detail
in Section

Claim 28. Let {A*} and {B*} be two POVMs, |¥) a symmetric entangled state with reduced

density p, and let
2
cm 1= Y,

Yo IWVA VBl < > |VAT - VB, +6VE.

w,p

I

Then
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Remark. Claim[2F shows that the assumption placed on A in Claim [28 is weaker than the
more natural one that would be placed by defining € directly through A’s self-consistency as
a measurement by defining ¢ :=1— % (V]|A* ® A*|¥).

Proof. Expand
Do IVar =B, = DT (VAT = V)
— Z <Tr((A“ + B“)p) — 2Tr(@@p)>. (4.6)

The first term inside the summation adds up to 2. In order to lower-bound the second, we
first bound

ST (VAR — p2VAR ) =2 — 23 VAR
< 2e, (4.7)

where we used H\/ﬁ

> HA“pr (since VA* > A%), together with the definition of e.
Hence ’

Hb,p

ST (VAN B — VA B ) |
< ZTI‘(Bap)I/2 Tr((\/ﬁpl/Z _ pl/zm)2)1/2

< V2, (4.8)

where both inequalities are by Cauchy-Schwarz, and the second also uses |(4.7)l From |(4.6)]
we get

Z ||\/E — @Hiﬂ <2-2 ZTr(\/ﬁpl/Z\/ﬁpl/Q) +2v/2¢
< Z (Tr(\/ﬂplm\/ﬂpl/z) + Tr(\/ﬁpl/z\/ﬁplm)

— 2Tr(\/ﬁpl/2\/§pl/2)> + 26 + 2V/2¢
< ||VAe— @Hip 1 64/5,

where the first inequality is by |(4.8)] the second uses the definition of &, and the last is by
definition of the bivariate p-norm. O
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4.2 Consistency

In a classical symmetric multiplayer game it is often natural to enforce that the provers
are consistent, by checking, with some probability, that they provide the same answer when
simultaneously presented with the same question. This was done, for instance, in the linearity
test that we presented in Chapter 2l Indeed, consistency is at the heart of the connection
between multiplayer games and probabilistically checkable proofs, as it implies the existence
of a single underlying “proof” collecting all of the provers’ answers to the verifier’s possible
questions.

In the entangled setting, however, consistency is a more stringent requirement, and does
not always hold naturally. To see the subtlety, observe that even if all provers apply the
same, orthogonal, projective measurement, they need not obtain identical answers — this
will only be true of all such measurements if their entangled state is the maximally entangled
state.

Nevertheless, in most cases one still expects that honest provers should provide consistent
answers (indeed, the “ideal”, honest prover is often a classical one, answering his questions
deterministically), so that one is willing to incorporate the following test as part of the game
being played:

Consistency test. Pick a question at randomd and send it to both players.
Accept if and only if they provide the same answer.

In this section we explore the consequences that can be drawn of entangled players
passing the consistency test, and show that this seemingly weak requirement induces strong
constraints on the type of strategies they may use.

Lemma 29. Let {A%} and {B*} be two POVMs indezed by the same answer set, and |¥)
a symmetric bipartite state. Suppose further that A and B pass the consistency test with
success probability 1 — e:

> (U|A*®@ B¥) > 1--. (4.9)

Then the following hold:

1. The POVM {A®} itself is self-consistent, in the sense that ), HAaHip >1—2e, and
the same holds of {B"},

2. If, moreover, {B*} is self-consistent in the stronger sense that ) (V|B* ® B*|¥) >
1 =9, then the POVMs with elements A* and B* are close in the univariate p-norm:

Z H\/ﬁ_ \/ﬁ”i,p S 8\/57

SFor the test to be effective, the distribution according to which the question is chosen should correspond
to the marginal distribution arising from the overall game of which we plan to use the consistency test as a
part of; if the game is symmetric then the marginals on different players will be identical.
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3. The density p is close to being invariant under application of {A®}, in the sense that

Hzmp\/ﬁ—p"l < 25+\/ﬁ,

and the same holds for {B®}.

Remark. This lemma generalizes Lemmal[I8, that was proved for the case of the maximally
entangled state: in that case condition 3. is trivial, and condition 1. follows if we were only
to impose that { A®} is an orthogonal measurement. Indeed, one can think of the consistency
test as a way to force the provers to behave as if their shared state was maximally entangled,
an exceedingly convenient assumption in many a protocol’s analysis. We will draw more
consequences of the same vein in Lemma [30 below.

Proof. For the first item, we use Ando’s identity |(4.2)| and the Cauchy-Schwarz inequality
to write, for any a,

(U|A" @ B*|U) = Tr(A*KB*K")

< Tr(Aapl/2Aap1/2)1/2Tr(Bap1/2Bapl/2)1/2
< %(TT(AaplﬂAapl/Q) I Tr(Bapl/zBapl/2)>7

where we used that B® was Hermitian, and p real. Hence from and the fact that
>, Tr(A%pt/2A%p1/?) <1, and the same holds for B, we obtain

> Tr(A%PA%?) > 1-2c and Y Tr(B%'2B'?) >1-2:,  (4.10)

proving the first item. For the second, first bound
S T ((VBK — KVBe ) (VBK — KVBe)') <223 Tr(VBKVB® KT)
' T (4.11)
by Ando’s identity and our assumption on B's self-consistency. Hence
S IVar - VB, = 3 (VAL + VB, - 2 T (VATVE )
—2-2Y T(VAKVB K1) + /25

< 2e 4+ V29,

where the second equality uses together with the Cauchy-Schwarz inequality, and the
inequality is by our assumption |(4.9)l This proves item 2.
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Regarding the last item, by monotonicity of the trace norm we have

| 32 v —|,
< H S VAT @ VB |0) (UVAT @ VBT — 3 1d @ VBT W) (U[1d @ VBT

1

< H S VAT @ VB (VAT @ VB — 3 1d® VB W) (U]ld @ VB

1
+) (WA @ BY|)
a#a’

<9 VA evE —1devE|* )+
u,p

where the second inequality uses the triangle inequality, and the last is by Lemma 27, It
remains to bound

M VA e VB —1de VB =Y (<\11|A“ ® B°|¥) + (U[Id ® B|T)

a

— 2U|VA" ® B“|\11>)
<2-2) (V|A"® B|D)

< 2e¢,

where for the first inequality we used that 0 < A% < Id and hence v A* > A% This proves
the last item in the lemma. O

From Lemma 29 one may derive even further conditions: the POVM {A“} is almost-
orthogonal, and {A*} and {B®} almost-commute. As we will see in the next section, the
orthogonality condition can be used to transform {A%} into a projective POVM. A key
observation is that this together with item 3. in the lemma shows that we have almost
reduced the provers to using their state as shared randomness, at least locally — a question
at a time. In Section we will discuss the extent to which this locality can be extended
by using a global variant of the “almost-commute” condition.

Lemma 30. Under the same assumptions as in Lemma[29, it further holds that

1. The POVM elements {A®} are almost-orthogonal:

D Tr(VA*AYVAp) < 15V,

a#a’
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2. If, in addition, { B*} is strongly consistent: ) (V|B*@B*|¥) > 1—¢, then the POVMs
{A%} and {B*} almost-commute:

S VARVE - VBV = O(VE).

Proof. For the first item,

> Tr(VAATVAp) = Y (U[VAAYV A @ BY'|W)

a#a’ a#a,a’
<Y (UVA ATV A @ B|U) + ¢
aFa’
< Y (UVATAYVAY @ BO|U) + 22
a#a’,a’
< Z@\A“’ ® BY|W) 4 12v/€ + 2¢
a#a’

< 154/e,

where the first two inequalities hold by the consistency assumption on {A%} and {B*}, the
third uses item 3. from Lemma 29 and the last uses the consistency assumption again.
Regarding the second item, we simply sketch its proof, since we will not use it formally.

Expanding H\/ A2/ B® — \/ B/ A“Hi’p by using the definition of the univariate p-norm, one

sees that it will suffice to show that ), Tr(\/ﬁ\/@\/ﬁx/@p) is close enough to 1. Using
the Cauchy-Schwarz inequality, one can show that this term is O(y/€) from Y, Tr(A*Bp).
This last term can in turn be lower-bounded by using B®’s self-consistency (cf item 1. from
Lemma [29) and assumption |(4.9) O

4.3 Applications

4.3.1 The orthogonalization lemma

Item 1. from Lemmal[30/in the previous section shows that simply by requiring that a strategy
be self-consistent, one can obtain strong conditions showing that the measurements applied
as part of that strategy should satisfy almost-orthogonality relations. In this section we
show that one can take the step from almost to exactly orthogonal, proving that an almost-
orthogonal POVM is close, in the univariate p-norm, to one that is exactly orthogonal. A
variant of this result will be used in Chapter [7, in which we prove our result on the parallel
repetition of entangled games. The following is a statement of the lemma in the simplest
setting.
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Lemma 31 (Orthogonalization lemma). Let ¢ > 0, p a density matriz, and {Aa} a POVM,

such that
ZTr((\/ﬁA“,\/ﬁ) p) < e (4.12)
a#a’

Then there exists an orthogonal measurement {B“} such that

(dup(A, B)" = D[V = B, = O().

The strength of the lemma is in the bound it proves on the distance between the POVM
{A%} and the orthogonal measurement {B*} being independent of the number of outcomes
of these POVMs. Indeed, it is not too hard to obtain a bound depending on the number
of outcomes by adopting an iterative orthogonalization procedure, such as a variant of the
Gram-Schmidt process. To avoid this dependence one needs to find an appropriate global
procedure, moving each of the POVM elements by only a small amount on average.

The idea in the present case is to use the singular value decomposition, or SVD, of
the matrix having as its columns the eigenvectors of A* whose corresponding eigenvalue is
large enough. This method is based on a variant of Schoneman’s solution to the “orthogonal
Procrustes problem” A Given any d-dimensional square matrices A and B, this is the problem
of finding the orthogonal matrix {2 which minimizes

1
() := argmin p |A — BQ%.

Schéneman [102] showed that the optimal  is Q = UV, where ULV is the singular value
decomposition of BTAH Indeed, given unit vectors |uy), ..., |vx), one can let A be the matrix
with columns the |u;), and B the identity. In this case, the orthogonal Procruste’s problem
consists in finding the best rigid rotation which maps the canonical basis of space to the
vectors |v;), where the error is measured in the least squares sense — the columns of the
corresponding orthogonal matrix will then form an orthonormal family close to the |u;).

We carry out this solution precisely in Claim [32] below, which contains all the intuition
necessary to solve the original problem on POVMs. Unfortunately, the solution to the latter
is made more involved technically by the matrices not being of rank 1, and the slightly
unorthodox (and, in particular, not rotationally invariant) norm used to measure the error.
The proof of Lemma BTl itself is given in Appendix [Al

Claim 32. Let |w), ..., |ux) € C* be unit vectors such that 3 > iz; (Ui uy)? < e. Then there

exist orthogonal unit vectors |vy), ..., |v;) € CF such that >, || lui) — |vg) ||2 <e.

"According to Wikipedia, Procrustes, or “the stretcher”, a figure from Greek mythology, was a rogue
smith and bandit from Attica who physically attacked people, stretching them, or cutting off their legs so
as to make them fit an iron bed’s size.

8We are grateful to the user “ohai” of MathOverflow.net for pointing out the connection between this
problem and that of the robust orthonormalization of almost-orthogonal vectors.
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Proof. Let X be the k x k matrix whose columns are made of the vectors |u;), expressed in
the canonical basis. The SVD of X is X = ULV, where U, V are unitary and ¥ is diagonal
with the singular values s; of M on the the diagonal. Then

k
1 1 2
EZ (1-s2 = |I¥fe —1d|%2 = |XTX —1d|%2 = EZ (s u)|” < e (4.13)
i=1 i#]
where for the first equality we used the unitary invariance of the Frobenius norm, and the

second is by definition of X and uses the fact that the |u;) have unit norm. Let Y = UVT.
Y is a unitary matrix so its column vectors |v;) form an orthonormal family. We have

k k
1 2 1
£ ) 14 [ = 1 =V = = Sl = 31—
i=1 pa
which can be bounded by since (1 — ;)% < (1 —5)%(1+ ;)% = (1 — s?)% O

4.3.2 The “almost-commuting vs. nearly-commuting” conjecture

In the previous section we showed that, if a POVM’s elements were almost-orthogonal, then
the POVM could be transformed into one that was exactly orthogonal, while only moving
each POVM element by a small amount on average. In particular, the bound we obtained
was independent of the number of outcomes of the POVM. In this section we introduce
a similar-looking problem: given a set of almost-commuting projectors, does there exist a
corresponding set of exactly commuting projectors that are close?

To motivate this question, we first show how an almost-commuting constraint on the
prover’s strategies arises naturally from a simple transformation that one can apply to any
two-player entangled game. We then state the conjecture, and explain why a satisfactory
answer would imply a hardness result for the complexity of approximating the value of
two-player one-round entangled games, an important open problem.

Obtaining commutation relations in a two-player game

A technique to obtain almost-commuting constraints on prover strategies was first introduced
by Kobayashi & al. [68] in the context of entangled three-prover games, as well as entangled
two-player games with quantum messages (see Chapter [6] for more details on the technique
for the case of three provers). The specific variant that we present here, adapted to the case
of two-prover entangled games, is due to Ito & al. [59].

Consider a two-prover game G in which there are ¢ questions per prover. Suppose the
game is symmetric and, for simplicity, assume that the distribution on pairs of questions in
the game is uniform. We introduce a modified game G’, in which the verifier performs the
following:
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1. Sample two questions (i, j) € [¢]* uniformly at random.
2. Send the first question i to Alice, and send the (unordered) pair {7, j} to Bob.

3. Upon receiving Alice and Bob’s answers, check that they are consistent, and that Bob’s
answers satisfy the corresponding constraint from G.

This transformation of G into G’ is in general known as the oracularization technique. In
our context, the important point is that it introduced a variant of the consistency test in the
original game in a way that will let us establish almost-commuting relations on the provers’
measurements, provided they have a high probability of succeeding in the game G'.

Let {Af}, {B{} and |¥) be a projective strategy in G’ that has success probability at
least 1 — ¢, for some € > 0. By making the game symmetric (permuting the role of Alice
and Bob at random, telling the provers whose role they are supposed to play), we may
assume that |U) is a symmetric bipartite state, with reduced density p on either prover. The
fact that this strategy succeeds with probability 1 — ¢ implies that the following consistency
condition must hold:

Ei; ) (V[A?® Bf|U) > 1—e. (4.14)
a,b
Additional constraints hold due to the checking of the original game’s predicate, but we
ignore those here and instead focus on the implications of . For simplicity we will
write By 1= > B;“Jb , and symmetrically for Bf’j (we will always use a to represent the answer
to question 4, and b for the answer to question j, so that there is no ambiguity). The following
lemma is adapted from [59].

Lemma 33. Suppose that|(4.14) holds. Then
o Z H [A2, A]

Proof. First observe that |(4.14)| implies that

g 16¢.

Eiyy_(V](A) @1d —1d® B)’|¥) =2 - 2E,; > (¥]A}© BY|)
b b
< 2Z¢, (4.15)

while

a a 2 a a
Eij Y (V[(Af @ By —1d@ Bff) [¥) =2 -2E;; » (V|A] @ Bf|¥)
a,b a,b
<2e. (4.16)
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This lets us bound

Eiy Y (U[(A2A? ©1d — A? @ BY) (AAC @ 1d — A @ BY)'|w)
a,b
—Ei,; Y (U[(Ab@1d-1d@ BY) (A @1d) (A @ 1d — 1d @ BY) '1d|w)
a,b
=E;; Y (U[(A®ld-1de B)) (A eld-1de BY) )
b
< 2¢, (4.17)

where the last inequality is by |(4.15)l Using a similar calculation one can show that

By > (W](A0AL @1d — Ab @ BE) (AtAL @ 1d — AY @ BS)' W) < 2e. (4.18)
a,b

Finally, combining |(4.17) and |[(4.18)| with |(4.16)| and the triangle inequality, one obtains

E; Y (W](ACA @1d — APA? @ 1d)°|W) < 16¢,

a,b

proving the lemma. O

Making almost-commuting projectors nearly-commute
Consider the following conjecture.

Conjecture 34 ((g,0) nearly-commuting conjecture). Let 0 < e < 1, p a density matriz,

and Py, ..., P be d-dimensional projectors such that
k
1 2
g ], <
ij=1 ’

Then there exists a 0 > 0 and projectors Q1, ..., Qy such that [Q;,Q;] = 0 for every i # j,
and

1 k
B e, <4
=1

The assumption of the conjecture is that the projectors are almost-commuting, i.e. the
norm of their commutators is small. The conclusion is that they must be nearly-commuting:
they are close to exactly commuting projectors.

Of course for any € > 0 there will always be a > 0 such that the conjecture holds.
Moreover, it is not too hard to see that it can be shown to hold for a ¢ that is dimension-
independent. But can 6 be made independent of the number k of projectors? If not, what
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is the best dependence of § on k that one could hope for? This natural question is, as far as
we know, completely open, even in the case where p is the maximally entangled state and
the norm H . ||up is correspondingly replaced by the normalized Frobenius norm d=/2|| - ||z
in the equationé above.

The history of the conjecture, and its implications, are discussed further in Chapter [0
and we refer the reader there for additional details. Here we simply point out that, if the
conjecture was resolved in a satisfactory way, with a dependence § = O(poly log k - poly(¢))
on the number of projectors that is at most poly-logarithmic, then Lemma[33] which extracts
an almost-commuting condition on the prover’s POVMs, would also imply that the prover’s
measurements must nearly-commute — i.e. their strategy should be close to a classical
strategy.
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Chapter 5

Hardness of entangled games

In this chapter we show that multi-prover interactive proofs with entangled provers as at
least as powerful as their classical counterparts, resolving a long-standing open question [72].

Theorem 35. The following inclusion holds:
NEXP C MIP*(4, poly, 1,1 — 1/poly).

After sequential repetition of the protocol, this implies that NEXP C MIP*(4, poly, 1,27P)
for all p € poly.

Prior to this result the best lower bound known was PSPACE C MIP*, which follows
by having the verifier interact with a single prover (in which case entanglement plays no
role) and using IP = PSPACE [106]. Together with the celebrated result NEXP = MIP [12],
Theorem [35] shows that entanglement does not weaken the power of general entangled-prover
proof systems.

The proof of Theorem [35 is based on Babai, Fortnow and Lund’s original proof [12] that
NEXP C MIP. Key to its extension to the entangled-prover setting is an analysis of the
multilinearity test that is at the heart of their proof. Our main contribution is to give an
analysis of this test in the presence of entanglement between the provers. The challenges of
such an analysis were already exposed in a simpler setting in Chapter 2l In that chapter we
analyzed a much simpler variant of the multilinearity test, the linearity test of Blum, Luby
and Rubinfeld [23].

We start by giving a brief overview of our proof strategy in the following section. After
giving some necessary preliminaries, in Section we describe the protocol used to prove
Theorem In Section [5.4] we show how the proof of the theorem reduces to the analysis of
an appropriate multilinearity test with entangled provers. This analysis, which constitutes
the core of the proof of Theorem [35] is given in Section B.5l
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5.1 Overview

The multi-prover protocol for NEXP introduced in [12] consists of two main components.
In the first part of the protocol, the verifier performs a polynomial-round low-degree sum-
check protocol with a single prover. In the second part of the protocol, he has a one-round
interaction with each of the remaining three provers. This interaction is randomly chosen
between two possibilities. The first consists in asking each of the three provers a single
uniformly distributed question, and checking the answers they provide against the results of
the sum-check protocol. The second consists in performing a one-round multilinearity test
with the three provers. This test is designed to enforce that the function according to which
each of the three provers chose their answers is the same, and has the property of being
multilinear from F” to [, where F is a field in which range the questions and answers in the
protocol.

The most challenging part in adapting this protocol to the case of entangled provers
consists in the analysis of the multilinearity test, and we now outline the main steps of that
analysis. The test is very simple. Let F be a field of characteristic 2, and n an integer. With
probability 1/2 the verifier picks three axis-aligned points ¢, + ae;,x + fe; € F", and
checks that the provers’ answers a, b, c € ' are correspondingly aligned. With the remaining
probability he sends all three provers the same question, checking they reply with the same
answer.

The analysis of the multilinearity test, in case the provers are deterministic, shows that
if they have success probability at least 1 — ¢ then there must exist a multilinear function
g such that g agrees with each prover’s own answers on a large fraction of points * € F"
(provided e was small enough). In the presence of entanglement, however, one cannot hope
for such a statement: the provers may well be using their entanglement as shared randomness,
e.g. to coordinate in selecting one of many possible multilinear functions to compute their
answers. This observation points to a fundamental difficulty: how does one “extract” a
multilinear function from arbitrary entangled-prover strategies?” What does it even mean for
such strategies to be “close to multilinear”?

Our work addresses these questions. A key insight, in retrospect a necessity, is to directly
manipulate the provers’ strategies themselves, without explicitly trying to relate them to a
classical strategy. More precisely, for x € F} let {A‘;} r. be the POVM applied by the

aclip

prover to determine their answer a, upon receiving question . We will show how one can
remove the dependence of {A%} on @, one coordinate at a time, by constructing a sequence
of POVMs {ng%m’wn }g with outcomes ¢ in the set of multilinear functions IFI; — ). These
POVMs will have the following key property: the respective strategies corresponding to (i)
measuring according to {A3}, and answering a or (ii) measuring according to {BY, . }
and answering g(aq, ..., x) are consistent, in the sense that if two distinct provers use either

strategy then with high probability they obtain the same answer. Setting k = n will give the

LA standard symmetry argument lets us assume that all provers use the same measurement.
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final result, by further proving that consistency implies closeness in an appropriate distance
measure. We will have shown that the original provers’ strategy is indistinguishable from
one in which the provers perform a measurement independent of their question, obtaining
a multilinear function g from which they compute their answer by evaluating g(x). This
effectively reduces the provers to using their entanglement as shared randomness, performing
their measurement even before the protocol starts.

A word on how the B measurements are defined. As we already pointed out, it is essential
that they are constructed as a global function of the original POVMs {A%}. We define them
inductively, and only explain the one-dimensional case here. Our definition is very intuitive:
{B} is the POVM which corresponds to measuring using {A? } successively using two
randomly chosen values of x;, and returning the unique linear function which interpolates
between the two outcomes obtained. Once one has settled on this definition, it is in fact not
too hard to show that success of {A$ } in the multilinearity test implies that the strategies
corresponding to the {A? }, and {B‘}, POVMs are consistent.

An additional major hurdle arises as a result of the inductive argument sketched above
(and this difficulty is already present in Babai, Fortnow and Lund’s classical analysis of the
test): the quality of the approximation between the A and B strategies blows up exponentially
with k. In order to control this error, one has to perform an additional step of self-correction
on the B strategy. Making this step work requires substantially more work in the case of
entangled strategies than it does in the classical setting, and is one of our main technical
contributions.

5.2 Preliminaries

Notation. For a field F, a linear function g: F — F is a function such that there exists
a,b € F, g(x) = ax +b. A multilinear function g: F¥ — T is a function that is linear in each
of its coordinates. ML(F*, ) will denote the set of all multilinear functions from F* to F. We
will denote tuples using bold symbols such as x and b. Given a tuple x = (z1,...,z,) and k €
n], let T<p = (21,...,2%), Top = (Tpi1, ..., 2n) and T = (T1, ..+, Th1, Thtly - - -, Tn)-

Given a positive matrix p and an arbitrary matrix A, we let Tr,(A) := Tr(Ap). In case
p is a matrix on two Hilbert spaces H; and Hs, and A is a matrix on H;, we will sometimes
abuse notation and also write Tr,(A) for Tr,(A ® Ids). We also let

A2 = Te(AATp),
and observe that A — || A||, is a semi-norm (it is definite if p is invertible). It was introduced

as the “univariate p-norm” ||AHup in Chapter 4l In that chapter we proved the following
Cauchy-Schwarz inequality: for any A, B,

Trp(ABT) < [|All, [| B]],-

We will work with incomplete POVMs {F;}, which are simply a collection of positive
matrices such that >, P, < Id (a complete POVM, in contrast, satisfies ) . P, = Id).
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5.2.1 NEXP-complete problems
We will use the following NEXP-complete problem, as stated in Proposition 4.2 of Ref. [12]:

Problem 1: Oracle-3-satisfiability.

Instance. Integers r,s € N in unary and a Boolean formula B(z, by, bs, b3, a1,as,a3) in
variables z € {0,1}", by, by, bs € {0,1}* and a4, ay, a3 € {0, 1}.

Question. Does there exist a mapping A: {0,1}* — {0, 1} such that B(z, by, by, bs, A(by), A(b2), A(b3)) -
1 simultaneously for all z € {0,1}" and by, by, by € {0,1}°7

Using the standard technique of arithmetization (e.g. Proposition 3.1 and Lemma 7.1 of
Ref. [12]), one can show that the following problem is also NEXP-complete.

Problem 2: Oracle-3-satisfiability, arithmetized version.
Instance. Integers r, s € Nin unary and an arithmetic expression@ for a polynomial f(z, by, bs, bs,
ai,as, az), where z represents r variables and each of by, by, b3 represents s variables.

Yes-promise. There exists a mapping A: {0,1}* — {0, 1} such that for all z € {0,1}" and
all by, bg, b; € {O, 1}8, it holds that

f(2z,b1,by, b3, A(b), A(b), A(b3)) = 0 (5.1)

in Z (and therefore in every field).

No-promise. For every pair (F, A) of a field F and a mapping A: {0,1}* — F, there exist z €
{0,1}" and by, by, by € {0,1}® such that Eq. (5.1 is not satisfied in F.

We note that the degree of the polynomial f represented by the arithmetic expression
can be at most the size of the arithmetic expression, and is therefore bounded by the input
size.

5.2.2 Summation test

Let F be a finite field of characteristic two. If |F| = 2*, an encoding scheme of elements in F
is specified by k and a primitive polynomial f(¢) over Fy of degree k. It is well-known that
given 1%, f(t), and the complete factorization of 2% — 1 along with the certificate that each
factor in the factorization is indeed a prime (such as the Pratt certificate), it is possible to
check that k& and f(t) form a valid encoding scheme of the field F in polynomial time.
Consider the following promise problem, which has both an explicit and an implicit input.

2An arithmetic expression is a rooted tree whose internal nodes represent either addition or multiplication
and whose leaves represent either variables or an integer constant. The size of an arithmetic expression is
the number of nodes plus the sum of the number of bits required to represent the integer for each constant
node.
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Problem 3: Summation Test Problem.
Explicit input. Integers m,d € N in unary, and an encoding scheme of a finite field F of
characteristic two.

Implicit input. A mapping h: F™ — F.

Promise. The given encoding scheme is valid, and the mapping h: F™ — I is a polynomial
function of degree at most d in each variable.

Question. Is

> h(z)=0 (inF)? (5.2)

xze{0,1}™

In a (single-prover) interactive proof system for a problem with an implicit input, the
implicit input is given to the verifier as an oracle The following variant of the summation
test of Lund, Fortnow, Karloff and Nisan [80] is a special case of Lemma 3.5 in Ref. [12].

Lemma 36 (Summation test [12]). Suppose that |F| > 2dm. Then there ezists a single-
prover interactive proof system for the Summation Test Problem with perfect completeness
and soundness error at most dm/|F|. Moreover, in this interactive proof system, the verifier
behaves as follows. First he chooses q € F™ uniformly at random. Then he interacts with
the prover. At the same time, he reads the value h(q) from the implicit input. Finally he
accepts or rejects depending on q, h(q), and the interaction with the prover.@

To apply the summation test to Problem [ we have to consider exponentially many
constraints instead of one.

Problem 4: AND Test Problem.
Ezxplicit input. Integers k,d € N in unary, and an encoding scheme of a finite field F of
characteristic two.

Implicit input. A mapping h: F*¥ — TF.

Promise. The given encoding scheme is valid, and the mapping h: F¥ — F is a polynomial
function of degree at most d in each variable.

Question. Is h(¢) =0 (in ) for all 4 € {0, 1}*?

The idea for the following corollary is already explained in Section 7.1 of Ref. [12]. We
will give a proof in Appendix [A.2.] for the sake of completeness.

3In Ref. [12], the authors refer to the interactive proof system for the Summation Test Problem as an
“interactive oracle-protocol,” viewing the mapping h as an exponentially long certificate string which is given
to the verifier as an oracle. However, for our purposes it will be more convenient to treat h as part of the
input.

4In particular, this implies that the verifier reads only one value h(q) from the implicit input and the
position g € F™ to read is chosen uniformly in F™. Together with the soundness guarantee, this in turn
implies that if the implicit input is d-close to a polynomial function h of degree at most d in each variable
and h fails to satisfy the equation (5.2), then the verifier accepts with probability at most § 4+ dm/|F| no
matter what the prover does.
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Corollary 37. There exists a polynomial p: NxXN — N for which the following holds. There
exists a single-prover interactive proof system for the AND Test Problem with perfect com-
pleteness and soundness error at most 5/8 + p(k,d)/|F|. Moreover, in this interactive proof
system, the verifier behaves as follows. First he chooses © € F* uniformly and independently
at random. Then he interacts with the prover. At the same time, he reads the value h(z) from
the implicit input. Finally he accepts or rejects depending on i, h(t), and the interaction
with the prover.

5.3 Protocol

In order to prove Theorem we construct a four-prover poly-round proof system for
Problem [2] which has perfect completeness with classical provers and soundness error at
most 1 — 1/poly with entangled provers. Our protocol follows that of [12] very closely. We
replace the three calls made in their protocol to the Oracle by calls to three distinct provers.

Label the provers as P, X, X5, X3. The protocol will be symmetric under any permuta-
tion of the three provers X, Xy, X3. Let (r,s, f) be an instance of Problem 2 as described
in Section 5.2.1l Let d; be the maximum degree of f in any one variable. Let m = r + 3s
and d = 2dy. Let N be the smallest power of two such that N > 8p(d, m), where p is the
polynomial appearing in the statement of Corollary 37l Let F be the finite field of size .

The verifier first receives an encoding scheme for F and its certificate from P, and rejects
if it is not valid. In the rest of the protocol, all arithmetic operations in F are performed
using this encoding scheme. If it is valid, the verifier proceeds to one of the following three
tests chosen uniformly at random:

o (Consistency test. He chooses € F® uniformly at random and sends the same ques-
tion « to the provers X, X5, X35. He expects each prover to answer with an element of
F, and accepts if and only if all the answers are equal.

e Linearity test. He chooses i € {1,...,s}, & € F* and y;, 2; € F uniformly at random,
and sets y; = z; = z; for every j € {1,...,s}\ {i}. He sends x,y, z to X1, Xy, X3, in
random order. He receives integers a, b, ¢, and accepts if and only if

b—a c—b c—a

Yi—Ti  Z—Yi 2T

o Summation test. The verifier simulates the interactive proof system in Corollary [37]
with the explicit input (m, d) and P. When the verifier in Corollary B7 tries to read the
value h(z, by, by, bs) in the implicit input, where z € F” and by, by, bs € F*, our verifier
simulates this by sending by, by, by to X1, X5, X3. Upon obtaining answers ay, as, as
to his queries, he evaluates f(z, by, by, b3, a1, as,a3) and uses the result as the value
of h(z,by, by, bs).
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Note that in each of the three tests, each of the X provers is asked a question x € [F*
distributed uniformly at random.

5.3.1 Completeness

To prove completeness, let (r,s, f) be a yes-instance of Problem 2 Then there exists
a mapping A: {0,1}* — {0,1} such that Eq. (51) is satisfied for all z € {0,1}" and
all by, by, b3 € {0,1}° simultaneously. Let g be the unique extension of A to a multilin-
ear function g: F* — F. Each of Xj, X5, X3 answers g(b) on question b € F°, while P
behaves as it should in the AND test. Then it is clear that this deterministic strategy is
accepted with certainty in the consistency test and the linearity test. In the summation test,
note that the value of h(z, by, be, bs) which the verifier uses is given by

h(za bi, b, b3) = f('z7 bi, b, b379(b1)79(b2)79(b3)),

which is a polynomial in z, by, by, bs of degree at most 2d; = d in each variable. Therefore,
the promise in the AND test is satisfied and prover P has a strategy which makes the verifier
accept with certainty:.

5.3.2 Soundness

The soundness analysis is divided in two parts. First we analyze the consistency and linearity
tests, and show that success in those tests implies the following. (We refer the reader to
Section [0.2] for some relevant notation and definitions.)

Theorem 38. There exist universal constants 0 < co,cq < 1, Cy > 1 such that the following
holds. Let F be a finite field. Suppose |V) and {A%}, form a symmetric strategy which
passes both the consistency and the linearity tests with probability 1 —e. Assume furthermore
that |F|~' < ¢ and £°/2 < s7'. Then there exists a POVM {V9}, indexed by multilinear
g: F* — I, such that

4

Be Y Tr,((A% — Vi) < Cre, (5.3)

where we defined V& :=>" Ve,

g:g(z)=a

Theorem [38] is proved in Section [5.4l Assuming the theorem, we prove that our proof
system has soundness error at most

1 —3s70/2

provided s is larger than an absolute constant depending on ¢; and Cy. Let (r, s, f) be a no-
instance. Suppose that the provers have a Symmetricﬁ entangled strategy S whose acceptance

5This is without loss of generality by Lemma
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probability is 1 — /3. Let [¥) € P ® &1 ® Ay ® X5 be the state used in the strategy S
and (A%)acr be the projective measurements used by each X prover in the strategy S.

The verifier can be viewed as performing the multilinearity game with the players X, X5, X3
with probability 2/3 and performing something else (the summation test) with probabil-
ity 1/3. Therefore, the marginal strategy S|x, . X3, Xs has winning probability at least 1—e/2 >
1 — € in the multilinearity test. By Theorem [38] there exists a POVM {V } such

gEML(F* F)
that inequality [(5.3) holds, where p is the reduced state of |¥)(¥| on A). Let

Vo= ) Ve

gEML(F* F)
g(x)=a

For 0 < i < 3, let S; be the entangled strategy obtained from S by replacing the POVM for
the first ¢ provers X;,..., X; by V;!. Note Sy = S. In the strategy 5;, the provers Xi, ..., X
can be implemented so that they measure the prior entanglement without looking at their
question. In particular, in the strategy Ss, every prover except for P measures the prior
entanglement without looking at the question, and therefore S3 can be implemented by
shared randomness.

For 0 <1 < 3, let p; be the probability that the strategy .S; is accepted in the four-prover
protocol. By definition, py = 1 — ¢/3. We prove the following.

Claim 39. Fori=1,...,3, it holds that |p;_1 — p;| < \/Cie®/2.

Proof. The only difference between the strategies S;_; and S; is the measurements used by
the prover X;. We call the message from the verifier to X; as register A, and call everything
other than A and the private space X; for prover X, as register B. Register A is classical,
but we treat it as a quantum register which always contains a state in the computational
basis. Let o be the global state before the prover X; performs his measurement, and o4
(resp. oy) be the global state after the prover X; performs the measurement A, (resp. V)
on his share of the state, and then discards the post-measurement state. Since the marginal
distribution on the question to X; is uniform, the state ¢ has the following form:

0 = Egers ) (®|4 © 037,
where TrpoXiB = 0% = p is independent of &. We want to bound (1/2)||ow — o1, where
ow = Tr, [ wer @) (@4 ® Y |a)(ale ® (AL ® Ig)oyB (AL & Izs)]7
acF

iB‘A®Z’CL (I‘c \/V‘I@IB \/Va®[B:|

oy = Try, { ©CPFs | T
aclF
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and C denotes the register used for prover i’s answers. For x € F*, define isometries Uy, V1 X;®

Ua; = ZA?B ®]B® |(l>c,

a€lF
Vo=)Y VVi®Iz®la)

a€lF
Then,
low — parlln
< H[H}Emeﬁfs Wala @Y la)ale @ (A% ® Ig)oy B (AL @ I) — (Ve @ In)oy P (/ Vi ® 1))

a€F

< Egers H]Z| (ale ® ((A% ® Ip)oy P (AL @ I) — (Ve ® Ig)ogB(\/Ve ® Ip))

a€F 1

< 2Wger | Y Tr((Ag — /VE)?)

a€lF
Eoers Y Tr((As — /V)?p)
aclF

24/ Checr,

where the third inequality is by Lemma [I17], the fourth is by convexity and the last by |(5.3)}
Therefore, we have that |[p;_; — p;| < v/C1e%/? as claimed. O

By the triangle inequality, Claim B9 implies that |py — ps| < 3v/C1e%/2, and therefore

P3 > po— 3 01601/2 =1—¢— 3\/01601/2 >1—44/ 01801/27

where the last inequality uses ¢; < 1.

If not all of the provers choose the same multilinear function, then they pass in the consis-
tency test with probability at most s/|F| < 1/6 by Schwartz’s lemma |103]. In the strategy S,
they pass in the consistency test with probability at least 1 — 211/C1e“/2. Therefore, they
choose the same multilinear function with probability at least 1 — 21y/C1e%/2/(1 — 1/6) >
1 —26+/C1e/2. This implies that if an oracle chooses a multilinear function in the same way
as the prover X; and use it for all three queries, the distribution on their answers will differ
by at most 521/C /2. Therefore, this oracle (which always implements a multilinear func-
tion) together with the prover P is accepted in the interactive proof system of Corollary B7]
with probability at least 1 — 214/C /% — 524/C1e®/? = 1 — 73/C1e/2,

1
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Because of our choice of the finite field I, the acceptance probability in the interactive
proof system of Corollary 87 is less than 3/4. Comparing this with the lower bound in the

previous paragraph, we obtain
3
1 — 734/ 016C1/2 < Z,

1
(2022 . Cy)V/er

contradicting our assumption that € < s7%/2 as soon as s is large enough. Since we obtained
this lower bound on e from the assumption that there exists an entangled strategy with
acceptance probability 1 — ¢/3, we have proved the claimed soundness guarantee against
entangled provers.

which implies

€ >

5.4 Analysis of the multilinearity game

In this section we analyze the combination of the consistency test and the linearity test
described in Section as a stand-alone game played by three players. For convenience, we
restate the test here. The game is parametrized by two integers n and p, where p is a power
of 2 and F a finite field of order |F| = pﬁ and is performed with three players X7, X5, X3
treated symmetrically. The referee performs the following two tests with probability 1/2
each:

e (onsistency test. The referee chooses € F" uniformly at random and sends the same
question @ to the players X7, X5, X3. He expects each player to answer with an element
of F, and accepts if and only if all the answers are equal.

e Linearity test. The referee chooses i € {1,...,s}, x € F" and y;, 2; € F uniformly at
random, and sets y; = z; = z; for every j € {1,...,n} \ {¢}. He sends x,y,z to a
random permutation of the players, receives integers a, b, ¢, and accepts if and only if

b—a c—b c—a

Yi— T zi— Y Zi— T
The following definition will be useful in our analysis.

Definition 40. Let {T£>k }geML(Fk—l F) and {th>e}heML(W—1IF) be two families of (possibly
incomplete) POVMs. Let 6 > 0. We say that T and V' are d-consistent if the following
holds:

w(T, V) == B, > Tr, (T3, ® Vi) <6

g,h: g(@<)#h(T <)

6The dimension parameter n was called s, and p was called N, in the previous section.
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We also let ;(T') := p(T,T): 1(T) measures the probability that two distinct provers simul-
taneously measuring their share of the entangled state using {T£>k} obtain functions g, g’
that differ at (a random) x . Finally, by a slight abuse of notation we write

Tr,(T) = Eq Y Tr,(TL.,)-
g

The main result of this section is the following.

Theorem 41. There exists universal constants 0 < ¢y < 1, Cy > 1 such that the following
holds. Suppose W) and {A%}, form a permutation-invariant strategy which passes both the
consistency and the linearity tests with probability 1 —e. Assume furthermore that p = |F| >
el and £/ < n~t. Then there exists an incomplete POVM {V"},cnp@n ), indezed by
multilinear h : " — F, such that

1. V is O(g%)-consistent with A,
2. Tr,(V) >1—Cye®.

The first condition in the theorem intuitively guarantees that, if a prover measures ac-
cording to V', obtaining a multilinear function h as outcome, then the value of that function
at & will correspond to the answer a that another prover applying the original POVM {A‘;}}
would have obtained. The second condition states that the POVM V' is “not too incomplete”.

We will show how Theorem (1] implies Theorem B8 in Section (.42, while Theorem EI]
will be proved in Section Bl In the following section we show a weaker version of the
multilinearity test, the “linearity test”, which implies Theorem HI] for n = 1. While that
claim avoids a lot of the difficulties of the overall proof, it demonstrates some of its basic
ideas and techniques, and will be used as an important building block in the proof of the
general case.

5.4.1 Preliminary analysis

As an immediate consequence of {A“w} succeeding in the multilinearity test, we get that the
following relations hold:

By Y Tr, (A% @ A2) >1-¢, (5.4)
a
vieWl B Y Tl oAt oaf.) =i-n

> 1—+e, (5.5)

where the last inequality follows from our assumption that n < e=%/2 < ¢=1/2_ We note that
here as elsewhere we abuse notation and use p to denote the prover’s density matrix on all
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three provers’ systems, any two of the provers’, or any one of them. Which will always be
clear from the context (recall that p is permutation-invariant).

The following claim proves the “linearity” part of the multilinearity test. It generalizes
Theorem @ from Chapter 2 to field sizes p > 2.

Claim 42. Suppose that {A%L} is a projective strategy passing the consistency test with prob-
ability 1 —e, and the linearity test in the i-th direction with success 1 —+/e. Then there exists
a POVM {B}E‘j’z}(u »)eF? such that

E, ZHA“ B[’

uvu:c+v a

- 0(v2).

Proof. Define
Buv o Ezﬁé:c Auxz-i-uAuz +UAux1+v

T, - ), P 2] Ty L—i"

Then {By"}. s a well-defined POVM: for fixed z; # 2}, as (u,v) ranges over F? both

uz; + v and uz} + v independently range over F. Using the definition of the norm || - ||,, we
can expand
2
ol Z 4z - B =B S M (A2) + B, Y T (BetBYY)
u,v: uzZJrv a P a (u,), (u',v")
uz;+v=u'z;+v"
2B, Y = Tr,(ALByY). (5.6)

a,u,v:uUT;+v=a

By Lemma[I20), using the consistency of {Ag} (and letting Bj := >, s, 10— Ba", Play the
role of B; in that lemma), in order to lower-bound the last term it will suffice to lower-bound
| D Z(u ) us+v—a LLp (A“m ® Biéfi) Using the definition of By, we have

E. ), T4 0B

a,u,v:uT;+v=a
. a wri4v uzi+v  uxito
- Em@:ﬁémil 2 : TI'p (A ® A ﬁiAa: mﬂAm;,mﬂ')
a,u,v:uT;+v=a
- j : a uri4v cux4v uxi+o a )
= Em,xi;ﬁx;/ Z TI’p A ® Ax @ ZAx;’,mﬂ'Am o ® Aw T
a,u,v:ur;+v=a a’
/ "
a UL;+V JUT] UV UuT; +v ux; —H})
< Efc,x;?éﬂ@;/ § : TI'p (A:B @ Ax;,a:ﬁiA:c;/,:cﬁiAr ST ® Ax L t+e
a,u,v:uT;+v=a
a a ux "+ qf ux’+v
< E;,;,x;#x;/ z : z :TI‘p (ACE ® Afté,mﬁiAx T A ® Ax a:ﬂ) +2e¢
a,u,v:ur;+v=a a’

(5.7)
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where the first equality simply uses that the Ag’, ., Sum to identity over a’, and the two

inequalities both use|(5.4)| on the last two registers (together with A% < Id). Moreover, by
Claim [IT9] together with |(5.4), we know that

(A3 @Hd@ 1) p(A5@1d1d) - p| = O(VE),

a

where we used that the Aj are projectors. Hence

a o uz4+v g uz +v uzi4v
Bowzar Y, Y Tr(As® (A o A AL, — AL ) @ AL

a,u,v:ur;+v=a a’

= Ew,xﬁéx;/ Z ((Aa X Aux '+u ® Aux +v)

CU yL—g
a,u,v:ur;+v=a

(Z(Id ©AY, ©ld)p(deAs, © Id)) — p>)
ZA?UZ,%P e ol = 0(v2),

— 513217

Aa®Aux +U®Aux +v Id

where for the inequality we used that for every &, >, o vy 2 s

and monotonicity of the trace distance. Combining this last bound with - we obtain

Be Y, T(A0BY) =Eamuy ., Trn(Aiedr [ oAy") +0(VE)

a,u,v:uT;+v=a a,u,v:ur;+v=a

— Em:p ;éz” ZTrp Auxz—i—v ® Aux ' +v ®Au:v +v) + O(\/_)

u,v

Up to the missing x; = z! terms, the last summation above is exactly the probability that
the A% pass the linearity test along the first coordinate, hence is at least 1 — /¢ by |(5.5)]
Terms in the expectation for which z; = z! contribute at most 1/p < ¢, hence we have

shown:
Be > Tr(A2®@Bi") >1-0(Ve).

a,u,v:ur; +v=a

Since the first two terms in|(5.6)| are at most 1 each, this implies the bound in the claim. [J

5.4.2 Proof of Theorem (3§

In this section we show how Theorem [B8, which is the result we need in order to analyze
the overall protocol from Section [(5.3] follows from Theorem HIl Theorem [l is proved in
Section
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Proof of Theorem[38. Given that A passes the consistency test, we have pu(A) > 1 —¢ (cf.

Eq.|(5.4))) and hence

Ee » Tr,((A @Id—1d® A5)%) = 2-2) Tr, (A% @ A%) < 2e. (5.8)

Let {Vh} be the incomplete POVM guaranteed by Theorem A1l Expanding
E. Y Tr, (A%~ VE)?) =E, Y (Trp((A;)Q) + T, (VE)?) — 27T, (Agcvg))
<2-2F, Yy Tr,(AzVy),

it will suffice to show that this last expectation is close to 1. By Lemma and self-
consistency of A as per [(5.8)} it suffices to lower-bound

Ee » Tr,(A% @ Ve) =Tr,(V) — u(V,A) > 1= Coe™ — O(e™),

assuming the bounds claimed in Theorem Bl This proves Theorem B8 [

5.5 Proof of Theorem (41]

In this section we prove our main result on the analysis of the multilinearity test in the
presence of entanglement between the provers, Theorem [l Its proof proceeds by induction,
and is based on two lemmas. The first, an analogue of the “pasting lemma” from [12], lets
us remove the dependence of the provers’ strategy on the verifier’s question one coordinate
at a time.

Lemma 43 (Pasting lemma). Let {A%},, where € € F" and a € F, be a strategy that is
accepted with probability at least 1 — € in both the linearity test and the consistency test. Let
ke n] and {T}_ }, , where h:F*' — F is multilinear, be a (incomplete) POVM such that
T satisfies properties 1.-3. in the conclusion of Lemma [{4, for some n™* > § > /g, and
assume p > n>. Then there exists a (incomplete) POVM {Vaf>k}g, where g : F¥ — F, such
that

1.V is consistent with A: p(V, A) = O(6"/*) ,

2.V has large trace: Eg_, > Tr,(VE ) > Eau, >, Trp(Ta’;Zk) —O(6Y4).

T>k

We note that in this lemma we keep very little information on how V relates to T', but
rather connect V' directly to A through the consistency property. Indeed, it can be thought
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of as a weaker variant of Claim 2] but one that we will be able to carry out throughout the
induction.

The second lemma is the quantum analogue of the “self-improvement lemma” of |12].
It shows that, if a strategy {A%} is weakly consistent with a multilinear POVM {RY_ },

T>k

and it passes the consistency and linearity tests with high probability, then it must be
highly consistent with an “improved” multilinear POVM {T¢_ }. (The extra conditions in
the conclusion of the lemma are not ultimately needed, but are helpful to carry out the
induction procedure.)

Lemma 44 (Self-improvement lemma). There ezists a universal constant 0 < ¢ < 1 such
that the following holds. For every x € F", let {A%}, be a POVM indexed by a € F. Let
1/n >8> /e >0 be such that the following hold:

1. {A%}s passes both tests with probability 1 — ¢,

2. There exists a (incomplete) POVM {RY,_ }4, indezed by multilinear g : F*~' — F, such
that u(R, A) < 6. B

Then there exists a (incomplete) POVM {T4_ },, where g : F*=1 — T, such that T has a

factorization T3~ = Tng (Tng)T, and for every x there is a S = SY (S’g)T such that the
following hold:

1. For every « and a, ) .09 < AL,

g:9(x<k)=
2. B, || Te., - Sg||i = 0(e9),
3. u(T, A) = O(e°),

4. Tr,(T) > Tr,(R) — O(8Y4).
Based on these two lemmas, we can give a proof by induction of Theorem (11

Proof of Theorem [{1. We show the following by induction on 0 < k < n:

TH(k): There exists universal constants 0 < ¢ < 1, C,C" > 1, and a POVM {V}! },
indexed by multilinear h : F¥ — F, such that

1. V is C"e“*-consistent with A,
2. Tr, (V) >1—C(k+1)es

[H(0) is the base case, and is trivial: just set V' = A; properties 1 and 2 both hold as a
consequence of A passing the tests. TH(n) implies the theorem.
Suppose that IH(k — 1) is true, prove IH(k). Let {R"_} be the POVM guaranteed by

the induction hypothesis, where h : FF~! — F is multilinear. First apply Lemma B4 to A
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and R. Let C” be an upper bound on all constants implied by the O(+) in the conclusion of
the lemma. We obtain a POVM {T£>k}g such that Tr,(T) > Tr,(R) — C"(C'e/*)/*, and
T satisfies the other three conclusions of Lemma d4] with an error 6 = C”e°.

Apply Lemma [3] to T. Let C" be an upper bound on all constants implied by the
O(+) notation in the conclusion of the lemma. We obtain a POVM {V$9>k}, where now
g : F¥ — F is multilinear, such that V is C"(C"e¢)/*-consistent with A and Tr,(R) >
Tr,(V)—C"(C"e%)'/*. This proves IH(k) provided C, C’ are chosen such that C" > C"'(C")'/4
and C Z C///(C//)1/4 + C”(C/)l/4- ]

5.6 The self-improvement lemma

In this section we prove Lemma [44] which shows that the consistency with A of a given
(incomplete) POVM {R;‘,’bk }g can be improved, while not increasing its “incompleteness”,
as measured by Tr,(R), too much. Before proceeding with the details, we give some intuition
and a high-level overview of how we will proceed.

Think about the following simplified situation in two dimensions. Consider also the case
where p = 2, so that the prover’s answers are simply bits. For every & € F? we are given
a binary projective measurement (A2, AL): picture two orthogonal “planes” of dimension
d/2 each. Our goal is to find a global “refinement” of these planes: a single projective
measurement {79}, with outcomes in the set of bilinear functions ¢ : F? — T, such that at
every x the approximation A% ~. Zg:g(m):a T9 holdsfl In order to achieve this, we start

from two assumptions:

1. There exists another measurement {R9} which achieves an approximation of weaker
quality, up to some § > ¢, than the one we are looking for,

2. The A% are very close to linear: for every line (xy,-) (resp. (-, z3)) there is measure-
ment B! . with outcomes in the set of linear functions F — F such that A{

. (z1,22)
Zf: U(z2)=a Bazl )

The goal is to use the high quality of the approximation along lines to improve the quality of
the overall “bilinear” approximation. Let’s trust that an ideal measurement {79}, achieving
an approximation of order ¢, exists. How can {R?} differ from this ideal measurement? We
may think of {RY9} as a perturbation of {T9}. There are two ways {79} can be perturbed:
the first is by applying an arbitrary (but not too large) rotation (or, in general, unitary
transformation) on the whole space. The second is by “mis-labeling” some of the POVM
elements: e.g. for some g, a subspace of the space on which RY projects could have been
labeled as a subspace of T9 for some ¢’ # g.

~
~e

7 At this point we are being purposely vague as to how the approximation is measured. It will be done in
a relatively weak sense, through the consistency u(T, A).
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These are the two main types of errors to keep in mind. We devise a procedure which
“corrects” the first type of error, but not the second: indeed, if some parts of the measurement
{R9} are mis-labeled, and hence produce outcomes which agree very poorly with the original
{A%}, there is no generic way to recover from such errors. This type of error is unique to
the quantum setting, and is the main reason why the measurements we construct “shrink”
at every step of the induction: any mislabeled portions of space will have to be thrown out.
Since we cannot recover from these errors, it is crucial that they do not add up to too much
throughout the whole induction procedure.

To correct the first type of error, we introduce the following procedure:

1. For every @, find the POVM {59}, which is closest to {R,} (for some appropriate
measure of distance between POVMs) while being perfectly consistent with {A%}: that
I8, 3 g g(w)=a 0% = Ag. This is possible only because  is fixed. We obtain {55} as the

optimum solution of a convex program |(5.9)|

2. Show that {S9} in fact does not depend too much on @, so that defining 79 := E, S
leads to the consistent measurement we are looking for.

The second step is key: why would the {S9} be (almost) independent of &? Here the
linearity property comes into play. Using the perfect consistency of S and A, together with
the linearity of A, we are able to conclude that the {S2} should not vary too much along any
line. That is, Sg’xlm) R Sfxl,xg) for any 1 and x», 2, (and similarly in the other direction).
This step uses properties of the specific optimization problem that we introduced in order
to define {S2},. The invariance along lines, together with the (reasonably) good expansion
properties of the hypercube, lets us conclude that the {S2} are in fact globally invariant,
leading to the required POVM {7 }E

We now proceed with the details. In the following section we introduce the optimization

procedure that is used to define the operators {Sg}g. In Section (£.6.2] we show that the

{S9} are close to being independent of @, leading to a POVM {79} having the properties
claimed in Lemma 4]

8There will be a loss of a factor n in the quality of the approximation, but this is ok: they key point is
that the quality of the approximation of the TY depends on € (and n) only, not on 4.
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5.6.1 A convex optimization problem

For every @ and multilinear g, let {Sg}w be a solution to the following convex optimization

problem:
2
— /RS,

p

o = (5.9)

g9
Vo.g, 55 = ARG vaa, S S9(89) < AC
g:9(z<k)=a
where \/RZ., is the positive square root of the (incomplete) POVM elements {R%k}g

promised in the assumptions of Lemma B4l Let SY = 59 (Sg TE Our first claim shows that
the optimum of [(5.9)|is bounded as a function of the consistency of R and A.

Claim 45. Suppose that the {Rg>k}g are POVMs satisfying the assumptions of Lemma [{4)

Then the optimum of [(5.9) is at most O(\/u(A, R) + /€).

Proof. We construct a feasible solution achieving the objective value claimed. Let 5'990 =

AJ@<k) | /Ri-,. Then by definition {S‘g} is a feasible solution to|(5.9), To upper-bound its
value, we first evaluate

Eo Y (Tr,(S4y/Re) — Try(RY.,) ) = B ZTrp (Ag=<0) — 1d) Ry )
g

We can bound
E. Z Tr, ((AL=<) —1d) RS, ® (Id — AL®<0))

T

1/2

< (B (e, © (- a2 ) (B D (42—, (4250 - 10)
g
< \/u(A, R), (5.10)

where the first inequality is Cauchy-Schwarz and the second follows by definition of p(A, R).
Similarly,

Eo Y Tr,((A%2<t) —1d)RE_ © AZ®<)

T>k

(B 30 0 ) (B0 T (- ), (1 — 1) 130
g g

< Vu(A,A) = 0(ve), (5.11)

9We will usually use a hat, as in S, to denote matrices which we think of as factorizations of POVM
elements, and hence are not necessarily positive. In general, the relation between X and X will always be
that X = X XT.
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by consistency of A. Together, Eq.|(5.10)| and |(5.11)| show that

Eo Y Tr,(S94/R%.,) > Bz > Tr,(RY.,) — O(Vu(R, A) + V).

, to conclude it suffices to show that also

Expanding out Hgi —/Ri..| i

which follows from arguments similar to the one above. O

5.6.2 Constructing a POVM independent of

As a first step in showing that any optimal solution to must be close to being indepen-
dent of x, we show that such an optimal solution must be close to another feasible solution
which is furthermore close to being invariant along the direction of any line. Precisely, we
have the following.

Claim 46. Assume p~' < e. For every i < k there exists a feasible solution {Zg;} to|(5.9)
with objective value at most d; + O(s) 1/4, such that

2 = 0(ve).

p

Bo) |28 -BuZ; .,

g

Proof. Let {S%} be an optimal solution to [(5.9)} and for any i < & let
Y9 = BJ""E, 5

r— Ti~a

where /;(x) is the line going through @ and parallel to the i-th axis, and {B._,}, is the

“lines” POVM introduced in Claim 42l We first claim that the ffgﬂ_, while not strictly
feasible, achieve an objective value in of at most d; + O(e).

Towards proving this, we first show that Bi(‘”ﬁ’“)ég; is close to S9. This follows from the
relation A2*<* 89 = 39 and the closeness of A and B. Indeed, we have

Bo Y | Ba™8% - Sg|7 = B 3 T, (B7= - 457) sy (BE" — A57<))
g g
a all2
<E.y_ ||B: - A3,

=0(v5) (5.12)
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by Claim By convexity, the following (infeasible) operators

~

V9 .— B, BI®<Hge

T €

also achieve a value d; + O(y/¢) in|(5.9)]

Next we show that the ?gﬁi are close to the

T @x)

YS = B"E,S¢
T—; -
which are invariant along lines in the ¢-th direction. Indeed, from the definition

) 9l¢; (x) & U Q
g i g ) g
Ve, = BIOE, S+ B, Y B
uzitv=g(x<))

(u,0)#9|4, ()

The norm of the second term can be expanded as follows:

Eo Y [Be > BEtSS
9

uzi+v=g(e<p)
(w,0)#9)4; (x)

= Ea:ﬂ' Z ECCz‘7yi Z Z TrP (B;;UZ S’iﬁi,xi (S’g:ﬂ,yl)-rB;,—z:/)
g

uzi+v=g(e<p) v'yi+v'=g(x <)
(w0)#G)e; () (W V)Gt ()

Eq. from Lemma shows that terms such that (u,v) # (u/,v") contribute at most
O(\/i(B,B)) = O(g'/*). But the only possibility for (u,v) = («/,') is that also x; = y;,
since two distinct lines intersect in at most one point. Hence we have that

2
p

E., Y HEJ; S Butsy “_E, S iR, ST Tr,(BEUSIBEY) + O(V4)
g uzi+v=g(x<)) r g p uzi+v=g(e<p)
(w,0)#9)0; () (u,0)#9)0, ()

1
< =40V,
Lo

This in particular implies that the ngﬁi, while still not necessarily feasible, achieve an objec-

tive value in[(5.9)] of 8; + O(£'/1).
Finally, define Z9 := Ai(mg’“)Bi‘f’;(”’) E,,59. Then the {Zg} are feasible in [(5.9)] and the

fact that ) R
E. Y |28 -2 |2 = 0(ve) (5.13)
g

p
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follows from arguments similar to those used to prove Eq. |(5.12)l Hence the {ch} are a
feasible solution to [(5.9)] with objective value d; + O(c'/*). Finally, by convexity [(5.13)

implies that
B S II8n 72 V2, = 0(vE)

p
which together with the triangle inequality and shows that the Z are close to their
expectation on any axis-parallel line in the i-th direction, proving the claim. O

Using convexity of X — [[X — AJ|? for fixed A, the following follows from Claims
and [46l

Claim 47. Let {S‘g} be an optimal solution to|(5.9). Then

Eaick ) 1155 — ExS3 o ll; = O(1).
g

Proof. We show that the two solutions thus constructed to |(5.9)} {gg} and {Zg} from
Claim [46, must be closedld

Bai Y (28— S4|” = O(e'). (5.14)
g

The claim will follow by combining this bound with the fact, proved in Claim [40] that the
Z9 themselves are close to their expectation along any axis-parallel line in the ¢-th direction.

Eq. essentially follows from the fact that both {Sg} and {25} are almost-optimal
solutions to , which is the minimization of a “Euclidean- like distance to a convex set —
hence they must be close. Precisely, since the feasible set of|(5.9)|is convex, for any 0 <t < 1
the elements (1 — t)Sg + tZg also constitute a feasible solutlon By optimality of {Sg }, its
objective value must be at least d;: for every 0 <t <1,

2
55— \JRe.,

2

< Em; H(l — )89 + 178 — \/ R, )
:tQEmZtQ S9 —\/ s,
+2LE, ZTrp< Sg)(s VD)

10Note that Zg implicitly depends on ¢, and the following equation is measuring the distance on average
over the k — 1 different constructions of Zg obtained for all 1 < < k.

2

~ 112
9 _ Q9
Zm Sw o

p
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Using the known objective values, re-arranging and making ¢ — 0, we obtain that
Fa Ty (22 - 52) (y/ Fbor = 89)7) = 0(%).
g

Hence

113>k

I DY 11 e S ( Ay e
g g p
+ 2Ty, (22 - 52) (RS, ~ ))

= 0(e""),

proving [(5.14)| O

Claim 7 shows that the {S%}, do not vary much along any axis-parallel line in the i-th
direction. Using the expansion properties of the hypercube, we can deduce that the {S9},
are close (in the ||-]|2 norm) to a single operator, independent of the first (k—1) coordinates.

Claim 48. For every x> and g, let 79 =E Sg Then

T>k Tk
E Z HSQ 93>k ,2) = O<n€1/4)

Proof. This is a direct consequence of Claim 1211 [

The only points remaining to be proven in Lemma [44] are items Bl and @ Both follow
from the two previous items in a similar way. Item Ml follows as

Tr,(T) = E, ZTrp 72 Tg>k)f)
=E, ZTrp N+ 0@

—E, ZTrp 1) +0("4) + 0("),

where the second equality follows from Cauchy-Schwarz and Claim (48] and the third follows
from Cauchy-Schwarz and the bound proved in Claim (45|
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5.7 The pasting lemma

In this section we prove Lemma Let T' be the POVM whose existence is promised in
the lemma’s assumptions. Our goal is to define a new POVM V| depending on one less
coordinate of @ than T', but such that V is still reasonably consistent with A and is not
“too incomplete”: its trace should not be much smaller than that of 7. The idea is to define
V' as (roughly) corresponding to the sequential application of 7" twice. This will produce
two (k — 1)-multilinear functions h and A’, from which a k-multilinear function g can be
recovered by interpolation. This is essentially the same method as was used to define the
“line” operators B from the “point” operators A in Claim 42 Here the added difficulty is
that we are working with incomplete POVMs, and special care must be taken to ensure the
overall trace does not decrease too much.

For every >, and h choose a factorization of each POVM element T7 = T (1% )T

T>k T>k
that is such that Tfkw> . (T ;}é z>k)T = 0 whenever h # h' or z, # z},. While this factorization
may not be the one that appears in Lemma (4], all properties of this lemma are independent
of the specific factorization chosen (provided it is reflected appropriately in the factorization
for ST).

Define Tka => TLLM and let TwM = EkamZk. Let Tw>k = UXVT, where ¥ is diagonal
with non-negative coefficients, be the SVD (to lighten the notation we leave the dependence
of U,% and V on &~ implicit). Let S be ¥ with all eigenvalues less than €% rounded down
to 0, where d > 0 is a small constant to be specified later. Let Tw>k = UEVT, and let
T;! =VS~'UT be the pseudo-inverse.

For every x; and multilinear g : F¥ — FF define

~

Ve = BB T T T T (T ) (5.15)

> TRFYR T F Yk~ TooT>k L @ gt Uk >k sy \ Lo sy,
We first verify that the {V9§>k}g form an (incomplete) POVM[]

Claim 49. For every @y, it holds that Vi > 0 for every g and Zg Vi,
O(e72/p)) 1d.
Proof. The non-negativity part is clear, as
- ~ ~ - T
9|z — 9| - 9|z
Vaik = Eyk <Exk7éykak7!z>k>Tm>1kTyk!j£>kTw>1k <Exk7éykak7§’>k> .
Using ABT + BAT < AA" + BBT, for any (xy, yg, x},) we have
o | = 1 (Il T, el 1 =1 (e T
Txk7§3>kTm>kTyk?§:>kTw>k (Tx;,§5>k) + Tm;,;}>kT$>kTyk?§3>kT$>k (Txkﬁ%>k>

9|z — — ~9|x ~ 9|z — — Agzl,
< Tk T T T (T, + T T Ty T2 (T, )Y

Thrl>k " Tsp " Yo >k TS sk Tk T x;wa:>k

(1+

UThe claim shows that the Vi, sum to “barely more” than Id. To make them into a POVM it will
suffice to eventually scale them by the appropriate amount. This will not affect the properties that need to
be proved in Lemma [3] by much.
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Hence

79|z 9| 1 (9l T
Zvd’g>k S EykEzkiykT > T Tyky§3>kT ! (T.Z’k,]:;:>k)

TEry >k T p T
9

(1 + 1/p) LT>E)

where in the last inequality the extra (1 /p)Id accounts for the terms for which x; = y that
are missing, and we used T T T-! <1d by definition. [

T>k- T

Now that we defined an (incomplete) POVM {Vmg>k }g, we show in the next two sections
that it satisfies items 1. and 2. in the conclusion of Lemma 43l

5.7.1 Consistency of V and A

Our next claim shows that V is consistent with A.

Claim 50. Let {ng>k} be the (incomplete) POVM defined in|(5.15). Then

p(V,A) =B, > T, (Ve ®A2Z) < 0(c?)

g,a#g(x<k)

Proof. To lighten the notation, for every >; and h let

Zh — —1 Th T—l

T>f Tk~ Tp,T>k~ T>E

~ NI
Tf,i?§>kZi'§§ (7. i )T. We first show the bound

/
Y T>k

so that VI =E

Tl Y F Tl Yy T

w2 Ty (T, Za2t (T ) @ Az @ (1 = AE9)| = O(=2). (5.16)
. g,a#g(T<k)

To prove |(5.16)], first bound

EY (i A - S ) e )

Yk >k T
Yk, Y F Tk ' Yr>

g,a7g(e<r)

=< (W mZT (T, i'f’z(Zi';i)T(Tf,l‘f&k)T)) ( wyk;ﬁkaH o — S

< 0(e?), (5.17)

2
p

>1/2
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where for the last inequality we bounded the second term using item [ from Lemma 44l
Next using item [I] and consistency of A,

z A9y f o ( )

w,yk,]g-;z;éxk g % )Trﬂ (Tglly§3>kzi‘zz (Sy;j;ﬁk) & Am (Id Ag ykj;k )) ‘

a <k

x x - 1/2
< (o, X T 220222 (T05.)'))
" 1/2
<m YT Z Trp y’“ T>k (Id A.ZIE oy )))
< 0(81/2).

Finally, the proof of (5.16)| can be concluded using a bound similar to |(5.17), The same
sequence of reasoning also shows that

- T ~ 9|yt a
T ykE;#mk Z TI'p (lel?gbkzilzz (Ty;ZMC)T ® Aw)
PRI gatg(esy)
_ myk%#ﬂk Z Trp(jj;,lﬁﬂzilg (Tyly;C ) ® Aa ® Agkyg ﬂi<k ® Ag yk T<k) ) + O( 0/2)'
. g.a#g(T<k)

(5.18)

This last expression can be directly upper-bounded by O(y/¢) using Cauchy-Schwarz and
linearity of A (and of g) in the k-th direction. O

5.7.2 V is not too incomplete

Before showing that Tr,(V') is not much smaller than Tr,(T"), we first prove the following
useful preliminary bound.

Claim 51. The following holds:

EY T o L) el ) = o Vil A),
ye#ze7y;,  (h,h/,h") not aligned

(R(x<)h (<) W (<))
aligned

(5.19)
where here b is the unique function aligned with (W', ") in the k-th direction: (K" —h")/(yx—

z) = (W = W) /(26 = yp).

The claim essentially follows from consistency of 7" and A, but the details are a bit
cumbersome.
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Proof. For any - and h, let

ho . 2 : 7 1rh!! F—1 (rfih/ T
Zm>k T E(Zkvyk):xkizkiyk T Tzk,m>kT (Tyk,az>k) Y
(h,h!,h'") aligned

so that |(5.19)| can be expressed more succinctly as a bound on the quantity

A= E, Z Tl“p(Th Zh/ ®AZ/(m<k))‘

> T>k
h#h!

h(z)=h(z)

For any two h,h’ and © € F" we let Sy(h,h',x) = 0 and for ¢ = 1,...,k — 1 inductively
define
1 if hf,_, + (h’)fwd and hfwgi = (h)¢
ﬁz(ha hl? CL') = p/(p - 1)ﬁi—l(ha hla w) if h‘cm<2 7& (h,)me and h\cmgl 7é (h/)riﬂgz
Bz'—l(hu h/, :13) + ]_/p if h‘ch = (h,)ﬁlki’

where for any function ¢ in ¢ variables xy, ..., x;, ¢ denotes the leading coefficient of g, i.e.
its coefficient on the monomial 1 - - - z;. Using the fact that whenever hf,  # (R'),_ there
always exists a unique z; such that hf, = = (W )fmﬁ, one can verify that for any (h,h') it
holds that

> Broa(h, W @) = (k—1)p"2 (5.20)

Moreover, for any @ such that h(x.y) = h'(x<x) we have By_1(h, b, x) =1+ (k—1—1)/p,
where i € [n] is the largest integer such that hf, = # (h)f,_, and hf,_ = (h)f,_. We first
'bound <t <t <z <i

Av=E, > (Bl be) - 1)T(Th, 2y @ AL ) = O(F/p).  (5.21)

T>E T T>k
h#h

W@ <p)=h' (T<t)

Indeed, for any fixed i < k we have

E h h' h'
Ew Trp (TkaZka ® Ailizk)
/. e [AYS
h#h 'h‘z</i7é(h )\?<§
ho o, =(W)a V21
_ Bh h h h
o EwZTrp<< Z Tﬂczk Z Tw>k>ZiE>k ® w2k>’
% hR' Y5>, hth! G >i—1,
iy =) he.  =(h)5, .
<j le<; le<; lz <
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which can be bounded by O(1) by splitting it into two terms and applying the Cauchy-
Schwarz inequality to each term. This proves|(5.21)| Using the recursive definition of 3, one

can prove the following bound by induction on i =0,...,k — 1:
A7 A7 T .
A; = E, ZTrp<( S G, :c)T;Zng’;Zk) ( S B, a;)T;;ZngZk) ) — O(#?).
a W (x)=a W (x)=a
hsh! hsh!

(5.22)

We can now re-write A as

AoEe Y Bl om To (T 2 @ AL ) + 06 )
"y - -
h(x<p)=h'(z<k)

=B, Y Bea(h b @) Tr,(Th Z & AL

T>k T >k T>k
h£h
h(z<k)=h'(z<k)
=Bo Y Broa(h, W @) Tr, (T Z0 @ A%

heth/

@ AnF<H ALY L o (/u(A))

®Aﬁ(m<’“)Aﬁ'(m<k)) _|_O( N(A>)7

where the first equality is by , the second uses self-consistency of A together with the
Cauchy-Schwarz inequality, and in the last we added the terms for which h(x<y) # b/ (k)
by using that, in that case, A’J,(m“)Aﬁl(m“) = 0. Using consistency again, together with the
Cauchy-Schwarz inequality and , we may remove the dependence of the last two A
terms on x ., leading to

A:=Eg Y Buaalh i @) Tr,(Th Zh @Al @Al AY )+ 0(ny/u(T, A))

T>E T>k T>k T>E™ T>E
hh!
k - ]_ Ah hl hl
= —p E, Z Trp( $2kZ$2k ® szk) + O(n\/,u(T, A))
hth!
= O(ny/u(T, A)),
where the second equality follows from |(5.20)| O

Finally, we show that Tr,(V') is not too small compared to Tr,(7"), proving item 2. in
the conclusion of Lemma [43]

Claim 52. Let {T} '} be the (incomplete) POVM promised in the assumptions in Lemma[{3,
and {Vmg>k} the (incomplete) POVM defined in|(5.15). Then

Be » Tr,(VE,) = Tr,(T) — O(ny/u(T, A) + /).
g
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Proof. Proceeding as in the proof of Claim (0]

TrP( = :l:>k Z Trl’ ?j]llygbk 1T,§];lzﬂllcﬁ>iﬂ~?1 (Tg’lygC ) ® Ag Sl ) + O( ,u(T, A))

Y >k Tk,Yk
Yk FERAY), 9
Sl A e G 9(®<ksYk

z>k ZTFP Yk m>’“ Tzk w>’€T (Ty;ngZk) ® Am —k>Yk ) + O( N<T7 A))
YkFEAY), 9

- h R i T A G 9(@ <Yk

mE>)k Z TrP(Tyk w>kT Tzk7w2kT (TykymZk) ® Am kYK )
YeF2R Y}, 9:h#g)y,,

hMx<r)=9(x<k,yx)

where the last equality uses again consistency of 7" and A to bound the terms for which
hx<r) # g(x<k,yr). The last expression above is bounded using Claim [BIl Hence we
obtain

Tr,(V)> E > T (Tye T 0 T T o )AL

T 2k, Lk Tk, Yk
A2y}, (a:b.c) aligned

)+ O(n/ (T, A))

Using again consistency of T" and A, and linearity of A in the k-th direction to remove the
dependence of the last A term on ¥, we get

S BT M (e ) 6 ) O
YkF 2k 7Y, (a,b,c) aligned

(5.23)

By definition, (Id — Ty, T~") = U(Id — ¥X~1)UT is the projector on the singular values of

Ty, = Tw>k (Tw>k) that are at most €%. Hence

Bo oz Y, T ((d =T THTE . (d =T, T7T) = O("),

(a,b,c) aligned

which from gives

TrP(V) = Ewﬁhzk#yk#yé Z Tl“p (TZCk T kT_l (T?fk ) ®A; —k>» yk) O(gd/2—|—n V :u(T7 A))

(a,b,c) aligned
(5.24)
We may now conclude by consistency of T" and A. n
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Chapter 6

Immunizing games against
entanglement

In this chapter we introduce a novel technique to design games in a way that limits the
provers’ ability to use their entanglement in order to collude against the verifier. To this end
we design a new test, which can be added generically to any two-prover one-round game,
and significantly limits the use of entanglement by the provers beyond its utility as shared
randomness. We hope that this technique of “immunizing” a game against entanglement can
be extracted to serve a wider purpose in other contexts where we want to limit the power of
entanglement, possibly with cryptographic applications.

The goal in designing the new test lies is to prevent the provers from using entanglement
to coordinate their replies, and hence increase their success probability. Our main idea is
to modify the game by introducing a third prover. We use the extra prover to introduce
a consistency test that forces two of the provers to give the same answer. As a result, to
pass this test, the two original provers can only use an entangled state of a specific form;
it must be (approximately) eztendable, i.e., it must be the density matrix of a symmetric
tripartite state. There are prior results pointing to the potential usefulness of a third prover
to limit the cheating power of entanglement. For example, two entangled provers can cheat
in the Odd Cycle game of Ref. |26], but if we add a third prover, then entangled provers
can perform no better than classical ones [118]. Moreover, after the completion of the work
presented in this chapter we learned from Andy Yao [131] of a way to add a third prover to
the Magic Square game such that as a result the winning probability of entangled provers is
nearly 0.94.

Our result has an important application to the computational complexity of multiplayer
entangled games. We show that it is NP-hard to approximate the value of three-player
games. This was the first hardness of approximation result for such games. Our main result
can be stated as follows:

Theorem 53. There exists a polynomial p such that it is NP-hard to decide, for an explicitly
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given three-prover one-round classical entangled game G, whether its value is 1 or at most

1-1/p(G)) [

This theorem implies that no polynomial-time algorithm can compute the value of an
entangled game to within polynomial precision. Given the importance of semi-definite pro-
grams (SDPs) in results on entangled games, the following immediate corollary is of interest:

Corollary 54. The success probability of classical entangled three-prover games cannot be
computed by SDPs of polynomial size, unless P = NP.

The proof of Theorem B3] is based on showing that by enforcing certain tests on the
provers we obtain sets of projectors (which characterize their strategy) which pairwise “al-
most commute”. We already introduced this condition in Chapter 4l and in this chapter we
show how it can be exploited to derive a classical strategy for the original classical game.

Remark. The results presented in this chapter are a subset of the results published in the
paper [68]. In particular, that paper proves a similar result to the one discussed above for the
case of quantum two-prover games, in which the verifier and players may exchange quantum
messages (cf. Section[3.4.1| for a definition). In this chapter we chose to focus on the case
of three-prover games.

Related work. The techniques developed in this chapter were subsequently applied by
Ito et al. [61] to show similar results for binary three-prover one-round classical entangled
games. They also give a new upper-bound for the value of these games; or, as often called in
this context, they give a family of new n-partite Tsirelson inequalities. Ito, Kobayashi and
Matsumoto [59] extended our proof technique and showed how a certain form of oracular-
ization could be used to prove a similar hardness result for the case of two-prover one-round
entangled games with classical messages and a constant answer size.

6.1 Proof overview

Reduction

We prove our NP-hardness result by a reduction from the hardness of approximation result
for classical (non-entangled) games, as implied by the PCP Theorem, which we state in the
language of games:

THEOREM (PCP Theorem [10, 9]). There is a constant s < 1 such that it is NP-hard
to decide, given a two-prover one-round game with a constant number of answers, whether
its value is 1 or at most s.

We start with an instance of such a classical two-prover one-round game and modify it
to a a three-prover one-round classical entangled game with the property that the value of

1See Section BZT] in Chapter [3] for a precise definition of the size |G| of G.
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the new entangled game is at least as big as the value of the original game. In other words,
if the value of the original game is 1, the value of the new game is still 1.

We then need to show that if the value of the original game is at most s, then the value of
the new entangled game is bounded away from 1 by an inverse-polynomial. In order to prove
this we reason by contrapositive and use a successful strategy of the entangled provers to
construct a strategy in the original game that achieves a large value (see Rounding below).

Rounding

The extra prover allows us to extract a mathematical condition on the operations of the
entangled provers. More precisely it turns out that the projectors corresponding to the
various questions of the verifier pairwise “almost commute” in some sense or “almost do not
disturb” the entangled state. This means that the provers” actions are “almost classical”, in
the sense that they allow us to take any strategy for the entangled game and convert it back
to a strategy in the original classical game. We call this conversion rounding from a quantum
solution to a classical solution, in analogy to the rounding schemes used to convert a solution
to an SDP relaxation to a solution of the game. To explain the idea of our new rounding
scheme, consider the case of two-prover one-round entangled games. Assume that the provers,
when receiving a question from the verifier, perform a projective measurement on their share
of the entangled state depending on the question, and answer with the outcome they get. In
the exact case, when the value of the three-player entangled game is 1, the measurements
corresponding to different questions commute exactly. Hence, there is a common basis in
which the projectors corresponding to different answers are all diagonal for all questions. In
other words, for each question, the projectors simply define a partition of the basis vectors.
The probability that the provers give a certain pair of answers just corresponds to the size of
the overlap of the supports of the two corresponding projectors, i.e., to the number of basis
vectors that are contained in both of them. We can now construct a classical strategy for
the original game, where the provers use shared randomness to sample a basis vector, check
which projector/partition contains it, and output the corresponding answer. This classical
strategy achieves exactly the same probability distribution on the answers, and hence the
same value of the game.

Matters become more complicated in the case where the value of the entangled game
is larger than 1 — . Now, the provers’ measurements corresponding to different questions
“almost commute”. To exploit this property in a rounding scheme, imagine the following
pre-processing step to eliminate entanglement from the strategy: Before the game starts, the
provers apply in sequence all possible measurements, corresponding to all possible questions,
on a share of the entangled state, and write down a list of all the answers they obtain. Then,
during the game, when they receive a question from the verifier, they respond with the cor-
responding answer in their listh. Because the measurements almost commute, the answer to
any one particular question in this sequential measurement scheme is similarly distributed

20bviously, the provers do not really need any entanglement to do this: all they have to do is sample from
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to the scenario in the entangled game, where the prover only performs the measurement
corresponding to that question. This can be seen by “commuting” the corresponding pro-
jectors through the list of projectors in the measurement, where each time we commute two
operators we lose some small amount in precision. As a result, the success probability of
this new unentangled strategy is similar to the one in the entangled game, or at least not
too low.

A new mathematical challenge

As mentioned above, our tests enforce an almost-commuting condition on the operators of the
provers. If they commuted exactly, they would be diagonal in a common basis, meaning that
the strategy is essentially classical and does not use entanglement. If one could conclude that
the operators are nearly diagonal in some basis, one could again extract a classical strategy
as in the exact case. Hence we reduce proving constant hardness of approximation to the
question whether one can approximate our operators by commuting ones. This touches
upon a deep question in operator algebra: Do almost commuting matrices nearly commute?
Here almost commuting means that the commutator is small in some norm, and nearly
commuting means that the matrices can be approximated by matrices that are diagonal in a
common basis. This famous question was asked for two Hermitian matrices by Halmos back
in 1976 [50] A 1t was shown subsequently [123]E using methods from algebraic topology, that
this conjecture is false for two unitary matrices. Then, Halmos’ conjecture was disproved for
the case of three Hermitian matrices [124]. Finally Halmos’ conjecture was proved [78] by a
“long tortuous argument” [32] using von Neumann algebras, almost twenty years after the
conjecture had been publicized. In our case we reduce proving hardness of approximation
of the value of an entangled game to the conjecture for a set of pairwise almost commuting
projectors, where the norm is the univariate p-norm introduced in Chapter [4k

2
— T

||AHu,p T TI'(AA p)’

and p is the reduced density of the provers’ shared entangled state on either prover’s sub-

system.

CONJECTURE. Let Wy,..., W, be d-dimensional projectors such that for some ¢ > 0
and for alli,j € {1,...,n}, || W,W,;=W,;W; ||121p < e. Then there exists a 0 > 0, and pairwise

commuting projectors Wi, ... W, such that HWZ — VNVZHip <d forallie{l,...,n}.

Our proof shows that the conjecture with a constant ¢ implies hardness of approximation
of the value of entangled games to within a constant, i.e., the best possible result. Moreover,

the joint distribution that corresponds to the distribution of all the answers in this sequence of measurements.
3For the operator norm.
4For a simpler, elegant proof see Ref. [39].
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when scaled up to the setting of interactive proofs, the conjecture with a constant ¢ implies
inclusion of NEXP in MIP*(3, 1) with completeness 1 and soundness bounded away from 1.

For two, three or a constant number of projectors the conjecture is easy to prove for a
constant . We do not know if it is true in general.

6.2 Hardness of three-prover classical entangled games

In this section we prove Theorem b3 which we now state as:

Theorem 55. There is a constant sy > 0 such that it is NP-hard to decide, given a three-
prover classical entangled game with a constant number of answers, whether its value is 1 or

at most 1 — e fore = ‘52|2.

We will prove this by a reduction from the PCP Theorem. We begin by describing how
to modify any two-prover classical game G = (m, V') (which is assumed to be symmetric per
Lemma [I3)) to a three-prover classical game G’ of equal or higher value.

The modified three-prover game

In the constructed game G’ the verifier chooses one of the provers uniformly at random.
Rename the chosen prover Alice and call the other provers Bob and Cleve. The verifier
samples questions ¢ and ¢’ according to 7(q,q’). He sends question ¢ to both Alice and
Cleve, and question ¢’ to Bob. He receives answers a, a’, and a”, respectively, and accepts
iff the following are both true:

Classical Test: The answers of Alice and Bob would win the game G, i.e., the answers a
and o satisfy V(a,d' | ¢,¢') = 1.

Consistency Test: Alice and Cleve give the same answer, i.e., a = a”.

It is clear that the value of the constructed game is at least as large as the value of the
original game G if the provers reply according to an optimal classical strategy (which can
be assumed to be symmetric per Lemma [[3]), they always pass the consistency test. Also, it
is clear that the size of the description of the constructed game is linearly related to the size
of the description of the original game, hence we have the same complexity parameter.

To prove Theorem B3 we need to show the following lemma.

Lemma 56. If w*(G') > 1 —¢, then w(G) > s.

Here ¢ = ‘572 for the constant s, in Theorem and the constant s is from the PCP
Theorem.
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Proof. Consider an entangled strategy for G’ that succeeds with probability greater than
1 — [ Since the game G’ is symmetric, we can assume that this strategy is symmetric, per
Lemma [I3l Suppose that the provers share a symmetric state |U) € Ha ® Hp ® Hc, where
each Ha, Hp, and Hc is isomorphic to a same H. Let pap = Try. |V)(¥| be the reduced
state of |¥)(¥| on Alice and Bob. When asked question ¢;, each prover measures their part
of |¥). Following standard arguments (extending the private space of the provers) we can
assume that this measurement is projective. Let W7 be the projector corresponding to
question ¢; and answer a;. This defines the entangled strategy for G’; it passes the classical
test with probability

m= Y wg,q)V(ad|qq¢)pela,d | q,q),
a,a’,q,q"
where

Pene(,0' | 4,0') = Tr (Wy @ Wi pan ) = (UW @ Wy @ 1d]w). (6.1)

It passes the consistency test with probability 7 = > 7(g)m2(q), where m(g) is the marginal
of m(q,q’) and

m(q) = Y T (Wi @ Wipas) = Y (U] @ Wy @ 1d|W), (6.2)

a

where we made use of the symmetry. Note that m,7m > 1 — €.

Eqgs. and clarify the role of the third prover, Cleve. The main purpose of
introducing the third prover is not to allow the two tests to be performed at the same time:
Indeed, it is possible to modify the protocol so that the verifier chooses two of the provers at
random (say Alice and Bob) and only sends questions to them, not interacting with the third
prover at allﬁ The presence of the third prover would not be important if the provers were
executing a classical strategy, but it can (and does) make a difference if their strategy requires
entanglement. Indeed, if there were only two provers, then they could share any state pag,
whereas here we require that pap be extendable, i.e., it must be the reduced density matrix
of a symmetric tripartite state. To give a concrete example, it is not possible for pag to be
the maximally entangled state |¥~)(W¥~|. This is termed monogamy of entanglement [1217).

Rounding to a classical strategy

We construct a classical strategy for G from the entangled strategy for G’ in a similar fashion
as in the case of quantum entangled games, with

D(ay,...,ap,d},... d) = ||[We - Wa @ Wah ... W @ 1d|W)]|%,

5We in fact consider a strategy with finite entanglement that has success probability greater than 1 —e—§
for some ¢ = O(e), which we will not write.

6With probability p, he sends them different questions and performs the classical test; with probability
1 — p, he sends the same question and performs the consistency test—this modification does not materially
change our conclusions, but it does weaken the bounds in Theorem
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where q1, ..., q, is an ordering of the questions in @ such that 7(q;) > 7(g2) > ... > 7(qn)-

As before, we define pelass(ai, @’ | gi, g;) to be the marginal of D on a;, a.

Lemma 57. The (weighted) statistical distance between peass and Pent S

A(pc1a557pent) - Zﬂ-(% q,) Z|pclass(a7 a | q, q/> _pent(a7 a | q, q/>‘ < 12|Q|\/§

/ /
q,9 a,a

We first show how this lemma proves Lemmal[B6l Since the strategy in the entangled game
passes the classical test with probability greater than 1 — e, the classical strategy succeeds
in the original game with probability greater than 1 — & — A(Pelass, Pent) > 1 — € — 12|Q]+/2.

For ¢ = | 572 and for sufficiently small constant sy, this probability is larger than s. [l

Why is Lemma [B7] true? Rather than showing that the order of measurements is not
important (although it will turn out in hindsight that this is true), we show that each
measurement, does not disturb pap very much. The key observation is as follows. Assume
the provers pass the consistency test with high probability. If a particular measurement
result occurs with certainty, the quantum state cannot be changed by the measurement.
We use this fact in the following way: suppose Cleve were to perform the measurement
corresponding to question ¢ and assume he obtains an outcome a. Then, if Alice is asked
question ¢, she must also give answer a with high probability. Thus her measurement does
not change the quantum state much. However, since quantum theory is non-signaling, it
cannot matter who measured first. It follows that Alice’s measurement does not change
pap much. Note that only the bipartite state pap is approximately unchanged — Alice’s
measurement can change the tri-partite state |W)(¥| considerably. We then use a hybrid
argument to show that performing all the measurements one after the other also leaves pap
approximately unchanged.

Proof of Lemma[57 Let W, be the superoperator corresponding to the projective mea-
surement performed on question ¢, i.e., Wy(o) = >, I/V(;IJ(I/V(;I)Jr is the post-measurement
state after performing {W7} on state o.

To quantify how much a measurement changes a state we use Winter’'s Gentle Mea-
surement Lemma, as state in Lemma [II7 in Appendix [Al The following simple corollary
quantifies how much the measurement W, ® Id changes pap:

Claim 58. The trace distance between W, ® Id(pap) and pap is bounded by
W, ® Id(pag) — pasllte < 64/1 — m2(q).

Proof. Using the relations W, ® Id(pap) = Try, (W, @1d@1d(|¥)(¥])) and pap = Try, (Id®
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Id @ W, (|)(¥])),

W, @ Id(pas) — pas|u
< W, @1d @ Id(|W)(¥]) — 1d @ Id @ W,([) (P]) |

< qu @ 1d @ 1d([ W) (W) — S We @ Id @ W) (U|We @ 1d o W

tr

tr

+ [ wr e ae Wi EwE @ lde Wy - 1d@ 1d e W,([) )

tr

< 2HZ We @ 1d @ W) (W @ 1d @ We —1d @ Id @ W,(|T)(¥))

< 64/1 —m2(q),

by monotonicity of the trace distance under partial trace, the triangle inequality, symmetry,
and then taking p = @, W @ Id@ Id|¥)(¥U|W@Id®Id and X = P, [delde W7, Y =1d
in Lemma [I17] O

For 1 <i,5 <n, let

pAB(iaj) = (qu‘& 0---0 Wlh) ® (Wijl 0--+0 th)pAB-
Then )
. a ..
pclass<ai> a;‘ ‘ qi, q;) - FJ:‘I‘((I/V;;Z ® Wq;)p(%])) .
Hence we can bound Z%a; |Petass (@i, @ | @i, @) —Pent (@i, @5 | i, ;)| by bounding [|p(7, j) —pl|sr,
since the trace distance between two states is an upper bound on the variation distance of
the probability distribution resulting from making any measurement on those two states.

The following technique was introduced by Ambainis, Nayak, Ta-Shma and Vazirani [7]
and has been used extensively by Aaronson [1, 2].

Claim 59. The trace distance between pag(i,j) and pap is bounded by

i-1 j—1
lpan(i, i) = paslle 6 /1T —ma(gr) +6Y /1= ma(gy).
=1

/=1

Proof. By induction. The claim is clearly true for (i,5) = (1,1). Given it is true for a
particular value of (i, 7), we show it is also true for (i + 1, 7). In view of the symmetry, this
is sufficient to establish the claim. We have

lpaB(i +1,7) — paslle
< |lpan(i +1,7) = Wy, @ Id(pan) e + Wy, @ Id(pas) — pasllir
< [[Wy @ 1d (pa (4, j) — pas) [l + 64/1 — m2(q:)
< lpas(i,5) — pasllu + 6/1 — m2(q),

where we used the triangle inequality, Claim 58], and monotonicity of the trace distance. [
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Putting everything together, it follows that

n

A(pclassapent) S Z W(Qu q;)HpAB(Zn]) - pABHtr

,j=1

§6iw(qi,q})(§m+§m)

n i—1

- 12227r(qi) 1 — ma(qir)

i=1 =1

< 121Q > m(qi) /1 — ma(gr)
i'=1

S 12|Q|\/1 — Mo
< 121Q|Ve,

since V1 — z is concave and Ty = > m(q)ma(q) > 1 —&.

94
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Chapter 7

Parallel repetition of entangled games

One of the most interesting questions in the context of multiplayer games is the parallel
repetition question. It is well known that one can reduce both the value and the entangled
value of a game by repeating it sequentially, or alternatively, by repeating it in parallel
with several independent pairs of players. However, for many applications (like hardness
of approximation results or amplifications preserving zero-knowledge) we need a way to
decrease the winning probability without increasing the number of rounds or the number of
players, i.e., while staying in the model of two-player one-round games. Parallel repetition is
designed to do just that: in its most basic form, in the /-parallel repeated game, the referee
simply chooses ¢ pairs of questions independently and sends to each player his corresponding
(-tuple of questions. Each player then replies with an /-tuple of answers, which are accepted
if and only if each of the ¢ answer pairs would have been accepted in the original game.

Clearly the value of an /-parallel repeated game is at least the ¢-th power of the value of
the original game, since the players can just answer each of the ¢ questions independently
as in the original protocol. However, contrary to what intuition might suggest and to the
case of sequential repetition, parallel repetition does not necessarily decrease the value of a
game in a straightforward exponential manner]. The parallel repetition question is that of
finding upper bounds on the value of a repeated game, and for a long time no such upper
bound, even very weak, could be proved. For the case of classical two-player games, first
results date to Verbitsky [122] who showed that indeed the value goes to zero with the
number of repetitions. Following this, Feige and Kilian [42] showed that the value decreases
polynomially with the number of repetitions for the special case of so-called projection games
(in which the second player’s answer is uniquely determined by the first player’s). They used
a modified parallel repetition procedure in which a large fraction of the repetitions are made
of dummy rounds, that is, rounds in which the questions are chosen independently at random
for both players, and in which any answer is accepted. In this chapter we deviate somewhat

1See [41] for a classical example, and [27] for an example using entangled players due to Watrous. See
also [65] for another example where parallel repetition does not reduce the value of a game at the exact rate
one would expect if the players were playing independently.
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from the common terminology, and use the term “parallel repetition” even when referring
to such more general procedures. Finally, in a breakthrough result, Raz [96] showed that
the value of a classical game repeated in parallel indeed decreases exponentially with the
number of repetitions (albeit not exactly at the same rate as sequential repetition). There
is still very active research in this area, mostly on simplifying the analysis, which, over a

decade later, remains quite involved, and improving it for certain special cases of games [53,
94,143, 195, 13, 114, [11), 199].

Previous work

The only two previous results regarding the parallel repetition of entangled games are for
two special classes of games. First, Cleve et al. showed that for the class of XOR games
(i.e., games with binary answers in which the referee’s decision is based solely on the XOR
of the two answers), perfect parallel repetition holds [27]. This means that the entangled
value of an /(-parallel repeated game is exactly the ¢-th power of the entangled value of the
original game. Parallel repetition has also been shown to hold for the more general (but
still quite restricted) class of unique games [66] (i.e., games where the referee applies some
permutation to the answers of the second player and accepts if and only they match those
from the first player). One might also add a third result by Holenstein [53], who proved a
parallel repetition theorem for the so-called no-signaling value; since the no-signaling value
is an upper bound on the entangled value, this can sometimes be used to upper bound the
entangled value of repeated games. However, there is in general no guarantee regarding the
quality of this upper bound, and in many cases (e.g., all unique games) the no-signaling
value is always 1, making it useless as an upper bound on the entangled value.

It is important to note that in these results the entangled value of the parallel repeated
game is never analyzed directly; instead, one uses a “proxy” such as a semidefinite pro-
gram [27, 66] or the no-signaling value [53], whose behavior under parallel repetition is well
understood. Moreover, in all these cases, the proxy’s value is efficiently computable. This
unfortunately gives a very strong indication that such techniques cannot be extended to deal
with general games. Indeed, it is known that it is NP-hard to tell if the entangled value of
a given game is 1 or not [68, 59]; hence, unless P=NP, for any efficiently computable upper
bound on the entangled value, there are necessarily games whose entangled value is strictly
less than 1 yet for which that upper bound is 1 (and such games can often be exhibited
explicitly without relying on P#NP). We note that some of the early parallel repetition
results for the classical value [44] followed the same route (of upper bounding the value by a
semidefinite program) and were limited to special classes of games for the exact same reason.

In parallel to work on the parallel repetition problem, the related question of product
testing arose in the context of error amplification for PCPs [37, 135, 54, 56]. Roughly speak-
ing, the question here is to design tests by which a referee can check that the players play
according to a product strategy, i.e., answer each question independently of the other ques-
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tions (as one would expect from an honest behavior). Note that if the players are constrained
to follow a product strategy, then their maximum winning probability must necessarily go
down exponentially, hence the connection to the parallel repetition question. The result of
Feige and Kilian [42] mentioned above in fact also shows that the strategy of the players
must have some product structure, and recently there has been lots of renewed interest in
this question leading to much stronger product testers [36]. In the case of entangled players,
however, prior to this work nothing was known, raising the following question: Is there a
way to test if the strategy of entangled players is in some sense close to a product strategy?

Results

The main result of this chapter can be informally stated as follows.

Theorem 60 (informal). For any s < 1, § > 0, and entangled game G, there is a corre-
sponding (-parallel repeated game G, where { = poly((1 — s)~1,671), such that if the value
of G is less than s then the value of G' is at most 0, whereas if the value of G is 1 then this
also holdyd for the repeated game.

The dependency of £ on ¢ in Theorem [60]is polynomial, whereas as we already mentioned
it is known that in some cases this dependence can be made poly-logarithmic (and this is cer-
tainly the case if the players are assumed to play independently). While a poly-logarithmic
dependence is important in some applications for which one would like to perform amplifi-
cation up to an exponentially small value, in many cases the main use of parallel repetition
is to amplify a small “gap” between value 1 and value 1 —1/poly(|G|) to a constant gap, say
between 1 and 1/2. In this case the polynomial dependence of ¢ on (1 —s)~! that we obtain
is optimal (up to the exact value of the exponent).

In the course of the proof of this theorem we also establish that the player’s strategies
have a certain “serial” or “product” structure (more on this in the proof ideas and techniques
section below). The informal statement above hides some details, which we now discuss.
The kind of parallel repetition we perform depends on the structure of the game G, and we
distinguish whether it is a projection game or not.

Repetition for projection games. If G is a projection game, then the repeated game is
obtained by independently playing the original G on a subset of the repetitions, and playing
dummy rounds in the other repetitions. We note that projection games form a wide class
of games that captures most of the games one typically encounters in the classical literature
(see [94]).

If, in addition, the game happens to be a free game (i.e., a game in which the referee’s
distribution on question pairs is a product distribution), then the dummy questions are no
longer needed and hence our analysis applies to the standard ¢-fold repetition.

2See the discussion following the theorem for some caveats.
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Repetition for general games. If the game G does not have the projection property,
then it is necessary to add a number of consistency rounds to the repetition. In those rounds
the referee sends identical questions to the players, and expects identical answers. As before,
the other rounds of the repetition are either the game G' or dummy rounds. The consistency
questions are added to play the role of the projection constraints.

This kind of repetition raises the following issudd: namely, it is not obvious that honest
entangled players can answer the consistency questions correctly. This implies that, even
if the original game had value 1, players might not be able to succeed in the consistency
questions and hence the value of the repeated game might not equal 1 anymore. This may
or may not be an issue depending on where the original game comes from. In many cases
it is known that, if there is a perfect strategy, it does not require any entanglement at all,
or it can be achieved using the maximally entangled state. In both cases it is not hard to
see that players will be able to answer consistency questions perfectly, and hence our result
holds. Because of this we regard this issue as a minor one; however it might be important
in some contexts.

Proof idea and techniques

We focus on the case of projection games, as the proof of the other cases does not present
additional challenges. The starting point of our proof is the work of Feige and Kilian [42],
for which the following intuition can be given@. Our goal as the referee is to force the players
to use a product strategy, preventing any elaborate cheating strategies. In other words, we
want to make sure that the player chooses his answer to the ith question based only on that
question and not on any of the other £ — 1 questions. Towards this end, the referee chooses
a certain (typically large) fraction of the ¢ question pairs to be independently distributed
dummy questions, the answers to which are ignored. These dummy questions are meant
to confuse the players: if they were indeed trying to carefully choose their answer to a
certain question by looking at many other questions, now most of these other questions will
be completely random and uncorrelated with the other player’s questions, so that such a
strategy cannot possibly be helpful.

In more detail, Feige and Kilian prove the following dichotomy theorem on the structure
of single-player repeated strategies (that is, maps from ¢-tuples of questions to ¢-tuples of
answers): either the strategy looks rather random (in which case the players cannot win
the game with good probability — this is where the projection property is used) or it is
almost a serial or product strategy, i.e., the answer to each question is chosen based on that
question only (in which case the player is playing the rounds independently, and his success
probability will suffer accordingly).

3This is why we treat the projection case separately, despite it leading to similar decay.
4We refer to Ryan O’Donnell’s excellent lecture notes |89, 88] for a helpful exposition of Feige and Kilian’s
proof.
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Our proof follows a similar structure. However, an important challenge immediately
surfaces: the proof in [42], and indeed all proofs of parallel repetition theorems or direct
product tests, make the important initial step of assuming that the player’s strategies are
deterministic (which is easily seen to hold without loss of generality). And indeed, it is
not at all trivial to extend those proofs to even the randomized setting without making
this initial simplifying assumption. To give a simple example, an important notion in Feige
and Kilian’s proof is that of a dead question — simply put, a question to which the player
does not give any majority answer, when one goes over all possible ways of completing that
specific question into a tuple of questions for the repeated game. It is easily seen that, in
the case of a deterministic strategy, dead questions are harmful, as the players are unlikely
to satisfy the projection property on them. However, it is just as easily seen that for most
randomized strategies, good or bad, all questions are dead.

This illustrates the kinds of difficulties that one encounters while trying to show parallel
repetition in the case of entangled players, when one cannot simply “fix the randomness”.
The issue we just raised is not too hard to solve, and others are more challenging. Indeed
the main difficulty is to define a proper notion of almost serial for operators, which would
in particular incorporate the inherent randomness of quantum strategies. It turns our that
the right notion is the notion of consecutive measurements (rather than tensor products of
measurements for each question, a tempting but excessively strong possibility). Based on a
quantum analogue of Feige and Kilian’s dichotomy theorem, we are able to show that the
almost serial condition induces a condition of almost orthogonality on the player’s operators.
At this point we use a variant of the orthogonalization lemma introduced in Section [4.3.1] of
Chapter M, which lets us extract a product strategy from the almost-orthogonal condition.
We obtain that the players approximately perform a series of consecutive measurements,
each depending only on the current question. An upper bound on the value of the repeated
game then follows.

Repeated games

We will consider two different types of repeated games. The first one, originally used by Feige
and Kilian, applies to projection games, and we describe it in Definition The second
type of repetition applies to consistency games, and is closer to the direct product testing
technique originally introduced by Dinur and Reingold [37]; we explain it in Definition [62]

Definition 61 (Feige-Kilian repetition). Let ¢ be any integer, and define C; = (*/? and
Cy := € — Cy. Gwen a two-player projection game G = (7, V,Q, A), its (-th Feige-Kilian
repetition is the following game G ) :

o The referee picks a random partition [{] = M U F, where |M| = Cy and |F| = Cy =
¢ — Cy. Indices in M will be called “game” indices, while indices in F will be called
“confuse” indices.
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o The referee picks (qhy, qur) ~no1 (Q x Q)°L.

o He picks (qp,qr) ~(raxnp)c2 (@ X Q)“2, where w4 is the marginal of ™ on the first

player, and wg the marginal on the second player.

o The referee sends the questions to the players (without specifying which questions are
of which type). On game questions he verifies that the original game constraint is
satisfied. He accepts any answers to confuse questions.

Definition 62 (Dinur-Reingold repetition). Let ¢ be any integer, and define C| := (/2
Cy =2C] and Cy := {0 — Cy. Given a two-player symmetric game G = (w,V,Q, A), its (-th
Dinur-Reingold repetition is the following game Gpr):

o The referee picks a random partition [{| = RUGU F, where |R| = CY, |G| = C}, and
|F| = Cy. Indices in R will be called “consistency” indices, those in G will be called
“game” indices, and those in I “confuse” indices.

o The referee picks C| questions qr ~ ¢/ QC and sets qr = qr, where T4 is the marginal
TA
of ™ on the first player (since we assumed G was symmetric, this is the same as wp,

the marginal on the second player).

o The referee picks C| pairs of questions (g, qc) ~ o (Q x Q)°1.

e He picks (CI%MJF) ~N(raxwp)C2 (Q X Q)CQ-

o The referee sends the questions to the players (without specifying which questions are
of which type). On consistency questions he verifies that both answers, from Alice and
from Bob, are identical. On game questions he verifies that the original game constraint
is satisfied. He accepts any answers to confuse questions.

Note that, if a game G has value 1, then its Dinur-Reingold repetition does not necessarily
also have value 1, as the player’s optimal strategy in G might not be consistent. A consistent
strategy is one in which whenever the players are asked the same question they provide the
same answer with certainty. This may not always hold of an optimal strategy; nevertheless
Lemma [I3 from Chapter [3 shows that we can assume it holds in some natural settings. That
lemma shows that, if G is any game, then we may symmetrize it and assume that the provers
are also playing according to a symmetric strategy. In particular, if G had value 1, and the
optimal strategy used either no entanglement or a maximally entangled state, then this also
holds of the optimal strategy in the symmetrized game. Such a strategy is automatically
consistent.
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7.1 Proof overview

We first give a formal account of our results in the next section, before proceeding to give a
detailed overview of their proof in Section [7.1.2]

7.1.1 Results

We first state our main theorems. They refer to the two types of repetition of an entangled
game G defined in the previous section, its (-th Feige-Kilian repetition Gpg (), and its (-th
Dinur-Reingold repetition G pr(. Both types of repeated games are made of ¢ independent
rounds, played in parallel. Some of these rounds consist of independent repetitions of G,
while others are either confuse or consistency rounds, containing simple tests independent
of the original game (except for the distribution with which questions are chosen in those
rounds). Our first result pertains to projection games.

Theorem 63. There exists a constant ¢ > 1 such that, for all s < 1 and 6 > 0 there is a
(=067 (1 = 8)7H) such that, if G is a projection game with value w*(G) < s, then the
entangled value of the game Gy is at most 6. Moreover, if the value of G is 1 then the
value of Gri ) 1s also 1.

In the case of free projection games, questions to the players are chosen independently,
so that the distribution on questions in the confuse rounds of the game Grg () is exactly the
same as that in the original game. The only difference is that in such a round, all answers
are accepted, which can only help the players. Hence the direct parallel repetition of G has
a smaller value than its Feige-Kilian repetition, which implies the following.

Corollary 64. Let s <1 and § > 0. Then there is a £ = O((67 (1 — s)71)°) such that, if G
is a free projection game such that w*(G) < s, then the (direct) (-fold parallel repetition of
G has value at most 0.

Our second result is more general, as it applies to arbitrary games. It only comes with the
mild caveat that, in order to preserve the fact that the original game had value 1 (whenever
this indeed holds), it is required that in that case there also exists a perfect strategy which
is consistent.

Theorem 65. There exists a constant ¢ > 1 such that, for all s < 1 and § > 0 there is a
0= 06711 —8)™1)°) such that, if G is an arbitrary game with value w*(G) < s , then
the entangled value of the game Gpre is at most 6. Moreover, if G has a perfect consistent
strategy then the value of Gprey is also 1.

Lemma [[3] shows that the requirement that G' has a perfect consistent strategy (which
is only a requirement in cases where we are interested in preserving the fact that G might
have value 1) is satisfied for many examples of games, including those for which we know a
priori that, if the value of G is 1, then there is an optimal strategy that either does not use
any entanglement at all, or uses the maximally entangled state.
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7.1.2 Proof overview

In the remainder of this section we describe the main ideas behind the proof of Theorem
and Theorem [B5 full details can be found in Section Our goal is to understand re-
peated quantum strategies, that is, maps ¢ € Q¢ — {Xg }aeae which map tuples of questions
q = (qi,...,q) to projective measurements { X{ },c4¢ in dimension d. The semantics are
that, on receiving questions ¢, a player measures his share of the entangled state |¥) accord-
ing to { X },ca¢, resulting in him sending back answer a with probability (¥|Id ® X7|¥).
Interestingly, most of the proof will be directly concerned with the measurements { X } ¢ a¢
themselves (together with the reduced density p = Tra|V)(V¥|), without reference to the
other player’s measurements or even the underlying game.

We will be interested in a strategy’s marginals: given a fixed subset of indices S C [/]
and a set of questions gs on the indices in S, one can define the marginalized measurement

{ngs Lpe Eqwﬂ[e]\s[ > \/Xgﬁqap\/ngsq“] }

a€AlNS

ag€AS

which corresponds to choosing a tuple ¢ € QNS by picking the question in each coordinate
independently according to some fixed distribution 7] making the measurement correspond-
ing to the POVM described by { X757 }(44.a)cat, and marginalizing over those answers a
corresponding to indices not in S.

Given that X was a projective measurement, the marginalized strategy is a POVM —
it is not necessarily projective any more. Our main results will pertain to the structure of
such marginalized strategies. We will show that they are either very random (this is formally
called dead later on, and morally means that the marginalized strategy is very far from a
projective measurement; rather its singular values tend to be small and spread out), or highly
structured (this is called serial later on, and after some work we will show that it implies
that the marginalized strategy has somewhat of a product form, i.e. it can be decomposed
as a product IIg! - - - IIg* on a subset of the coordinates). The attentive reader might already
see that once this is proven it will be possible to bound the success probability of both types
of strategies in the repeated game; however we should warn that the exact statements, and
their proofs, are quite technical and carry only a fair share of the intuition we have just
given.

We proceed to give a few more details on the structure of the proof of our results. It can
be divided into three main steps. The first two steps establish facts about the structure of
repeated single-player strategies, and are independent of the game being played, as well as
of the other player’s strategy.

®We will often drop the reference to m and simply write E,[-]. 7 will be fixed throughout, and later
instantiated to the (marginal) distribution on questions from the original game G that is being repeated.
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Step 1: A quantum dichotomy theorem. In the first step we prove an analogue of
Feige and Kilian’s dichotomy theorem [42]. The precise statement is given in Lemma [G8],
and its simple proof very closely follows that of Feige and Kilian’s theorem. Informally, it
states that there exists an integer 1 < r* < /¢, such that a tuple of questions (R, qr), where
R C [{] denotes a subset of r* indices, and g fixed questions in those positions, can be
of two types only. Either it is dead (case 1 in the lemma), or it is (1 — n)-serial, where
n > 0 is a small parameter (case 2 in the lemma). Both types of strategies are precisely
defined in Definition 67, and the meaning of dead is the easiest to grasp. The technical
definition is simply that the (marginalized) measurement { X7}, c 4r, when performed twice
(sequentially) on the same halff of the state |W), is unlikely to produce the same result. This
kind of strategy is easily seen to be bad for the players, as is shown in step 3. of the proof.

Serial strategies are more subtle. In the case of a classical deterministic player, a serial
strategy is such that, when one conditions on the player giving answers ag to the questions gr
in R, the answers to most other questions (not in R) are for the most part determined by the
player as a direct function of the corresponding question, i.e. he is playing an honest product
strategy on those coordinates. In the quantum case, we will adopt a seemingly weaker
definition, which is that a strategy is serial on (gg, ar) if, in expectation over the choice of an
additional question g; in position i, when the marginalized measurement {Xg&t }, e 4rugiy
is performed twice on the same half of |¥), the probability that the same answer (ag, a;) is
obtained twice is almost as large as the probability that just ay is obtained twice: conditioned
on being consistent on the answers to the questions in R, the strategy is also consistent in
its answer on a random additional question ¢; in position 7.

Fleshing out the consequences of this definition to eventually show that it implies some-
thing close to the classical definition requires some work, and is the object of the second step
of the proof.

Step 2: A product theorem for serial strategies. While for a classical deterministic
player a serial strategy, as defined in the previous section, is one which decides on the answer
a; to most questions ¢; not in R as a function of that question alone, in the quantum setting
this is much less clear. The first task is to decide on what one expects from a serial strategy.
For instance, one might ask for the measurements to take some “approximately-tensor” form;
however we find that this is too strong a requirement. Instead, we first show that the serial

property implies that the player’s measurement operator {ng;j}(amai)e 4ru{i} has a certain

6Tn fact we will also need to consider the outcome of performing the same measurement simultaneously
on the two halves of |¥).
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block-diagonal form, in the sense thatf]
XaRa'L ~ ng XaRai HZZ

9RYi i 4RYqi

where {ng}aie 4 are orthogonal projectors; the precise statement is given in Claim [72l Its
proof goes through a technical statement about sets of operators which are close to being
pairwise orthogonal. That statement, proven in Lemma in Appendix [A] shows the
natural fact that such operators are close to having a common block-diagonalization basis.

Once this is shown it is not hard to extend the approximation to a small number of
additional questions gy, . . ., ¢4, showing that the corresponding measurement also has a block-
diagonal form, this time described by the product of the corresponding projectors IIg! - - - ng;
a precise statement is given in Lemma [73l It is in the precise sense described in that lemma
that we can say that a serial strategy has a product form, based on which we can think of
the player as playing sequentially on a subset of the coordinates.

Step 3: Both dead and serial strategies fail the repeated game. In the last step of
the proof we show that both types of strategies, dead or serial, must fail in the repeated game
with high probability (provided the value of the original game was bounded away from 1).
For the case of dead strategies this is fairly intuitive: since a dead strategy does not assign
consistent answers to a certain subset of the questions ¢g, this implies that the player’s
answers in positions R will very much depend on the questions present in those indices
not in R; not only that but it will be virtually impossible for the other player to correlate
well with this player’s answers on those indices. Here we crucially use the “projection”, or
“consistency” rounds of the repeated game in order to show that such strategies will fail in
those rounds with high probability. This is proven in Claim [74l

The case of serial strategies is slightly harder to analyze, but it boils down to showing
that the block-diagonal form we described earlier roughly implies that we can in fact see
one of the players as making a sequential measurement governed by the IIg7. Since in this
case the player’s answer to question ¢; is decided by applying a projective measurement
depending on ¢; alone, in case the original game had a value s < 1 such a strategy will fail
in at least a fraction s/2 of the “game” rounds with high probability, and be caught by the
referee provided there are enough such rounds. This is shown in Claim

Finally note that the “confuse” rounds of the repeated game are not used in this stage
(and indeed the referee accepts any answers in those rounds), but they are crucial to show the
dichotomy lemma and the following claims, which only hold for strategies which have been
marginalized over a sufficiently large number of questions; in order to be able to perform
this marginalization it is important that questions to the players in the confuse rounds are
picked independently.

"Note that this “approximation” should be taken with a grain of salt; in particular one cannot expect
to extract any information about the measurement operators themselves simply by observing statistics of
measurement outcomes. Rather, all our estimates will bear on the post-measurement state, resulting from
applying the measurement corresponding to X % to one half of [T).
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7.2 Proof of the main theorem

In this section we give the proof our main results, Theorems [63] and It is divided in three
parts. The first, in Section[7.2.2] establishes our “quantum dichotomy theorem”. The second,
in Section [T.2.3] investigates the structure of serial strategies, and shows that they admit
a certain block structure. The results in this section are based on our “orthogonalization
lemma”, which we introduced in Section L3I in Chapter Bl and is proved in Appendix [Al
Finally, in the third part, Section [[.2.4l we use the results from the first two parts to bound
the success probability of the players in the repeated game.

Because of the nature of repeated strategies, which are indexed by large tuples of questions
and answers, we are constrained to use rather heavy notation. We explain it in detail in
the following section, which can also serve as a reading guide for the statements that are to
follow.

7.2.1 Notation

Recall that for every ¢ € Q°, {X, o }acac is an arbitrary projective measurement in d dimen-
sions, that is, the X are projector matrices, and for any fixed ¢ they sum to the identity
over a. The position of the questions (or answers) in a tuple will always be fixed and usually
clear from the context; for example when we write ¢ = (qg, qr), where G, F' C [{] are sets of
indices, it is not necessary that the questions qs are placed before the questions ¢p in the
tuple ¢; rather their position is determined by the indices in GG, F'. When precision is needed
we shall write (4, ¢;) to express the fact that question ¢; is destined to appear in the i-th
position of some tuple q. We also write g—; to denote q1, ..., -1, Giv1,---,qe-

We will often consider marginalized POVMs over a certain set S C [¢]. Given questions
¢s indexed by S, the marginalized POVM is the POVM indexed by answers ag, which results
from applying {X asal . for arandom g € QN and ignoring the answers a not in S. More

qs9
precisely, given (5, gg, ag) it will be convenient to work with the Stinespring representation

ngs = ZZ VT Xgéd ®(q,alp

where E is an extra register of the appropriate dimension, and 7 denotes an arbitrary
distribution, fixed throughout (it will later be instantiated to the marginal distribution that
arises from the original game G that is being repeated). This definition satisfies, for any
p =0,

B[ Y Ve o/ Xz | = Xes (o 1dg) (X2

where the identity Idg was created on the additional register F introduced in the defini-
tion of X%, and the expectation is with respect to the distribution 7. In order to make
measurements corresponding to marginalization over different sets S, we will assume that
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the register F is always of large enough dimension, and if necessary X o5 is tensored with

1 . . . . o
NEEDE 1.0\, a| on the extra 2[S| registers. Note that there is nothing in the definitions

above that require the questions and answers in X .5 to be indexed to the same set, hence

we extend them to define X ar, for T'C S C [f], in the obvious way.
For any p > 0, we write Tr,(A) for Tr(A(p ® Idg)), so that in particular

Ty (X)) X32) = By Y B(VXGE 0 VX | = T(Xi2)

where we define X R
Xor = Xer(Xer)! = Byequms| Y Xoze |
ac AUNT
Terms such as Tr (X ok p) will frequently appear on the right-hand side of our inequalities,
and they should simply be considered as normalization factors, accounting for the (possibly
unnormalized) underlying state p, and the conditioning on a fixed ar. Finally, given p > 0
and a matrix A of appropriate dimension, we introduce the semi-norm

||A||2 = Tr(Apl/QATpl/Q) (7.1)

Note that || - ||, is definite only if p has full rank. We will mostly use this norm for notational
convenience. At this point it suffices to observe that it derives from a semi inner-product,
so that it satisfies the Cauchy-Schwarz inequality.

At a first reading it may be helpful for the reader to consider the special case of the totally
mixed state p = d~11d; putting the notation in context this corresponds to the players sharing
the maximally entangled state. In this case very little of the above is really needed, and
in particular Trp((ng)TXgST) is simply the normalized trace E, [Za d='Tr (X;”STq“)]. Many
of our statements are easier to prove, and to understand, in this setting (the main cause of
simplification being the commutation between p and the X operators), so that the reader

may wish to consider it first.

7.2.2 A quantum dichotomy theorem

In this section we prove two important lemmas on the structure of any quantum strategy
in a repeated game. The main lemma, Lemma [68 is the analogue of Lemma 11 in [42].
It establishes a dichotomy between two different types of strategies that a player can use,
showing that either the strategy is very random, or it must have a relatively strong sequential
structure. Its proof follows that of the classical setting without too much added difficulty,
provided the definitions are made correctly — which we now proceed to do.

A crucial difficulty in adapting Feige and Kilian’s argument is to define an appropriate
measure of a strategy’s unpredictability. In the classical case of a deterministic strategy, this
can be measured through the entropy of the marginalized distribution on answers; however



CHAPTER 7. PARALLEL REPETITION OF ENTANGLED GAMES 107

in the quantum or even the randomized setting such a measure is no longer helpful, as even
honest product strategies can be very random, just by being convex combinations of distinct
deterministic strategies. Instead, we measure unpredictability as follows.

Definition 66. Given a strategy X, a state p, and a fized set of questions qr in positions
R C [¢], define the collision probability of X on qr as

Peoi(qrlX, p) ==Y _ Peoi(qr, ar X, p) (7.2)

aRr

where
Pealar. a|X.p) = (T, (X5 Ko (X50)! o) + T (X o X5 12)) - (79)

To understand this definition, first consider the case when p is the totally mixed state
d~'Id. In this case both terms inside the summation are equal to the normalized squared
Frobenius norm d~! || X2 ||%.. Expression|[(7.2)|can be interpreted in two different ways. From
an operational point of view, it corresponds to the probability that one obtains twice the
same answers when one sequentially performs a measurement using the POVM with elements
{X gg}aR. In this sense, P is a measure of the predictability of the strategy Xg: pick two

completions ¢, ¢" at random and measure using first { X2}, , and then using {X;’“If;/}a na';
P.oi(qr|X, p) is the probability of getting twice the same result ag (and ignoring the other
answers a,a’). The analytic interpretation is that this is a measure of the entropy of the
spectrum of X7, which is maximized when X?# is a projector (for a fixed value of the trace).

In case p is not the identity, and hence does not commute with the X, we need to
adopt the more cumbersome definition for technical reasons. However, note that the
operational interpretation remains — the first term on the right-hand side of is the
probability of obtaining the same answer when performing the measurement twice on the
same half of |¥), while the second term is the same, when the measurement is performed
on the two_different halves of |¥): indeed, note that Tr(Xgz p!/2X2x pt/?) = (V| Xor ®
(Xer)|w) B

The following lets us make the distinction between the two different types of strategies
alluded to above.

Definition 67. We will say that:
o A block (R, qr) is e-dead if P.(qr|X,p) < €. If a block is not e-dead it is e-alive.

Moreover, we say that the answer ar s e-alive if it satisfies
Poo(qr, ar| X, p) > e Tr(X72p)

Note that any e-alive block has at least one e-alive answer. Sometimes we will simply
say that a block or an answer are alive or dead, leaving the parameter € implicit.

8Note the transpose sign, which indicates that our interpretation is only rigorously correct for the case of
real symmetric X.
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o A block (R, qr,ag) is (1 —n)-serial if ar is alive and the following holds:

E(i,qi) [Pcol(qRa QZ|X7 PH > (]- - T/)PCOZ(qR|X’ P) (74)

Lemma 68. Assume that €, > 0 are chosen such that ne® > 16 01_1/2.9 Then one of the
following holds

1. At least a (1 —¢) fraction of blocks (R, qgr) are e-dead.

2. At least an € fraction of blocks (R, qr) are e-alive, and moreover if (R, qr) is an e-alive
block then

> Tr(X%p) < /2 (7.5)

ap:ap alive but
(qRr-aR) is not (1 — n)-serial

i.e. alive answers which are not (1 — n)-serial have a small probability of occurring.

Proof. We extend the definition of the collision probability to measuring collisions over an-
swers which are not necessarily on the same indices as the questions:

P.o(q|R, X,p) = Z (Trp((XgR)TXgR(XgR)T X;m) + TI.(X:;R pl/ZX;IR P1/2)>

aRrR

where now ¢ can be any subset of fixed questions, and R denotes the subset of answers on
which we are measuring the collision probability.

Claim 69. There exists an integer 1 < r* < C such that

ER#JR [Pcol(QR|R7 Xa P) ] - ER7QR7i7Qi [Pcol(QRa QZ|R U {Z}a X’ P) ] <38 C’1_1/2

where the expectation is taken over all subsets R of size |R| = r*.

Proof. There is a similar statement in [42]. Here we closely follow the proof of Corollary 3.2
in the lecture notes [89]; since the argument is very similar (mostly replacing the use of
Fact 1.3 in those notes by our Claims and [[32] proven in Appendix [A]) we only outline
it here, leaving the details to the reader. The proof goes by considering what happens to
the collision probability when one conditions on an additional question, resp. one considers
collisions over an additional answer. First, note that if one extends R by an index ¢, then
Poo(qlRU{i}, X, p) < Pea(q|R, X, p), since obtaining identical answers on R is a necessary
condition to obtain identical answers on R U {i}. The following equation is the analogue of
Fact 1.4 in [89]:

’E(Lqi) [Pcol(qa Qi|R7 X, p)] - PCOI(Q|Ra X7 p)l < 46(1_1/2 (76)

9Recall that C;,Cs are chosen so that C; + Cy = £: see Definitions and for more details.
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The proof of follows directly from Claims [I30 and [32, and we omit it. It shows that
the collision probability cannot increase by too much when one conditions on an additional
question, in expectation. The proof of the claim is then concluded exactly as in the clas-
sical case: consider a sequence of steps in which one successively looks for collisions on an
additional coordinate i, and conditions on an additional question ¢;. In expectation over the
choice of (i, g;), P.o will never go up by more than 4C; /2 when one performs this operation.

Since P, is always between 0 and 1, the fact that it never goes up k/)y much implies that
1/2,

there must be a step in which it doesn’t decrease by more than 8C| /~: the total decrease
cannot be larger than the total increase plus 1. r* is chosen so that this step occurs when
r* indices (and questions) have already been fixed. O

Towards a contradiction, assume the negation of both 1. and 2. With probability at least
e a random block (R, qg) is alive, and moreover if (R, qg) is alive then alive answers which
are not (1 — n)-serial have a significant contribution. Fix such an answer ag. Since is
not satisfied, summing over all ar which are alive but not (1 — n)-serial one can see that the
collision probability, for this (R, gr), must decrease by at least

U Z Pcol(QRvaR‘X7p>

ap:ap alive but
(¢r,aR) is not (1 — n)-serial

By the negation of |[(7.5)| and the fact that the answers are alive, this quantity is at least
ne?/2. Finally, taking the expectation over the choice of (R, qr) gives a total decrease in Py

of at least ne3/2, contradicting Claim B9 if ne3/2 > 8 C; /2. O

7.2.3 Serial strategies

The main result of this section is Lemmal[73], which shows that serial strategies have a product
structure. Given that most of the strategies that we consider in this section will have a fixed
qr and ag, we introduce the useful notation Y'$ := Xgr's (resp. }A/q“SS = nggss ) for any
S C [f]\R; the value of g and ag should always be clear from the context. We will also
simply write Y for X7 (resp. Y for X ar). For the totality of this section 7 > 0 is a fixed
parameter, which one can think of as polynomial in the soundness § that we are aiming for
in the repeated game.

We start with a simple fact which expands on the defining property of (1 — n)-serial

strategies.

Fact 70. Let qr € Qf. For every ap € AR there exists a,, > Tr(ngp) such that
Y ap Qar < 3 and the following holds. Suppose (R, qr,ar) is (1 — n)-serial, and assume
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that n > C; '/*

. Then for a fraction at least (1 —n'/*) of all (i,q;) for i ¢ R we have that
0 < Tr, (Y, Y, ZTrp (Yo Yo (Ve ve) <dn'la,, (7.7)

0 < Tr(Y, p"/?Y, p 1/2 ZTr (Y pr2Y e pb/2) < APl o, (7.8)

Proof. By condition in the definition of (1 — 7n)-serial, the Y satisfy
Bl [T (V1 ¥919) = 5 T (5535373
+ Eig) [Tr(Y P2y pl/z _ ZTr(Y;“ pl/QY;f p1/2)}
< n(Trp(YT yy'? f/) i Tr(Y P2y p1/2)> 79)

For any a), € A%, let

Qg7 = INax <Tr(X‘IR p), 77 Eig) “Trp((ng?)Tng? ‘?II;) Trp((XqRq) Xqqungng)

(7.10)
By applying Claim to the Xy, we obtain

> B [T (Ko XGEX0E) — T, (K5 X0 Kok ) || < 204 2 Tr(p)

which, by using our assumption that C, 2 < n and ) Tr(XqR p) < Tr(p), implies
Yo o), Caly < 3Tr(p) < 3. Applying Claim [I30 to the Y;* we also obtain

Eq) [|Te(Y p72Y p%) = Tr (Y, 7Y, 0M%)]] < 00y,

Hence [(7.9)} together with an application of Markov’s inequality, implies that, for a fraction
at least (1 n'/*4) of all (i, ),

(T, (¥ ¥, ZTr (V) Vs (V) ) )+ (Te (Yo, 023y, p2) = 30 T (Y p2 s p172) )

Qag

<P (Trp(YT YYJr Y) + Tr(Y p/rY ,01/2) + 2 aaR)

By expanding out the Y}, terms, one can verify that both terms on the left-hand-side of this
equation are positive, hence each of them must be smaller than the right-hand-side, itself
smaller than 47*4a,,. This proves both [(7.7)] and [(7.8)] O
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We now prove a simple claim which shows that (1 —n)-serial strategies are close to being
orthogonal; this is how we will subsequently exploit that property.

Claim 71. Let qr € Q®. For every ar € AR there exists ag, > Tr(Xg}f;p) such that
> ap Qap < 3 and the following holds. Suppose that (R, qr,ar) is (1 —n)-serial. Then for a
fraction at least (1 —n'/*) of all (i,q;) fori ¢ R,

S Tr, (V)Y (Ve Y5) < 80 (7.11)
a;#al;

where p,, = pl/Q}f]?ipl/Q.

Proof. Define o, asin|(7.10)} Letting Z; = ?:zt (YA;Zi}A/qJE)Y/;h_Zai (?L]‘Z‘Z)T%‘jl (Yq‘fl)T }A/q‘;i, Eq.|(7.7))
from Fact [70] can be re-written (for the (7, ;) for which it holds) as

Tr,(Z;) < 4*/*
Let p; := 3", pa;» where p,, = p'/2Y2ip!/2. Since p; < p and Z; > 0, we get
Tr, (Z) < Trp(Zi) < 40**
and hence, expanding out Z;,

D T, (V)1 Yar (V) TYe) < 4n*ag,, (7.12)
a;#al

Finally, we can use |(7.8)| to upper-bound

Z Tr, ((fi;a)T%?l (%ﬁg)* an) < 4/t Con

a;#al al;
where we used ), )A/qf;(?qf;)T < Id. Together with [(7.12)|, this proves the claim. O

Claim 72. Let qr € Q. For every ar € A there ewists a,, > Tr (Xg}’;p) such that
> ap Qar < 3 and the following holds. Suppose that (R, qr,ar) is (1 —n)-serial, let 1 < g <
C1/2 be a fized parameter, and (G, qc) chosen at random under the constraint that GNR = ()
and |G| = g. Then with probability at least (1 —n*/* —e=29) over the choice of (G, qg), there
is a partition G = G'UG", where ¢ = |G"| > (1 — 4n°/*) g, such that for everyi € G”

ZTrpG ((Ye)T(Id — I%)Y5) < O(gn'*?) aay, (7.13)
where fori € G”, {Hgl}a is an orthogonal measurement depending only on qr,ar and g; (it

is independent of the particular choice of (G,qa)), pa = p"/*Yyup'/?, and ¢ > 0,cy > 1 are
universal constants.
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Proof. Since (qr,agr) is (1 — n)-serial, we can apply Claim [[1] to obtain that a fraction
(1 —n*/*) of (i,q;) satisfy

> Tr,, (V)Y (Ve Ve < 85/t oy, (7.14)
a;#al;

where as before p,, = p!/ Y p/2. We can now apply Lemma (proven in Appendix[A]) to
the Y, (with the states p,,) to obtain, for the fraction (1 —7'/*) of (i, ¢;) considered above,
orthogonal projectors {II]'},, satisfying

ZMEWdeww«xwaxzﬂ%Y” (7.15)

a;

Moreover, the IIg7 can easily be made into a projective measurement by enlarging one of
them, so that they sum to identity; this will not harm the above bound. By Markov’s
inequality, with probability at least (1—7%*) over the choice of (4, ¢;) it holds that Tr(Y,,p) <
n~*Tr(Yp) < n “*ag,. For any given (G,qq), let G” C G denote those indices i in
G for which this property holds for (7,¢;), and moreover (i,q;) falls in the set of indices
for which holds. By the union bound and a Chernoff bound, the probability that
|G| < (1 —4n°/*)g is less than e~29, and for ever i € G” we have

ZTrp (Ye)(Id — I2)Y5) < O(nM*2) a, (7.16)

for some constant c; > 0. Applying Claim [130 to the ffq‘?, and summing over a;, we find
that in expectation

Bl | 2 [, ((V)1V) = Ty, (V) Vi)

aj

} < g0y T (Yyp) < g0,

where we used Cy' < 1, pga, = p1/2Y‘“p , and we think of the choice of (G,qg) as
first picking (7, ¢;) and then the remaining positions and questions. Another application of
Claim combined with shows that for every i € G”,

E(G,qc)[ Z Trpc’a2 ((YZZIZIZ)T%?I)] < O(g 773/4) Qap
a;#a;

Hence, letting pg := p*/2Y, p/? = >, PG.a;» cOmbining the two previous equations we get

E(Gqq) [Z |Trpa ( YGZ)TYQZ) TrpG((Y“ >TYG) } < 0(9773/4) Qag

a;
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Using Markov’s inequality, his lets us replace f{la by anc in for a fraction (1 —n'/*) of
(G, qc), losing an additional factor O(gn'/?)a,,,. Hence

ZTrpG (Ve (Id — I2)Y5) < O(91Y?) cay, (7.17)

where we safely assumed that ¢y > 2. O

Lemma 73. Let qr € Q. For every ap € AR there exists oy, > Tr(ngp) such that
Y ap Qar < 3 and the following holds. Under the same conditions as in Claim[73, except for

a lower fraction (1 — 2n'/42 — e729) of (G, qq), it holds that
D T, (Ve — Yoo ) gl - - T8+ T1gs (Yo" — Y,,)) < O(g°n'/“)) o, (7.18)
aG//

a//

ZTTPG YaG// T}/qtgcu . (YaGu)THqg” . H Hggl’l’yacu) < 0(9771/(802)) Oy (719>

aGl/

Proof. Let {II7'} be the orthogonal projectors promised by Claim Let ¢ = |G"|, and
assume for simplicity that the first ¢” questions in G are those in G”. To prove the first
inequality, we show the following by induction on i = 1,..., ¢": there exists a constant C' > 0
such that, if we let F; = {1,...,i}, then

Z TrPG ((Y;IGFi - Y;IG)THZ: T Hgf T Hg: (Y;JGFi -Y,

q9G

)) < Cig 171/(362) Qo (7.20)

The statement for i = ¢” will imply [(7.18). Let Cy be the constant implicit in |(7.13)| from
Claim For ¢ = 1,/(7.20)| is simply a re-statement of |(7.13), provided C' is chosen larger
than Cjy. Assume the inequality verified for ¢+ — 1, and prove it for 7. Write

Yoo =Yoo = (Voo = ¥g) + (Vo = Yae)

q9G

The first term on the right-hand side (when plugged back into |(7.20)) can be bounded
directly using (and the fact that the projectors II;/ sum to identity over a;, for
j€{1,...,i—1}). Regarding the second, we can use the Cauchy-Schwarz inequality together

with |(7.13)| to bound

Z|Trpc (Vo) F(Id — TS - T8 T (Yot — V)| < 24/Con/gn'/ C2 a2 Tr (Y, p) /*

By Markov’s inequality, Tr(Y:]Gp) <V 4‘32Tr(Yp) for a fraction at least (1 — n'/42) of
(G, qc), so that for those indices the bound above can be replaced by 21/Co,/gn'/2a
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For the rest of this proof we only consider questions (G, q¢) for which the bound Tr (ch p) <
n~t/4eTy (Yp) applies. We can similarly obtain

DTy (Vo) (1d = Tg ) - Tt T2 (V! = Vo)) | < 24/ Co/gn' /ey,

aF;
so that
ZTrpG — Yo e - TI0 TIS (Yoo o — V)
< ZTTPG Yaz)THal 1. Hgll . Haz 1(Y Ya; )+ 16 /CO\/gnl/Mcg)aaR

= ZTrpG Voo ™ = Voo T TI00 I (Vo = V) ) + 163/ Co/gn

which can then be bounded using the induction hypothesis. This concludes the induction

step, provided C' > Cy + 16+/CY, and proves |(7.18)}
We now prove |(7.19)l Use the Cauchy-Schwarz inequality to bound

a//

D T (Ve — Yoo ) g - - TIt - T2 Vs )

aG//
¥ ¥ Qg a agrr Qs ~ 1/2
< (3 T (Ve = Vi) I Tl T (Ve = ¥s)))
agr
a, a. s 1/2
(30 T (V)G - mige - 1132 Ve )
aG//

< O(gn"®)) ag,,

by [(7.18)l We obtain |(7.19)| by noting that

ZT% YaG// TYCLG// YT Hqg,, S II0 qu,,Y ) =0

aGII

since the IIg7 sum to identity over a;. O

7.2.4 Bounding the success of players in a repeated game

We proceed to show how the results from the previous section can be combined in order to
prove Theorems [63] and [65l For the remainder of this section we fix a game G with question
set () and answer set A, and consider the f-repeated games G'rg () and Gpg() for some fixed
integer /. Let s be the entangled value of the original game G, and {A%}4 (resp. {(B4)"}a)
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be an arbitrary fixed projective strategy for Alice (resp. Bob), using entangled state |¥), in
the (-repeated gamel Let p = Tra| W) (V| be the reduced density of | ) on Bob’s subsystem.

We note here that both types of f-repeated games have the same overall structure, in
that they consist of a set of C'; “correlated” rounds, in which the referee sends either “game”
or “consistency” questions, and Cs “independent” rounds, in which he asks questions chosen
independently from a product distribution (we refer to Definitions 61l and [62] for more details,
including the definition of C; and C3). In both cases, we can think of the referee as choosing
the ¢ pairs of questions in the following order.

1. First, a subset R C [{] of size r* < (/2 is chosen, and designated as indices for either
game rounds (in the case of a projection game), or otherwise consistency rounds. Pairs
of questions (¢%, qr) are then picked according to the appropriate distribution.

2. A subset G C [(]\R of size C| — r* is chosen. In the case of a projection game, all the
indices in G are designated as game rounds. In the other cases, C/2 of the indices in G
are designated (at random) as game rounds, and the remaining indices are designated
as consistency rounds. Pairs of questions (qJ;, ¢¢) are chosen accordingly. Note that
the referee doesn’t know the value of r*, but he doesn’t need to explicitly distinguish
between the game and consistency rounds, since they use the same distribution on
pairs of questions. The distinction is made only as a convenience for the analysis.

3. Finally, we let F' = [¢(]\(RUG). F has size C5, and the indices it contains are designated
as confuse rounds, with corresponding pairs of questions (¢, qr).

We will denote by (¢',q) = (¢r0:qF, 4rqcqr) the {-tuple of pairs of questions chosen by
the referee. Since questions on the indices in R always correspond to cases where for every
answer of Alice there is a unique possible valid answer for Bob, and since we will only
perform consistency (as opposed to game) checks on questions in those indices, we may
regroup Alice’s tuples of answers a, when they induce the same ap for Bob. Hence we
re-define AJRS = Za,R AZ;@Z , where the summation runs over all ay such that (az,agr) are
valid answers to the questions (¢, qr).

Our first claim shows that the players have a low success probability on blocks (R, qr)
which are dead.

Claim 74. Let ¢ > 0 be such that ¢ > C,Cy", and suppose that (R, qr) is an e-dead block.
Then the success probability of the players, conditioned on the referee picking questions (¢, q)
such that q includes qr 1n the positions in R, is at most \/2¢.

10The transpose sign on Bob’s operators is there for consistency of notation. For simplicity we will omit
this transpose in the future whenever we consider expressions of the form (¥|A ® B|¥), which should be
read as (V|A ® BT |V).
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Proof. The definition of (R, gr) being e-dead implies that
ST g Y < <
aR

By applying Claim [I30 to the B together with Markov’s inequality, we obtain that in
expectation

Eoae | 3 Te(Bit 02 Bit 0'%)] < e+ G107 < 22 (7.21)
aRr

where we used |G| < C} and our assumption on €. Condition on (g%, gr) being chosen as part

of the referee’s questions in the game, and assume that the referee only checks consistency

of Alice and Bob’s answers to the questions in R. This can only increase their success

probability, which can then be bounded as

, 1/2 1/2
aRa aRa a 2 a 2
E(G,F%(q’gq%,chp) [ Z <\I/|Aq;},:q/Gq1r ® ququF’\p) < EG,(q’G,qG) [( Z HAqf:q'an) (Z ||Bq§qc Hp) }
aR,a’,a aRr aRr
<+V2e

where we used that (¢}, ¢r) are chosen according to a product distribution, the first inequality
follows from Cauchy-Schwarz (recall the definition of || -||, given in [(7.1))), and for the second
we upper-bounded . HAZ;:q’GH/% by 1 and used Jensen’s inequality together with to
bound the other term. O

We note informally that one can combine this claim with Lemma [73] to obtain a form
of “direct product test” for entangled strategies. Indeed, if two entangled players Alice and
Bob win the game with probability s > ¢, then by the previous claim a fraction at least s%/2
of blocks (R, qr) should be alive; moreover a non-negligible fraction'] of answers a r to those
blocks must be (1 — n)-serial. Hence one can apply Lemma [[3 to those blocks (R, qgr,ar)
and obtain a product form for the corresponding marginalized strategy.

The next claim shows that strategies which are product, even on a subset of the coordi-
nates, also have a low success probability.

Claim 75. Fiz (R, qr,ar), and for every (i,q;), where i € [(]\R and q; € Q, let {11} }aca
be a fized projective measurement. Suppose that Bob’s strategy is such that, with probability

at least 1 — § over the choice of (G,qc) and G; C G of size |G1| = g, there is a partition
G1 =G ' UG" such that ¢" = |G"| > (1 — ¢')g and Bob’s POVM satisfies that for every acgr
adl Q1 A

aragr — (Ror\t c TI9 . T Bor
B - (B QR) Hqg” Hq1 Hqg” B qr

qdRrA4G

'Note that one cannot hope to obtain any structural result on the strategies which would hold for more
than a fraction s of questions or answers, as the player’s strategy could be a mixture of a perfect winning
strategy with probability s, and a random strategy with probability (1 — s).
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where for simplicity we wrote G" = {1,...,4"}.

Then the success probability of the players, conditioned on the referee asking questions
(¢, q) such that q includes qg in the positions in R, and summed over all valid answers which
include ar for Bob, is at most

(84 e 0=0%) Te(Byrp)
Proof. Fixing the questions in R and G, and conditioning on the players consistently an-
swering ag to (¢, qr), their probability of being accepted is at most

a/l

> <\p|A“RaG" ® Bomae! |J) =y <\1u|A“R”G" (Bem)TI,e, - - TI8 - - - T8, BeR| W)

a//

4dRrRA4G
a/G,,,CLG// a/G,,,CLG//
_ Bar\t) . A%R% AN i (IR “g”.( RAR
= > (P (Bg)') - Ay’ @Tgg, - Tl - Tlgs, - (1d @ Bya| W
a’G,,,aG//

(7.22)

The fact that sequential strategies cannot succeed in many rounds of the repeated game
implies that

agal, a g’ a,n
HE(G#Z/G#]G)[ Z A G q g, Hal ) Hqggu

G” ag

[ = (=1 =5 -0)%)

Indeed, the expression on the left-hand side can be upper-bounded by the maximum success
probability of an Alice playing an arbitrary strategy and Bob a sequential strategy described
by the measurements IT¢¢, provided the referee only checks the answers to those questions
in G” C G, where (7 is a random subset of G of size g chosen by the referee. But this
success probability is even lower than the success probability that Alice and Bob would have
if Bob played his sequential strategy on all questions in GGy, but the referee was to accept as
long as at least ¢” out of Alice and Bob’s g answers were correct. Since the probability of
such a serial strategy succeeding in any round is at most the value s of the original game,
and ¢” > (1 — §')g, by a Chernoff bound the probability that the players succeed in ¢g” out
of the g rounds is at most exp(—(1 — s — §')?g). Hence the expression in can be
upper-bounded, in expectation, by

e O (W ® (Byr) Byz|w) = e T (Bykp)

Finally, we must account for the small probability J that the serial property does not
hold; for those sets G we can trivially bound the success probability, conditioned on Bob
answering ar to qg, by Tr (Bg};ﬁ p). O]

We finally turn to the proof of our main theorem.
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Proof of Theorem [63. We first set parameters: let Cy be a large enough constant, ¢ = C;*§?
(recall that ¢ is the target value for the repeated game Grx (£)), n = Cy 6% (1—5) (where ¢,
is the constant which appears in Claim[72)), g = Cylog(1/6)(1—s)™!, and £ > C{?6~1%52(1 —
s)~*. Recall also that C was defined as C} = Vi , and Cy = £— (Y. This choice of parameters
satisfies the following constraints:

e e3> 16C; ", which is used in Lemma BR

o n>0C, Y 2, which is used in Fact [[0] and subsequent claims.
e c>(1C5 1, which is used in Claim [74l

As before, in game Gpg(g), we can think of the referee as first picking r* < C/2 pairs of
questions (R, (¢, qr)) for the players, then picking g pairs (G1, (¢, qc,)), then C; —7* — g
pairs (G, (¢¢,, 96,)) and finally C5 independent pairs of confuse questions (F), (¢, qr)). Let
G =G, UGy and (¢, q) = (¢r69%, 4r9cqr)- Let {Ag,'}a/ be Alice’s POVM on questions ¢/,
and {B7}, Bob’s POVM on questions ¢.

By Lemma [68, one of two cases hold. Either a (1 — ¢) fraction of blocks (R, qr) are
e-dead, in which case the player’s success probability is readily bounded by ¢ + v/2¢ by
Claim [74l Otherwise, it must be that we are in case 2 of the lemma, so that e-alive blocks
are for the most part serial. Note that any dead blocks contribute at most v/2¢ to the success
probability, by Claim [[4l A similar argument to that in Claim [[4] shows that alive blocks
which are not (1 — n)-serial also contribute at most v/2¢, given the fact that we are in the
case 2. of Lemma [68, and there can only be few such blocks by .

Suppose (R, qr, ar) is (1—n)-serial. By Lemmal73| for every (i, ¢;) there exists a projective
measurement {Hai}al, depending only on ¢g, ag, q;, a;, such that with probability at least
(1—2n'/42 —e=29) over the choice of (G, q¢) such that |G| = g there is a partition G, = G'UG”
such that g” = |G"| > (1 — 4n*)g such that Egs. [(7.18)] and [(7.19)] from Lemma [73 are
satisfied, where pe = p'/2Biz _p'/?. To alleviate notation we let IT = IT21 - HZ;,’,’, and we
first use Cauchy-Schwarz to bound

> (\1/|A“R“G” ® (Berae)i(1d — TIIT) Berea” | 0)

dRr4G qdRr4G

/
A Te

< g | (B - |

qRr4G qR4G
aG//
a aRra t aRra 1/2
- ”AqchHp (ZTYPG quch ) (Id —1II H)Bq:ch ))
aG//
< O(v/gn'/t 1602>)|\AZRQG|\,, 1/2 (7.23)

where pg = p'/2Bax, p/2, the first inequality is by Cauchy-Schwarz, the second uses (Id —
II') < Id, the last is by Eq. [(7.19)] from Lemma [[3, and «,, was defined in Eq. [(7.10)
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(where here we substitute ng for X ok). A similar argument, using this time Eq. |(7.18)} lets
us bound

ST WA @ (B — Bon,) T (Byae — By, )|W) < O(gn!/ ) | Azr, l0lf?
a’G,,,aG//

(7.24)

and hence combining |(7.23)| and [(7.24)| we get

2. \<‘I’|AWG" @ (Byie — (B, )IMIBgE, )| W)] < O(Van/ ) | AGE, N gl
a’G,,,aGu

Finally, by Claim we have
Bl | o (WAL © (BB — (Bys,)'ITLBLE, )W) |

drYG 4drIG
a’G,,,aGu
§4||AZRqG||p (G.ac) [H|B H ” QRQGHi|
<477HAq qGHp 1/2

where for the first inequality we used Zag IT'II = Id, and for the second that n > C; .
Hence the statistical distribution of outcomes produced by Alice and Bob (conditioned on
answering ag to qr) is close to that which would be obtained if Bob was to use the operators
(ng)THTHng as his POVM on questions ¢g. But the success probability of the latter,
when summed over all valid answers to the pair of questions (g, ¢g~), can be bounded by
o Pl adl? < 3) and taking the
expectation over qg, the average winning probability of the players for all (1—n)-serial blocks
(R, qr,ag) is at most

O(\/anl/(lﬁw) + 2776/4 +e 24 6—(1—3—4771/462)29)

where we also accounted for those (rare) choices of (G, g, q¢) for which the previous bounds
do not hold. Given our choice of parameters €,7,¢g and ¢, it can be checked that this
expression is < ¢. Combining this bound with the one resulting from dead blocks shows
that the winning probability of the players is at most §, which proves the theorem as long
as £ = poly(671, (1 — s)7!) is large enough. O

Claim [75l Hence summing over all ag (and using >, || A7

We conclude this section by briefly explaining how the proof of Theorem can be
adapted to prove Theorem [65. The main reason the proof carries over is that, in the proof
of Theorem [63] we only used the projection property for a subset of the game questions
(to bound the success over dead blocks), while for (1 — n)-serial blocks the game questions
were only used in conjunction with the fact that the value of the game was at most s. Here,
consistency rounds will play the role of the game questions previously in R, and game rounds
will play the role of those game questions previously in G (or rather its small subset Gy).
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Proof of Theorem [63. In game Gpr(), we think of the referee as first picking r* < C/2
pairs of consistency questions (R, (¢, qr)) for the players, then picking C}/2 —r* additional
consistency pairs (R', (¢, qr')), C1/2 pairs of game questions (G, (g5, q¢)) and finally Cy
independent pairs of confuse questions (F, (¢x,qr)). Let (¢, q) = (¢ 9:qr IrRAR 4GOF)-

Assume a choice of parameters made that is similar to the one in the proof of Theorem [63]
As before, we can apply Lemma [68 to Bob’s strategy By, distinguishing between two cases.

In the first case, a fraction (1 —¢) of blocks (R, gr) are dead, for |R| = r*. Then Claim [74]
again applies, as the only property we used in its proof was that any answer of Alice induced
a fixed answer for Bob, which is the case for consistency questions.

In the second case, a fraction ¢ of blocks (R, qg) are alive. Those blocks which are dead
can be dealt with as in the previous case, and we can focus on blocks (R, gr,ar) which are
(1 —n)-serial. Here we can reason exactly as in Theorem [63] using Claim [[5] with Gy chosen
as a subset of the questions in G, and the remaining consistency questions playing the role
of the remaining game questions before. [l

7.3 Discussion and open questions

The work presented in this chapter shows for the first time that the entangled value of games
can be decreased through parallel repetition. Even though we framed and proved our results
in the context of 2-player games, it should not be hard to extend them in some cases to
multiple players, depending on the kind of projection or consistency constraints that one
can assume on the game. On the other hand, extending the result to either many-round
games, or games with quantum messages, is an interesting open question.

One implication of our result is the following. The celebrated PCP theorem says that
given a game, it is NP-hard to tell if its value is 1 or less than, say, 0.99. Combined with
Raz’s parallel repetition result, one obtains that it is also hard to tell if the value is 1 or less
than, say, 0.01. The latter statement led to an enormous body of work on strong hardness
of approximation results [52]. It is currently a major open question whether an analogue of
the PCP theorem holds for the entangled value. If such a result was proved, our results
would allow to amplify the hardness to 1 vs. 0.01, as in the classical case, possibly leading
to further surprising implications. (While we show such a hardness result in Chapter [, the
protocol used in that result requires a large (constant) number of provers, together with a
polynomial number of rounds of interaction: it is an open question whether the results in
this chapter can be applied to improve the gap of that protocol, while keeping the number
of rounds of interaction as small as possible.)

The main open question left by the results presented in this chapter is whether it is
possible to show a better rate of decay, in particular an exponential rate as Raz obtained
from direct parallel repetition, or |56] first obtained in the setting of direct product testers.
Another open question is whether our statement can be extended to hold for simple par-
allel repetition for arbitrary entangled games (i.e. without adding dummy or consistency
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questions).

We believe that our main conceptual contributions are the extension of the notion of
“approximately serial” to the setting of measurements, and our subsequent orthogonalization
lemma. We hope that these techniques might prove useful elsewhere. Lastly, product testers
are very useful in the area of property testing, and it remains to be seen if our result can be
applied similarly.
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Chapter 8

Trevisan’s extractor in the presence of
quantum side information

In this chapter we show that a family of extractor constructions originally introduced by
Trevisan [119] in the classical setting is secure against quantum adversaries. This construc-
tion, and its proof of security, will be crucial to the results in Chapter @ We first introduce
the task of randomness extraction, emphasizing the importance of taking into account any
“side information”, classical or quantum, that an adversary to the extractor may have about
its random source. In we give formal definitions of extractors and discuss briefly how
much randomness can be extracted from a given source. contains the description
of Trevisan’s extractor construction paradigm and a proof that it is still sound in the presence
of quantum side information, in the cases of both uniform and weakly random seeds. Then in
88.4] we plug in various one-bit extractors and pseudo-random seed constructions, resulting
in, amongst others, a construction which is nearly optimal in the amount of randomness
extracted in (which is identical to the best known bound in the classical case [98] for
Trevisan’s extractor), and a construction which is still sound if there is a small linear entropy
loss in the seed in Finally, in [§8.5, we mention a few classical results which modify
and improve Trevisan’s extractor, but for which the correctness in the presence of quantum
side information does not seem to follow immediately from our work.

8.1 Introduction

Randomness extraction is the art of generating (almost) uniform randomness from any
weakly random source X. More precisely, a randomness extractor (or, simply extractor)
is a function Ext that takes as input X together with a uniformly distributed (and usually
short) string Y, called the seed, and outputs a string Z. One then requires Z to be almost
uniformly distributed whenever the min-entropy of X is larger than some threshold &, i.e.,

Hyin(X) >k = Z:=Ext(X,Y) statistically close to uniform. (8.1)
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The min-entropy of a random variable X is directly related to the probability of cor-
rectly guessing the value of X using an optimal strategy: 2~ #min(X) = max, Px(x). Hence
[Criterion (8.1) can be interpreted operationally: if the maximum probability of successfully
guessing the input of the extractor, X is sufficiently low then its output is statistically close
to uniform.

The randomness of a value X always depends on the information one has about it, in
the following called side information. In cryptography, for instance, a key is supposed to be
uniformly random from the point of view of an adversary, who may have access to messages
exchanged by the honest parties, which we would therefore consider as side information.
Here, extractors are typically used for privacy amplification [19,120] , i.e., to turn a partially
secure raw key (about which the adversary may have non-trivial information) into a perfectly
secure key. We thus demand that the extractor output be uniform with respect to the side
information held by the adversary. Another example is randomness recycling in a computa-
tion, which can be done using extractors |58]. The aim is that the recycled randomness is
independent of the outputs of previous computations, which are therefore considered as side
information.

In the following, we make side information explicit and denote it by E. The notions
of randomness we are going to use, such as the guessing probability, min-entropy or the
uniformity of a random variable, must then be defined with respect to E. We can naturally
reformulate |Criterion (8.1)| as

Hoin(X|E) >k = Z:=Ext(X,Y) statistically close to uniform (8.2)

conditioned on F,

where Hy,i(X|E) is the conditional min-entropy, formally defined in[§3.3] This conditioning
naturally extends the operational interpretation of the min-entropy to scenarios with side
information, i.e., 27fmn(XIE) ig the maximum probability of correctly guessing X, given
access to side information E [75].

Interestingly, the relationship between the two Criteria |(8.1)| and |(8.2)| depends on the
physical nature of the side information FE, i.e., whether E is represented by the state of a
classical or a quantum system. In the case of purely classical side information, £ may be
modeled as a random variable and it is known that the two criteria are essentially equivalent
(see for a precise statement). But in the general case where F is a quantum
system, |Criterion (8.2)|is strictly stronger than it was shown in [46] that there exist
extractors that fulfill but for which fails (see also [74] for a discussion).

Since our world is inherently non-classical, it is of particular importance that rather
than the weaker [Criterion (8.1)| be taken as the relevant criterion for the definition of extrac-
tors. In cryptography, for instance, there is generally nothing that prevents an adversary
from holding quantum side information. In fact, even if a cryptographic scheme is purely
classical, an adversary may acquire information using a non-classical attack strategy. Hence,
when using extractors for privacy amplification, [Criterion (8.1) does not generally imply se-
curity. A similar situation may arise in the context of randomness recycling. If we run a
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(simulation of) a quantum system E using randomness X, approximately H,(X|FE) bits
of X can be reused. If we now, in an attempt to recycle the randomness, apply a function
Ext which fulfills but not , the output Z may still be correlated to the system FE.

It is known that the conditional min-entropy accurately characterizes the maximum
amount of uniform randomness that can be extracted from X while being independent from
E. (More precisely, the smooth min-entropy, an entropy measure derived from Hy,;, (X|E) by
maximizing the latter over all states in an e-neighborhood, is an upper bound on the amount
of uniform randomness that can be extracted; see in ChapterBland [100] for details). In
other words, the characterization of extractors in terms of Hy,;, (X |E) is essentially optimal,
and one may thus argue that |Criterion (8.2)is indeed the correct definition for randomness
extraction (see also [100, (74, [76]). In this chapter, we follow this line of argument and call
an extractor quantum-proof if it satisfies |Criterion (8.2)] (see [§8.2.1]).

We note that there have been alternatives proposals in the literature for defining extrac-
tors in the context of quantum side information, which do however not satisfy the above
optimality condition. One prominent example is the bounded storage model (see [§8.4.3),
where the (quantum) side information F is characterized by the number of qubits, Hy(F),
required to store it. In this case, the entropy Hp,(X|E) of a source X conditioned on E
is generally lower-bounded by Hy,,(X) — Ho(E). However, this characterization of side in-
formation is strictly weaker than that using Hp,,(X|E): there are sources X and nontrivial
side information E such that Hu(X) — Ho(E) < Huw(X|E)[| In particular, even if an
extractor can provably extract Ho,,(X) — Ho(E) bits of uniform randomness from a source
X, we do not know whether the same extractor can attain the optimal H,;,(X|E) bits. Note
also that the same considerations apply to the purely classical case. In fact, no recent work
defines classical extractors for randomness sources with side information stored in bounded
classical memories

Finally we remark that the increased generality attained by the notion of quantum-proof
extractors used here is crucial for applications. For example in quantum key distribution,
where extractors are used for privacy amplification [100], it is generally impossible to bound

the adversary’s memory size.

IThis can easily be seen by considering the following example. Let X be uniformly distributed on {0,1}"
and F be X with each bit flipped with constant probability e < 1/2. Then Hpin(X|E) = ©(n), but
Hpin(X) — Ho(E) = 0.

2Restricting the class of randomness sources further than by bounding their min-entropy can have advan-
tages, e.g., if we consider only bit-fixing sources, or sources generated by a random walk on a Markov chain,
then the extractor can be deterministic. (See [104] for a brief overview of restricted families of sources studied
in the literature.) There is however no known advantage (e.g., in terms of seed length) in considering only
input sources with side information stored in memory of bounded size, whether it is classical or quantum
memory.
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8.1.1 Related results

In the standard literature on randomness extraction, constructions of extractors are usually
shown to fulfill|Criterion (8.1)} for certain values of the threshold & (see [31] as well as [104] for
an overview). However, only a few constructions have been shown to fulfill |Criterion (8.2)|
with arbitrary quantum side information E. Among them is two-universal hashing [100,
117], constructions based on the sample-and-hash approach [74], as well as all extractors
with one-bit output |76].

Recently, Ta-Shma [112] studied Trevisan’s construction of extractors [119] in the bounded
quantum storage model. The result was a breakthrough because it, for the first time, im-
plied the existence of quantum-proof extractors requiring only short seeds (logarithmic in
the input length). Unfortunately, his proof technique requires the output length to be much
smaller than the min-entropy of the original data: it scales as (Huin(X)/Ho(E))Y¢, where
¢ > 1 is a constant. Furthermore, Ta-Shma’s result is proved in the bounded quantum
storage model, which, as discussed previously, only allows the extractor to output at most
Hyin (X)— Ho(F) bits. This expression can in general be arbitrarily smaller than H;, (X|E),
and in some cases may even become 0 (or negative) for n-bit sources for which it is possible
to extract Q(n) bits of randomness[1]

Subsequent to this work, Ben-Aroya and Ta-Shma [16] showed how two versions of Tre-
visan’s extractor, shown quantum-proof in this paper, can be combined to extract a con-
stant fraction of the min-entropy of an n-bit source with a seed of length O(logn), when
Huyin(X|E) > n/2. This is better than the straightforward application of Trevisan’s extrac-
tor analyzed here, which requires O(log®n) bits of seed for the same output size (but works
for any Hy,in(X|E)).

8.1.2 Contributions

We show that the performance of Trevisan’s extractor does not suffer in the presence of quan-
tum side information. This improves on the best previously known result [112] in two major
ways. First, we prove our results in the most general model, where the min-entropy of the
source is measured relative to quantum side information (Criterion (8.2))). Second, we show
that the output length of the extractor can be close to the optimal conditional min-entropy
Hpin(). This provides the first proof of soundness for an extractor with poly-logarithmic
seed meeting |Criterion (8.2)|in the presence of arbitrary quantum side information.

More generally, we show that a whole class of extractors is quantum-proof. It has been
observed, by, e.g., Lu and Vadhan [79, [120], that Trevisan’s extractor [119] (and variations
of it, such as [98]) is a concatenation of the outputs of a one-bit extractor with different
pseudo-random seeds. Since the proof of the extractor property is independent of the type of
the underlying one-bit extractor (and to some extent the construction of the pseudo-random
seeds), our result is valid for a generic scheme (defined in [§8.3.1] [Definition 83)). We find that
the performance of this generic scheme in the context of quantum side information is roughly




CHAPTER 8. TREVISAN’S EXTRACTOR 126

Min-entropy | Output length Seed length | Note

Corollary 89 any k m =k —4log1/e | d = O(log’n) | optimized output length

Corollary 90 k =n~ m =n""" d = O(logn) | optimized seed length
Corollary 91 k=an m = (a—7)n | d=0(log’n) | local extractor
[Corollary 92] k = n® m =n*" d = O(logn) | seed with min-entropy £d

Table 8.1: Plugging various weak designs and 1-bit extractors in Trevisan’s construction, we
obtain these concrete extractors. Here n is the input length, ¢ = polyl/n the error, a and ~
are arbitrary constants such that 0 < v < a <1, and % < B < 1 is a specific constant.

equivalent to the (known) case of purely classical side information (§8.3.2] [Theorem 86l).

In practical situations where quantum-proof extractors are used, e.g., privacy amplifi-
cation in quantum key distribution [100], the players do not necessarily have access to a
uniform source of randomness. We therefore analyze separately the situation where the seed
is only weakly random, and show that Trevisan’s extractor is quantum-proof in that setting
as well (§8.3.2} [ITheorem 87)).

By “plugging” various one-bit extractors and pseudo-random seeds into the generic
scheme, we obtain different final constructions, optimized for different needs, e.g., maxi-
mizing the output length, minimizing the seed, or using a non-uniform seed. In [Table 8.1]
we give a brief overview of the final constructions proposed.

8.1.3 Proof technique

The proof proceeds by contradiction. We first assume that a player holding the side infor-
mation F can distinguish the output from uniform with probability greater than €. We then
show that such a player can reconstruct the input X with high probability, which means
that X must have low min-entropy (Humin(X|FE) < k). Taking the contrapositive proves that
the extractor is sound.

Trevisan [119] originally proved the correctness of his extractor this way. His construc-
tion starts by encoding the source X using a list-decodable code C' [111]. The output of
the extractor then consists of certain bits of C'(X), which are specified by the seed and a
construction called a (weak) design |86, 98]. (See for a precise description of Trevisan’s
extractor.) His proof can then be broken down in two steps. He first shows that a player
who can distinguish the output from uniform can guess a random bit of C'(X). In the second
step, he shows that such a player can reconstruct X.

Proving the soundness of Trevisan’s extractor in the quantum min-entropy framework
requires some important changes. In order to better explain these new elements, it will be
useful to first give a brief overview of the main steps that go into Ta-Shma’s proof [112].
For the sake of contradiction, assume that there is a test T, which performs a measurement
on the side information F in order to distinguish the output from uniform with advantage
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e. Using a standard hybrid argument, along with properties of the (weak) design, one can
then construct a new test 7" (using a little extra classical advice about X) which predicts a
random bit of C'(X) with probability % + =, where m is the number of output bits. Further,
T’ makes exactly one query to 7.

The proof in [112] proceeds by showing how from such a test, one can construct another
test 7" which predicts any bit of X with probability 0.99 and queries T" at most ¢ = (m/e)¢
times (¢ = 15 for the code in [112]). This gives a random access code (RAC) [6] for X;
however, since it requires ¢ queries to the side information F, the no-cloning theorem forces
us to see it as querying a single system of length ¢Hy(F) (recall that Ta-Shma’s result was
proved in the bounded storage model, where one bounds the information provided by E by
its number of qubits Hy(E)). Finally, using a new bound on the dimension of RACs [112],
one finds that Hy, (X) > mHy(E), hence m < (Huwin(X)/Ho(E))Ye.

Our proof improves upon Ta-Shma’s through two major changes. First, we model the
side information E explicitly, instead of viewing it as an oracle which one queries. Indeed,
the measurement performed by the test 7" to predict the bits of C'(X) will be different from
the measurement performed by 7" to reconstruct X, and this cannot be captured by the
“oracle-side-information” model of Ta-Shma. We also generalize previous versions of this
step by considering non-uniform seeds. We thus show (in [§8.3.2] [Proposition 1)) that if the
output of the extractor can be distinguished from uniform with probability % +¢ by a player
holding the side information E, then the bits of C(X) can be guessed with probability 3 4 <
by a player holding F and some extra small classical information G.

Second, we depart from the reconstruction paradigm at the heart of the second half
of the proof of both Trevisan’s and Ta-Shma’s results. Instead of defining explicitly the
measurement and computation necessary to reconstruct X, we use the fact that for any
list-decodable code C : {0,1}" — {0,1}", the function

C': {0,13" x [A] = {0, 1}

is a one-bit extractor (see for more details). The second part of the (classical) re-
construction paradigm can be understood as a proof that these codes are one-bit extrac-
tors according to |Criterion (8.1)l It was however proved by Konig and Terhal [76], that
in the one-bit setting the more general [Criterion (8.2)|is essentially equivalent to the usual
[Criterion (8.1)l This result lets us conclude the proof directly, without having needed to
explicitly show that the source X could be reconstructed from the extractor’s output and
the side information.

This proof structure results in a very modular extractor construction paradigm, which
allows arbitrary one-bit extractors and pseudo-random seeds to be “plugged in,” producing
many different final constructions, some of which are given in [Table 8.1 and detailed in [§8.4]
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8.2 Extractors

8.2.1 Extractors, side information, and privacy amplification

An extractor Ext : {0,1}" x {0,1}% — {0,1}™ is a function which takes a weak source of
randomness X and a uniformly random, short seed Y, and produces some output Ext(X,Y),
which is almost uniform. The extractor is said to be strong, if the output is approximately
independent from the seed.

Definition 76 (strong extractor [87]). A function Ext : {0,1}" x {0,1}¢ — {0,1}™ is
a (k,e)-strong extractor with uniform seed, if for all distributions X with min-entropy
Hyin(X) > k and a uniform seed Y, we haveﬁ

1
§HPExt(X,Y)Y — PU @ pylle <€,

where py,, 1s the fully mized state on a system of dimension 2™.

Using the connection between min-entropy and guessing probability (Eq. (3.1)), a (k,&)-
strong extractor can be seen as a function which guarantees that if the guessing probability

of X is not too high (pguess(X) < 27%), then it produces a random variable which is approx-
imately uniform and independent from the seed Y.

As discussed in the introduction, we consider here a more general situation involving side
information, denoted by E, which may be represented by the state of a quantum system. We
then want to find some function Ext such that, if the probability of guessing X given E' is not
too high, Ext can produce a random variable Ext(X,Y") which is approximately uniform and
independent from the seed Y and the side information F. Equivalently, one may think of a
privacy amplification scenario |19, 20], where F is the information available to an adversary
and where the goal is to turn weakly secret data X into a secret key Ext(X,Y’), where the
seed Y is assumed to be public. (In typical key agreement protocols, the seed is chosen by
the legitimate parties and exchanged over public channels.)

The following definition covers the general situation where the side information E may
be represented quantum-mechanically. The case of purely classical side information is then
formulated as a restriction on the nature of E.

Definition 77 (quantum-proof strong extractor [74]). A function Ext : {0,1}" x {0,1}¢ —
{0,1}™ is a quantum-proof (or simply quantum) (k,)-strong extractor with uniform seed,
if for all states pxg classical on X with Hyin(X|E), > k, and for a uniform seed Y, we have

1
§HpExt(X,Y)YE — PUn @ py @ pElle <,

3 A more standard classical notation would be 1 [|[Ext(X,Y) oY — U,, o Y| < &, where the distance metric
is the variational distance. However, since classical random variables can be represented by quantum states
diagonal in the computational basis, and the trace distance reduces to the variational distance, we use the
quantum notation for compatibility with the rest of this work.
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where py,, 1s the fully mized state on a system of dimension 2™.
The function Ext is a classical-proof (k, €)-strong extractor with uniform seed if the same
holds with the system E restricted to classical states.

It turns out that if the system F is restricted to classical information about X, then this
definition is essentially equivalent to the conventional [Definition 76l

Lemma 78 (|76, Proposition 1]). Any (k, €)-strong extractor is a classical-proof (k+log1/e, 2¢)-
strong extractor.

However, if the system E is quantum, this does not necessarily hold. Gavinsky et al. [46]
give an example of a (k, )-strong extractor, which breaks down in the presence of quantum
side information, even when Hy,;, (X|F) is significantly larger than k.

Remark 79. In this section we defined extractors with a uniform seed, as this is the most
common way of defining them. Instead one could use a seed which is only weakly random,
but require it to have a min-entropy larger than a given threshold, Hym(Y) > s. The seed
must still be independent from the input and the side information. Since having access
to a uniform seed is often an unrealistic assumption, it is much more useful for practical
applications to define and prove the soundness of extractors with a weakly random seed. We
redefine extractors formally this way in[§A.5.1], and show in[§8.5.3 that Trevisan’s extractor
15 still quantum-proof in this setting.

All the considerations of this section, in particular [Lemma 78 and the gap between clas-
sical and quantum side-information, also apply if the seed is only weakly random. In the
following, when we simply talk about a strong extractor, without specifying the nature of the
seed, we are referring to both uniform seeded and weakly random seeded extractors.

8.2.2 Extracting more randomness

Radhakrishnan and Ta-Shma 93] have shown that a (k,e)-strong extractor Ext : {0,1}" x
{0,1}% — {0, 1}™ will necessarily have

m < k—2logl/e+ O(1). (8.3)

However, in some situations we can extract much more randomness than the min-entropy.
For example, let X be distributed on {0,1}" with Pr[X = 2] = 1/n and for all x # x,
Pr[X =z| = TL(’ZLT’_ll) We have Hpi,(X) = logn, so using a (logn, 1/n)-strong extractor we
could obtain at most logn bits of randomness. But X is already 1/n-close to uniform, since
tllox — pu,llie < £. So we already have n bits of nearly uniform randomness, exponentially
more than by using a (logn, 1/n)-strong extractor.

In the case of quantum extractors, similar examples can be found, e.g., in [116, Remark
22]. However, an upper bound on the extractable randomness can be obtained by replacing
the min-entropy by the smooth min-entropy (Definition 10). More precisely, the total number
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of e-uniform bits that can be extracted in the presence of side information E can never exceed
HE, (X|E) [100, Section 5.6].

Conversely, the next lemma implies that an extractor which is known to extract m bits
from any source such that Hp,(X|E) > k can in fact extract the same number of bits, albeit
with a slightly larger error, from sources which only satisfy HZ. (X|E) > k, a much weaker
requirement in some cases.

Lemma 80. [f Ext : {0,1}" x {0,1}¢ — {0, 1}™ is a quantum-proof (k,¢)-strong extractor,
then for any state pxg and any € > 0 with H;’in(X|E)p >k,

1
§HPExt(X,Y)YE — pu,, @ py Q pellue < e+ 2.

Proof. Let pxg be the state ¢’-close to pxp for which Hp,(X|E); reaches its maximum.
Then

1
§||pExt(X,Y)YE — pu,, @ py @ pE||u
1 . 1, . _
< §H,0Ext(X,Y)YE — PExt(x,Y)VE|tr §HPExt(X,Y)YE — P, @ py ® pEll
1 N
+ §||pUm ® py @ P = PU, ® py @ ppllu

1, . - -
< PExtxyyvE — PUn @ py ® Pl + loxE — PxE|w

<e42¢.

In the second inequality above we used (twice) the fact that a trace-preserving quantum
operation can only decrease the trace distance. And in the last line we used the fact that
the purified distance — used to measure the distance between two states (see [Definition 10)
— is larger than the trace distance. O]

Remark 81. Since a (k,e)-strong extractor can be applied to any source with smooth min-
entropy HE, (X|E) > k, we can measure the entropy loss of the extractor — namely how
much entropy was not extracted — with

A:=k—m,

where m is the size of the output. From we have that an extractor has optimal
entropy loss if A = 2log1/e + O(1).

8.3 Constructing m-bit extractors from one-bit extrac-
tors and weak designs

In this section we show how to construct a quantum m-bit extractor from any (classical)
1-bit strong extractor.
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This can be seen as a derandomization of a result by Kénig and Terhal [76], who also
extract m bits in the presence of quantum side information by concatenating m times a
1-bit extractor. They however choose a different seed for each bit, thus having a seed of
total length d = mt, where t is the length of the seed of the 1-bit extractor. In the case
of classical side information, this derandomization was done by Trevisan [119], who shows
how to concatenate m times a 1-bit extractor using only d = polyt,logm bits of seedli
We combine the weak designs from Raz et al. [98], which they use to improve Trevisan’s
extractor, and a previous observation by two of the authors [33], that since 1-bit extractors
were shown to be quantum-proof in [76], Trevisan’s extractor is also quantum-proof.

This results in a generic scheme, which can be based on any weak design and 1-bit strong
extractor. We define it in [§8.3.1] then prove bounds on the min-entropy and error in [§8.3.2]

8.3.1 Description of Trevisan’s construction

In order to shorten the seed while still outputting m bits, in Trevisan’s extractor construction
paradigm the seed is treated as a string of length d < mt, which is then split in m overlapping
blocks of ¢ bits, each of which is used as a (different) seed for the 1-bit extractor. Let
y € {0, 1} be the total seed. To specify the seeds for each application of the 1-bit extractor
we need m sets Sy, -+, Sy C [d] of size |S;| =t for all i. The seeds for the different runs of
the 1-bit extractor are then given by yg,, namely the bits of y at the positions specified by
the elements of S;.

The seeds for the different outputs of the 1-bit extractor must however be nearly in-
dependent. To achieve this, Nisan and Wigderson [86] proposed to minimize the overlap
|S; N.S;| between the sets, and Trevisan used this idea in his original work [119]. Raz et
al. [98] improved this, showing that it is sufficient for these sets to meet the conditions of a
weak design

Definition 82 (weak design [98, Definition 5]). A family of sets S, ..., Sy C [d] is a weak
(t,r)-design if

1. For alli, |S;| =t.
2. For all i, 23;11 2185051 < .

We can now describe Trevisan’s generic extractor construction.

4Trevisan’s original paper does not explicitly define his extractor as a pseudo-random concatenation of a
1-bit extractor. It has however been noted in, e.g., [79,1120], that this is basically what Trevisan’s extractor
does.

5The second condition of the weak design was originally defined as Z;;ll 21508l < (m —1). We prefer
to use the version of |51], since it simplifies the notation without changing the design constructions.
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Definition 83 (Trevisan’s extractor [119]). For a one-bit extractor C' : {0,1}" x {0,1}' —
{0, 1}, which uses a (not necessarily uniform) seed of length t, and for a weak (t,r)-design
Sty Sm C [d], we define the m-bit extractor Extc : {0,1}" x {0,1}% — {0,1}™ as

EXtC(may) = O(x7y31) e C(l",ysm)-

Remark 84. The length of the seed of the extractor Extc is d, one of the parameters of
the weak design, which in turn depends on t, the size of the seed of the 1-bit extractor C.
In we will give concrete instantiations of weak designs and 1-bit extractors, achieving
various entropy losses and seed sizes. The size of the seed will always be d = polylogn, if
the error is € = polyl/n. For example, to achieve a near optimal entropy loss (§8.4.1]), we
need d = O(t*logm) and t = O(logn), hence d = O(log® n).

8.3.2 Analysis

We now prove that the extractor defined in the previous section is a quantum-proof strong
extractor. The first step follows the structure of the classical proof [119, 98]. We show that
a player holding the side information and who can distinguish the output of the extractor
Exte from uniform can — given a little extra information — distinguish the output of the
underlying 1-bit extractor C' from uniform. This is summed up in the following proposition:

Proposition 1. Let X be a classical random variable correlated to some quantum system
E, letY be a (not necessarily uniform) seed, independent from XE, and let

| PEste(x,Y)YE — PU. @ py @ pEllu > €, (8.4)

where Exte is the extractor from [Definition 83. Then there exists a fized partition of the
seed Y in two substrings V and W, and a classical random variable G, such that G has

size Hy(G) < rm, where v is one of the parameters of the weak design (Definition 83),
Ve W < G form a Markov chamﬁ and

€
||PC(X,V)VWGE — pu, @ pvwaee > m (8.5)

We provide a proof of [Proposition 1|in [§A.5.3] where it is restated as ﬁ
For readers familiar with Trevisan’s scheme [119, 98], we briefly sketch the correspondence
between the variables of and quantities analyzed in Trevisan’s construction.

SThree random variables are said to form a Markov chain X < Y < Z if for all z,7,2 we have
Pziyx(zly, x) = Pzy(2]y), or equivalently Pzx |y (2,z|y) = Pzy (2|y)Pxy (z]y)-

"Note that Ta-Shma [112] has already implicitly proved that this proposition must hold in the presence
of quantum side information, by arguing that the side information can be viewed as an oracle. The present
statement is a strict generalization of that reasoning, which allows conditional min-entropy as well as non-
uniform seeds to be used.



CHAPTER 8. TREVISAN’S EXTRACTOR 133

Trevisan’s proof proceeds by assuming by contradiction that there exists a player, holding
FE, who can distinguish between the output of the extractor and the uniform distribution
(Eq. (8.4)). Part of the seed is then fixed (this corresponds to W in the above statement) and
some classical advice is taken (this corresponds to G in the above statement) to construct
another player who can distinguish a specific bit of the output from uniform. But since a
specific bit of Trevisan’s extractor is just the underlying 1-bit extractor applied to a substring
of the seed (V in the above statement), this new player (who holds WGE) can distinguish
the output of the 1-bit extractor from uniform (Eq. (8.5))).

In the classical case would be sufficient to prove the correctness of Tre-
visan’s scheme, since it shows that if a player can distinguish Exts from uniform, then he
can distinguish C' from uniform given a few extra advice bits, which contradicts the assump-
tion that C' is an extractor § But since our assumption is that the underlying 1-bit extractor
is only classical-proof, we still need to show that the quantum player who can distinguish
C(X,V) from uniform is not more powerful than a classical player, and so if he can distin-
guish the output of C' form uniform, so can a classical player. This has already been done
by Kénig and Terhal [76], who show that 1-bit extractors are quantum-proof.

Theorem 85 ([76, Theorem II1.1]). Let C' : {0,1}" x {0,1}* — {0,1} be a (k,e)-strong
extractor. Then C is a quantum-proof (k + log1/e, 3+/)-strong extractor.

We now need to put [Proposition 1| and [Iheorem 85l together to prove that Trevisan’s
extractor is quantum-proof. The cases of uniform and weak random seeds differ somewhat
in the details. We therefore give two separate proofs for these two cases in [§8.3.2] and [§8.3.2]

Uniform seed

We show that Trevisan’s extractor is a quantum-proof strong extractor with uniform seed
with the following parameters.

Theorem 86. Let C' : {0,1}" x {0,1} — {0,1} be a (k,e)-strong extractor with uniform
seed and Sy,...,Sm C |d] a weak (t,r)-design. Then the extractor given in [Definition 83
Exte : {0,1}" x {0,1}¢ — {0,1}™, is a quantum-proof (k + rm + log1/e, 3m+/)-strong
extractor.

Proof. In if the seed Y is uniform, then V is independent from W and hence
by the Markov chain property from G as well, so [Eq. (8.5)| can be rewritten as

€
”PC(X,V)VWGE — pu, @ pv @ pwee|le > m’

which corresponds to the exact criterion of the definition of a quantum-proof extractor.

8In the classical case, [119, 98] still show that a player who can distinguish C(X,V) from uniform can
reconstruct X with high probability. But this is nothing else than proving that C' is an extractor.
9This result holds whether the seed is uniform or not.
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Let C be a (k,e)-strong extractor with uniform seed, and assume that a player holds a
system FE such that

| PExte(X )Y E — PU @ py ® pElle > 3my/c.

Then by [Proposition I]and because Y is uniform, we know that there exists a classical system
G with Hy(G) < rm, and a partition of Y in V' and W, such that,

lpexviviver — pu, @ pv ® pweelle > 3VeE. (8.6)

Since C' is a (k,e)-strong extractor, we know from [Theorem 85 that we must have
Huin(X|WGE) < k + log1/e for [Eq. (8.6) to hold. Hence by [Lemma 139 Hn(X|E) =
Hyin(X|WE) < Hyin(X|WGE) + Ho(G) < k+rm +logl/e. O

Weak random seed

We show that Trevisan’s extractor is a quantum-proof strong extractor with weak random
seed, with the following parameters.

Theorem 87. Let C' : {0,1}" x {0,1} — {0,1} be a (k,e)-strong extractor with an s-bit
seed — 1i.e., the seed needs at least s bits of min-entropy — and Si,...,S,, C [d] a weak
(t,r)-design. Then the extractor given in[Definition 83, Extc : {0,1}" x {0,1}¢ — {0,1}™,
is a quantum-proof (k+rm+log1/e,6m./c)-strong extractor for any seed with min-entropy
d— (t—s—log#).

The main difference between this proof and that of [Theorem 86l is that since the seed Y
is not uniform in the substring W of the seed not used by the 1-bit extractor
C is correlated to the seed V of C, and acts as classical side information about the seed.
To handle this, we show in [Lemma 135 that with probability 1 — & over the values of W, V
still contains a lot of min-entropy, roughly s’ — d’, where d’ is the length of W and s’ the
min-entropy of Y. And hence a player holding WGFE can distinguish the output of C' from
uniform, even though the seed has enough min-entropy.

Proof. Let C be a (k,e)-strong extractor with s bits of min-entropy in the seed, and
assume that a player holds a system E such that

| PExte(x Y)Y E — PU. @ py @ pElle > 6ma/c.
Then by we have

lpcxvivwee — pu, ® pyweelle > 6Ve. (8.7)

Since this player has classical side-information W about the seed V', we need an extra

step to handle it. [Lemma 135l tells us that from [Eq. (8.7)|and because by [Theorem 85 C'is a
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quantum (k-+log 1/e, 31/¢)-strong extractor, we must have either for some w, Hyp, (X |GEW =
w) < k +log1/e and hence

Huin(X|E) = Hun( X|EW = w)
< Huyin(X|GEW = w) + Ho(G) < k+rm +logl/e,

or Huyin(V|W) < s+ log #, from which we obtain using

1
Hpin(Y) < Hyn(VIW) + Hy(W) < log —= +d —t.
(¥) € Hyio(VIW) + Hy(W) < 3+ log 5= +

8.4 Concrete constructions

Depending on what goal has been set — e.g., maximize the output, minimize the seed
length — different 1-bit extractors and weak designs will be needed. In this section we give
a few examples of what can be done, by taking various classical extractors and designs, and
plugging them into [Theorem 86 (or [Theorem 87), to obtain bounds on the seed size and
entropy loss in the presence of quantum side information.

The results are usually given using the O-notation. This is always meant with respect to
all the free variables, e.g., O(1) is a constant independent of the input length n, the output
length m, and the error . Likewise, o(1) goes to 0 for both n and m large.

We first consider the problem of extracting all the min-entropy of the source in [88.4.1]
This was achieved in the classical case by Raz et al. [98], so we use the same 1-bit extractor
and weak design as them.

In we give a scheme which uses a seed of length d = O(logn), but can only extract
part of the entropy. This is also based on Raz et al. [98] in the classical case.

In [§8.4.3] we combine an extractor and design which are locally computable (from Vad-
han [120] and Hartman and Raz [51] respectively), to produce a quantum m-bit extractor,
such that each bit of the output depends on only O(log(m/e)) bits of the input.

And finally in we use a 1-bit extractor from Raz [97], which only requires a weakly
random seed, resulting in a quantum m-bit extractor, which also works with a weakly random
seed.

These constructions are summarized in [Table 8.1] on [page 126]

8.4.1 Near optimal entropy loss

To achieve a near optimal entropy loss we need to combine a 1-bit extractor with near
optimal entropy loss and a weak (t,1)-design. We use the same extractor and design as
Raz et al. [98] to do so, namely [Lemma 141] for the design and for the 1-bit
extractor. Plugging this into [Theorem 86 we get an extractor against quantum adversaries
with parameters similar to Raz et al. [98].
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Corollary 88. Let C' be the extractor from with error & = 95% and let us
use the weak design from[Lemma 171 Then Trevisan’s extractor Extc : {0,1}" x {0,1}¢ —
{0,1}™ is a (m + 8logm + 8log1/e + O(1),¢)-strong extractor with uniform seed against
quantum adversaries, with d = O(log?(n/<)logm).

For € = polyl/n the seed has length d = O(log®n). The entropy loss is A = 8logm +
8log 1/e + O(1), which means that the input still has this much randomness left in it (con-
ditioned on the output). We can extract a bit more by now applying a second extractor to
the input. For this we will use the extractor by Tomamichel et al [117], which is a quan-
tum (&, &')-strong extractor with seed length d' = O(m’ +logn’ +log1/¢’) and entropy loss
A" =4logl/e’ + O(1), where n’ and m’ are the input and output string lengths. Since we
will use it for m’ = 8logm + 4log 1/’ + O(1), we immediately get the following corollary

from [Lemma 136l

Corollary 89. By applying the extractors from[Corollary 88 and [117, Theorem 10] in suc-
cession, we get a new function Ext : {0,1}" x {0,1}¢ — {0,1}™, which is a quantum-proof
(m + 4log1/e + O(1),¢)-strong extractor with uniform seed, with d = O(log*(n/c)logm).

For ¢ = polyl/n the seed has length d = O(log® n).

The entropy loss is A = 4log 1/e + O(1), which is only a factor 2 times larger than the
optimal entropy loss. By [Lemma 80 this extractor can produce m = HE, (X|FE)—4log1/e —
O(1) bits of randomness with an error 3e.

8.4.2 Seed of logarithmic size
The weak design used in requires the seed to be of size d = O(t? logm), where t is the

size of the seed of the 1-bit extractor. Since ¢ cannot be less than Q(logn) [93], a scheme
using this design will always have d = Q(logZnlogm). If we want to use a seed of size
d = O(logn) we need a different weak design, e.g., [Lemma 142] at the cost of extracting less
randomness from the source.

For the 1-bit extractor we can use the same as in the previous section, [Proposition 4]
Plugging this into [Theorem 86l we get an extractor against quantum adversaries with loga-
rithmic seed length.

Corollary 90. If for any constant 0 < o < 1, the source has min-entropy Hpm(X|E) = n®,

and the desired error is € = polyl/n, then using the extractor C' from with
error & = 95% and the weak design from with r = n" for any 0 < v < «,
we have that Trevisan’s extractor Exte : {0,1}" x {0,1}¢ — {0,1}™ is a (n"m + 8logm +
8log1/e + O(1),¢)-strong extractor with uniform seed against quantum adversaries, with

dzO(%logn).

Choosing v to be a constant results in a seed of length d = O(logn). The output
length is m = n®7 — 0(1) = Hpyn(X|E)' "= — o(1). By [Lemma 80 this can be increased to
m = He. (X|E)'"a — o(1) with an error of 3e.

min
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8.4.3 Locally computable extractor

Another interesting feature of extractors is locality, that is, the m-bit output depends only
a small subset of the n input bits. This is useful in, e.g., the bounded storage model (see
[82,179, 120] for the case of a classical adversary and |74] for a general quantum treatment),
where we assume a huge source of random bits, say n, are available, and the adversary’s
storage is bounded by an for some constant o < 1. Legitimate parties are also assumed to
have bounded workspace for computation. In particular, for the model to be meaningful,
the bound is stricter than that on the adversary. So to extract a secret key from the large
source of randomness, they need an extractor which only reads ¢ < n bits. An extractor
with such a property is called ¢-local. We will use a construction of an ¢-local extractor by
Vadhan [120], stated in [Lemma 146

Since we assume that the available memory is limited, we also want the construction of
the weak design to be particularly efficient. For this we can use a construction by Hartman
and Raz [51], given in [Lemma 143l Plugging this into [Theorem 86 we get a local extractor

against quantum adversaries.

Corollary 91. If for any constant 0 < a < 1, the source has min-entropy Huyin(X|E) = an,
then using the weak deszgn fmmm for any constant r > 1, and the extractor C' from
with error € = 9;2 and any constant v < a, we have that Trevisan’s extractor
Exte @ {0,1}" x {0,1}% — {0,1}™ is an (-local (yn—krm—i— 2logm + 2log1/e + O(1),¢)-
strong extractor with uniform seed against quantum adversaries, with d = O(log?(n/e)) and
¢ = O(mlog(m/e)). Furthermore, each bit of the output depends on only O(log(m/e)) bits

of the input.

With these parameters the extractor can produce up to m = (o — vy)n/r — O(log 1/¢) =
(Hmin(X|E) — yn)/r — O(log 1/¢) bits of randomness, with an error of ¢ = polyl/n. By
Lemma 801 this can be increased to m = (HE,, (X|E) —yn)/r — O(log 1/¢) with an error of
3e.

8.4.4 Weak random seed

Extractors with weak random seeds typically require the seed to have a min-entropy linear
in its length. [Theorem 87 says that the difference between the length and the min-entropy
of the seed needed in Trevisan’s extractor is roughly the same as the difference between the
length and min-entropy of the seed of the underlying 1-bit extractor. So we will describe
in detail how to modify the construction from to use a weakly random seed. As that
extractor uses a seed of length O(logn), this new construction allows us to preserve the
linear loss in the min-entropy of the seed. Any other version of Trevisan’s extractor can be
modified in the same way to use a weakly random seed, albeit with weaker parameters.

For this we need a 1-bit extractor which uses a weakly random seed. We will use a result
by Raz [97] (Lemma 147), which allows us to construct the extractor from [Corollary 148
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Plugging this and the weak design from |[Lemma 142 in [T'heorem 87l we get the following

extractor with weak random seed.

Corollary 92. Let a > 0 be a constant such that the source has min-entropy Hpm(X|E) =

n®, and the desired error is ¢ = polyl/n. Using the extractor C' from with

error e’ = % and the weak design from[Lemma 1/ with r = n" for any 0 < v < «a, we have
that Trevisan’s extractor Exto : {0,1}" x {0,1}¢ — {0,1}™ is a (n¥m + 8logm + 8log 1/ +

O(1),¢e)-strong extractor with an s-bit weak random seed against quantum adversaries, where
1_
the seed has length d = O (B%v log n) and min-entropy s = (1 —zF

c
e[

Choosing 3 and «y to be constants results in a seed of length d = O(logn) with a possible
entropy-loss linear in d. The output length is the same as in [§8.4.2, m = n*7 —o(1) =
Hppin(X|E)' =2 = o(1).

If we are interested in extracting all the min-entropy of the source, we can combine
with the extractor from [§8.4.1] The results in a new extractor with seed length
d = O(log®n) and seed min-entropy s = d — O(V/d).

) d, for some constant

8.5 Other variations of Trevisan’s scheme

There exist many results modifying and improving Trevisan’s extractor. We briefly describe
a few of them here, and refer to [104] for a more extensive review.

Some of these constructions still follow the “design and 1-bit extractor” pattern — hence
our work implies that they are immediately quantum-proof with roughly the same parameters
— e.g., the work of Raz et al. [98] and Lu [79], which were mentioned in and correspond
to modifications of the design and 1-bit extractor respectively. Other results such as 98,114,
105] replace the binary list-decoding codes with multivariate codes over a field F. Raz et
al. [98] thus reduce the dependence of the seed on the error from O(log®1/¢) to O(log 1/e).
Ta-Shma et al. [114] and Shaltiel and Umans [105] reduce the size of the seed to d < 2logn
in several constructions with different parameters for the min-entropy. In these constructions
the connection to 1-bit extractors is not clear anymore, and it is therefore not guaranteed
that the construction is quantum-proof.

Raz et al. [98] extract a little more randomness than we do in[§8.4.1 They achieve this by
composing (in the sense described in the scheme of with an extractor by
Srinivasan and Zuckerman [110], which has an optimal entropy loss of A = 2log1/e 4+ O(1).
In the presence of quantum side information this extractor has only been proven to have an
entropy loss of A = 4log1/e+O(1) in [117], hence our slightly weaker result in [Corollary 89

This still leaves room for a small improvement.

8(1+4a)
Byln2

for e =n—°.

107f we work out the exact constant, we find that ¢ ~ d/t ~
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Impagliazzo et al. [57] and then Ta-Shma et al. [113] modify Trevisan’s extractor to work
for a sub-polynomial entropy source, still using a seed of size d = O(logn). Ta-Shma et
al. [113] achieve a construction which can extract all the min-entropy k of the source with
such a seed length, for some k = o(n). While it is unclear whether these modifications
preserve the “design and 1-bit extractor” structure, it is an interesting open problem to
analyze them in the context of quantum side information.

Another research direction consists in making these constructions practically imple-
mentable. Whether the extractor is used for privacy amplification [19, 20], randomness
recycling [58], or for generating true randomness [130], the extractor has to be efficiently
computable. This does not seem to be the case of Trevisan’s construction [108]. An impor-
tant open problem is thus to find variations which are efficient to execute.
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Chapter 9

Certifiable Quantum Dice

In Chapter 8 we studied how random bits could be manipulated through the use of
extractors. In this chapter we introduce a method by which one may generate certifiably
random bits through an interaction with two wuntrusted provers. The only assumption we
will need in order to guarantee the bits’ randomness is that the provers obey the no-signaling
condition.

We first motivate the problem of generating certifiable randomness, and introduce our
results, in the following section. In Section we define the guessing game, an important
conceptual tool in the proofs of our main results, stated in Theorem 03] and Theorem [94] In
Section we prove Theorem [93] while Theorem [94] is proven in Section [9.4]

9.1 Introduction

A source of independent random bits is a basic resource in many modern-day computational
tasks, such as cryptography, game theoretic protocols, algorithms and physical simulations.
Moreover, these tasks place different demands on the quality of the randomness (e.g. the
need for privacy in cryptographic applications). It is of great interest, therefore, to construct
a physical device for reliably and provably outputting a stream of random bits. Testing
such a device poses a fundamental problem — since all outputs should be output with equal
probabilitythere is no basis for rejecting any particular output of the device.

Starting in the mid-80’s, computer scientists considered the question of extracting truly
random bits from adversarially controlled physical sources of randomness, such as the semi-
random source [101], and weak random sources [31]. This sequence of papers has culminated
in sophisticated algorithms called randomness extractors that are guaranteed to output a
sequence of truly random bits from physical sources of low-quality randomness (see [104] for
a survey). It was clear, in a classical world, that these results were the best one could hope
for — while it was necessary to assume that the physical device outputs randomness (since
that could not be tested), minimal assumptions were made about the quality of randomness
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output.

Quantum mechanics provides a surprising path around this fundamental barrier — it pro-
vides a way of testing that the output of a certain kind of device is truly random. Recall the
famous CHSH game, illustrated in Figure In this game two non-communicating parties,
represented by spatially separated boxes A, B, are given inputs z,y € {0, 1} respectively.
Their task is to produce outputs a,b € {0, 1} such that the CHSH condition a ®b =1z Ay
holds. Let pcysy be the probability that a certain pair of boxes produces outputs satisfying
this condition, when the inputs x,y are chosen uniformly at random.

x €{0,1} y€{0,1}

B

\

ac€{0,1} be{0,1}
Check: a®b=x Ay

Figure 9.1: The CHSH game. Any pair of boxes A, B is characterized by a distribution
p(a, blz,y) which is required to be no-signaling: the marginal distribution of b is independent
of x, and that of a is independent of y.

Classical players can achieve a success probability at most peusy < 3, but there is a
quantum strategy that succeeds with peusy = cos® m/8 & 0.85. Indeed, we may define the
quantum regime corresponding to success probability 3/4 < peusy < cos?7/8 ~ 0.85. For
any value in that range there is a simple quantum-mechanical pair of boxes, still obeying the
no-signaling condition, which achieves that success probability.

These well-known facts have a striking consequence: any boxes producing correlations
that fall in the quantum regime must be randomized! Indeed, deterministic boxes are inher-
ently classical, so that their success probability must fall in the classical regime pegsy < 3/4.
Hence a simple statistical test guaranteeing the presence of randomness, under a single as-
sumption on the process that produced the bits: that it obeys the no-signaling condition.
This powerful observation was first made in Colbeck’s Ph.D. thesis |28] (see also [29] for an
expanded version). The idea was then developed in a paper by Pironio et. al. [92], where
the first quantitative bounds on the amount of randomness produced were shown.

An efficient and testable randomness-generation protocol

This method of generating randomness is not very efficient. Choosing a pair of inputs for the
boxes requires 2 bits of randomness, so the 2 bits that are output certainly do not contain
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Protocol A
1. Let £, A be two integers given as input. Set k = [10log?¢] and m = A L.

2. Choose T' C |[m] uniformly at random by selecting each position independently with proba-
bility 1/¢.

3. Repeat, fori=1,...,m:

3.1 Ifi ¢ T, then
3.1.1 Set z = y = 0 and choose z,y as inputs for k consecutive steps. Collect outputs
a,b € {0,1}*.
3.1.2 If a @ b has more than [0.16k] 1’s then reject and abort the protocol. Otherwise,
continue.
32 IfieT,
3.2.1 Pick z,y € {0,1} uniformly at random, and set x,y as inputs for k consecutive
steps. Collect outputs a,b € {0, 1}*.

3.2.2 If a ® b differs from x Ay in more than [0.16k| positions then reject and abort the
protocol. Otherwise, continue.

4. If all steps accepted, then accept.

Figure 9.2: Protocol A uses O(Alog/) bits of randomness and makes O(¢log®¢) uses of
the boxes. Theorem shows that Q(¢) bits of randomness are produced, with security
e = exp(—Q(A)).

more randomness than was used[]

Instead, consider the following randomness-efficient protocol. Let n be the target number
of random bits to be generated, and ¢ a “security” parameter. Inputs in the protocol are
grouped in m = C [nlog(1/e)] successive blocks of k = 10[log®n] pairs of inputs each,
where C' is a large constant. Inputs in a given block consist of a fixed pair (z,y) repeated
k times. Most blocks use the (0,0) input, but approximately 10[log(1/e)] of them are
selected at random and marked as “Bell” blocks. In those blocks a random pair of inputs
(z,y) € {0,1}? is chosen, and used as inputs throughout the block. Finally, the sequence of
outputs produced by the boxes is accepted if, in every block, the CHSH constraint is satisfied
by at least 0.84k of the blocks’s input/output pairsé

n fact, one may show that boxes having a probability of success in the CHSH game that is close to the
optimal quantum value produce at most 1.25 random bits per use, on average [92].

2Note that honest boxes, playing each round independently, will indeed satisfy the CHSH condition in
each block on average with probability 1 — 2—9(log? ") so that by a union bound it is very unlikely that they
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The following theorem shows that this protocol (formally described as Protocol A in
Figure [0.2)) can be used to generate certifiably random bits.

Theorem 93. There exists a constant C > 1 such that the following holds. Let € > 0 be
given, and n an integer. Set A = 10 [log(1/¢)], and £ = C'n. Let (A, B) be an arbitrary
pair of no-signaling bozes used to execute Protocol A, B the random variable describing the
bits output by B in protocol A, and CHSH the event that the boxes’ outputs are accepted in
the protocol. Then for all large enough n at least one of the following holds :

o Fither H: (B|CHSH) > n,
e OrPr(CHSH) <e.

Moreover, Protocol A requires O(lognlog(1/¢)) bits of randomness, and makes O(nlog®nlog(1/e))
uses of the boxes.

We note that the second condition in the theorem is necessary, as there is always an
unavoidable chance that the boxes successfully guess their whole inputs, and deterministically
produce matching outputs. The theorem guarantees that the probability of this happening
can be bounded by an inverse-exponential in the number of random bits used.

The theorem as stated only guarantees that the bits output by the device have large
(smooth) min-entropy. In order to obtain bits that are (close to) uniformly random, one may
apply an extractor. There exists efficient constructions of such devices which will convert B
into roughly HS (B|CHSH) bits that are e-close, in statistical distance, to uniform. In order
to do so, the best extractors will require an additional O(logn) many uniformly random bits
to be used as seed [4§].

Compared to the basic procedure outlined earlier, Protocol A uses two main ideas in
order to save on the randomness required. The first idea is to restrict the inputs to (0,0)
most of the time. Only a few randomly placed checks (the Bell blocks) are performed in
order to verify that the boxes are generating their inputs honestly. This idea was already
used in [92], and led to a protocol with a quadratic v/n — n expansion of randomness.

The second idea is to systematically group inputs to the boxes into blocks of k successive,
identical pairs and check that the CHSH correlations are satisfied on average in every block.
This is necessary: if one was to only check that the CHSH condition is satisfied on average
over the whole protocol, then boxes systematically producing the outputs (0,0) would lead
to a large — close to 100% — violation. Hence the more robust checking that we perform
forces the boxes to play “honestly” and produce randomness in essentially every block.

Moreover, the block structure of the inputs also plays a key role in the analysis of the pro-
tocol, which is based on the definition of a simple “guessing game”, explained in Section [0.2]
The main point is that if box B’s output in a certain block is likely to be a particular string,
then Alice, given access to A, can guess B’s input y € {0, 1} based on whether A’s output is

will fail the CHSH condition in any of the blocks.
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“close” or “far” in Hamming distance from that particular string. This provides a way for
Alice to guess B’s input with probability greater than 1/2, violating the no-signaling condi-
tion placed on the boxes. This style of reasoning can be used to establish that B’s output
must have high min-entropy, thus yielding Theorem The proof is given in Section [0.3]

To understand the significance of Theorem [03] it may be instructive to recall the common
paraphrasing of Einstein’s quote from his 1926 letter to Max Born expressing his unhappiness
with quantum mechanics as “God does not play dice with the Universe.” Clearly a device
based on quantum mechanics can be used to generate randomness — simply prepare a
qubit in the |0) state, apply a Hadamard gate, and measure the resulting state in the
computational basis: the outcome is a uniformly random bit. However, in addition to
believing the correctness of quantum mechanics, to trust that such a device produces random
bits one must believe that the manufacturer is trustworthy, experimentally skilled, and that
the device is always well calibrated. These difficulties are compounded by the fact that the
postulates of quantum physics forbid any classical observer from getting more than a small
probabilistic digest of the internal quantum state of the system. The randomness generation
protocol presented above has the property that the output is guaranteed to be random based
only on the observed correlations in the output (violations of Bell inequalities), and on the
relativistic assumption that information does not travel faster than light. In this sense it
might be appropriate to deem that it is “Einstein certifiable”!

Quantum adversaries

We have described a simple protocol that guarantees the production of bits that are sta-
tistically close to uniform. Suppose these random bits were used later in an interactive
cryptographic protocol. In that case it is crucial that the bits generated appear close to
uniform not only to the (honest) user of the protocol, but also to any adversary in the
cryptographic protocol.

For concreteness, consider the following catastrophic scenario: the maker of the boxes,
call her Eve, inserted an undetectable “back-door” by not only entangling A and B together,
but extending this entanglement to reach into her own, private, laboratory. Eve knows that
the protocol mostly uses 0’s as inputs to B. Betting on this she repeatedly makes a specific
measurement on her system, which reliably produces the same output as B in case its input
was a 0. If we assume that B’s outputs are uniformly distributed then such a strategy does
not obviously violate the no-signaling constraint between B and Eve. But Eve learns most
of B’s output: while in isolation it may be random, it is totally insecure!

We rule out this scenario by showing an analogue to Theorem [3] which also holds in the
presence of a quantum adversary. The theorem applies to a slight variant of the protocol
used in the previous section, described as Protocol B in Figure 0.3l The main differences
are that the number of random bits used in that protocol is slightly larger, O(log®n) instead
of O(logn), and the protocol is based on using an “extended” version of the CHSH game,
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which will be introduced in Section [0.4]

Theorem 94. Let a,y > 0 be such that v < 1/(10 4+ 8«a), and n an integer. Set C =
[100 ], and £ = n'/7. Let (A, B) be an arbitrary pair of no-signaling bozes used to execute
Protocol B, CHSH the event that the boxes’ outputs are accepted in the protocol, and B’ the
random variable describing the bits output by B, conditioned on CHSH. Let E be an arbitrary
quantum system, possibly entangled with A and B, but such that no communication occurs
between A, B and E once the protocol starts. Then for all large enough n at least one of the
following holds:

e [ither H: (B'|E) > n,
e Or Pr(CHSH) <e,

«

where ¢ = n~%. Moreover, Protocol B uses only O(y~%log®n) bits of randomness.

Indication that dealing with quantum, rather than classical, adversaries may present
substantial new difficulties may be found in the area of strong extractor constructions. There
are examples of such constructions, secure against classical adversaries, that dramatically
fail in the presence of quantum adversaries with even smaller prior information |46]. Luckily,
other constructions, such as a very efficient construction due to Trevisan [119], have been
shown secure even against quantum adversaries [112, 134]. One may use such a “quantum-
proof” extractor in order to efficiently transform the bits output in Protocol B into ones that
are statistically close to uniform even from the point of view of the adversary at the cost of
an additional O(log®n) bits of fresh randomness.

A reason to think that the power of a quantum adversary in learning B’s output may
be limited comes from a delicate property of entanglement, its monogamy [115]. Informally,
monogamy states that a tripartite entangled state |¥)4pp cannot be maximally entangled
both between A and B and between B and E. Since Protocol B enforces very strict correla-
tions between the outputs of A and B, one may hope that these correlations will pre-empt
any strong correlation between B and an arbitrary E.

Interestingly, the proof of Theorem makes crucial use of the properties of a specific
construction of a quantum-proof extractor, based on Trevisan’s construction and the t-
XOR code, that was first outlined in [33]. This construction is used to prove the following
information-theoretic lemma. The lemma gives an operational interpretation to a random
variable having small smooth min-entropy conditioned on a quantum system, and may be
of independent interest.

Lemma 95. Let pxg be a state such that X is a classical random variable distributed over
m-bit strings, and E is an arbitrarily correlated quantum system. Let €, > 0, and K =
He (X|E). Then there exists a subset V C [m] of size v = |V| = O(K log®m), and for every
v-bit string z a measurement M, on E such that, with probability at least Q(c°/m®), Mx,

produces a string Y that agrees with X in a fraction at least 1 — @ of positions.
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In essence Lemma 05 states that, given access to some of the bits of X (the ones indexed
by V), and to the quantum system FE, one can predict the remainder of the string X with
inverse-polynomial success probability. In the range of large K (at least inverse-polynomial
in m), this is much higher than the inverse-exponential probability that one would get by
measuring F directly, without using any “advice” bits.

The proof of lemma [95] mostly follows from the proof of security of Trevisan’s extractor
against quantum adversaries presented in [34]. Since however it does not follow as a black-
box, we give a detailed outline of the proof of the lemma in Appendix [A.6.2l

Related work. In independent recent work, Fehr, Gelles and Schaffner [40] showed that
security of a randomness-generation scheme against quantum adversaries could be automati-
cally deduced from its security against classical adversaries, provided the result proved in the
non-adversarial setting takes on a very specific form. Namely, the bound on the randomness
generated in that case should be a function of the average violation of a Bell inequality by
the devices’ outputs, and should hold even conditioned on any inputs to the boxes in the
protocol. They use their results to present an exponential randomness-expansion scheme
based on the use of four, instead of two, no-signaling devices.

Neither condition required for the reduction in [40] to hold seems to be satisfied in our
setting: our bound does not rely solely on the average violation of the CHSH inequality by
the devicesd. Moreover, we prove a bound on the min-entropy that holds on average over
the choice of inputs in the protocol, rather than for all inputs, as needed for the reduction
in [40].

Recent work by Colbeck and Renner [30] studies a related question, that of improving
the quality of a given source of weak randomness. Specifically, they show that if one is given
access to a so-called Santha-Vazirani source then one can produce bits that are guaranteed
to be statistically close to uniform by using the violation of a specific Bell inequality by a
pair of untrusted no-signaling devices.

9.2 The guessing game

Consider the following simple guessing game. In this game, there are two cooperating players,
Alice and Bob. At the start of the game Bob receives a single bit y € {0, 1} chosen uniformly
at random. The players are then allowed to perform arbitrary computations, but are not
allowed to communicate. At the end of the game Alice outputs a bit a, and the players win
ifa=y.

Clearly, any strategy with success probability larger than % indicates a violation of the
no-communication assumption between Alice and Bob. At the heart of the proofs of both
Theorem 03 and Theorem [04] is a reduction to the guessing game. Assuming there existed a

3In fact, we argued that merely observing a large average violation would not suffice to guarantee an
exponential expansion of randomness.
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pair of boxes violating the conclusions of either theorem, we will show how these boxes may
be used to devise a successful strategy in the guessing game, contradicting the no-signaling
assumption placed on the boxes.

To illustrate the main features of the strategies we will design later, consider the following
simplified setting. Let A,B be a given pair of boxes taking inputs X,Y € {0,1} and
producing outputs A, B € {0, 1}* respectively. Assume the following two properties hold.
First, if the input to B is Y = 0 then its output B is essentially deterministic, in the sense
that B = by with high probability. Second, whatever their inputs, the boxes’ outputs satisfy
the CHSH constraint on average: at least 84% of i € [k]| are such that A, & B, = X A Y.
Then we claim that there is a strategy for Alice and Bob in the guessing game, using A
and B, that succeeds with probability strictly larger than 1/2, demonstrating that the boxes
must be signaling.

Alice and Bob’s strategy is the following. Alice is given access to A and Bob to B. Upon
receiving his secret bit y, Bob inputs it to B, collecting outputs b € {0, 1}*. Alice chooses an
x € {0,1} uniformly at random, and inputs it to A, collecting outputs a € {0,1}*. Let by
be the k-bit string with the highest probability of being output by B, conditioned on y = 0.
Alice makes a decision as follows: she computes the relative Hamming distance d = dy(a, by).
If d < 0.2 she claims “Bob’s input was 0”. Otherwise, she claims “Bob’s input was 1”.

By assumption, if Bob’s secret bit was y = 0, then his output is almost certainly by. By
the CHSH constraint, independently of her input Alice’s output a lies in a Hamming ball of
radius 0.16 around by. So in this case she correctly decides to claim “Bob’s input was 07.

In the case that Bob’s secret bit was y = 1, the analysis is more interesting. Let b be
the actual output of B. Let ay and a; be A’s output in the two cases x = 0 and = = 1
respectively. We claim that the Hamming distance dg(ag, a;) > 0.68. This is because by the
CHSH constraint, dg(ag,b) < 0.16, while dy(ay,b) > 0.84. Applying the triangle inequality
gives the lower bound on the distance between ag and a,. This lower bound is large enough
that both ag and a; cannot lie in the Hamming ball of radius 0.16 around b, (observe that
this argument makes no use of the actual location of b!). Thus in the case y = 1, Alice
correctly outputs “Bob’s input was 1”7 with probability at least 1/2.

Overall Alice and Bob succeed in the guessing game with probability 3/4, which contra-
dicts no-signaling.

Clearly there is a lot of slack in the above reasoning, since for contradiction it suffices to
succeed in the guessing game with any probability strictly greater than 1/2. By being more
careful it is possible to allow Bob’s output on y = 0 to have more min entropy, as well as
allow for a small probability that the boxes” outputs may not satisfy the CHSH constraint:

Lemma 96. Let 5,7 > 0 be such that v+ 25 < 1/4, and k an integer. Suppose given a
pair of boxes A, B, taking inputs X,Y € {0,1} and producing outputs A, B € {0,1}* each.
Suppose the following conditions hold:
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1. When given input 0, the distribution of outputs of B has low min-entropy: there exists
a by € {0,1}F such that Pr(B = b)Y =0) > 1 -,

2. The boxes’ outputs satisfy the CHSH condition, on average:
Pr(#{ic[k], A®B #XAY} > 0.16k) < 3.

Then there is a strategy for Alice and Bob, using A and B, with gives them success probability
strictly greater than 1/2 in the guessing game.

Proof. Alice and Bob’s strategy in the guessing game is as described above. Let by be the
k-bit string that is most likely to be output by B, conditioned on y = 0.

We first show that, if Bob’s input was y = 0, then Alice claims that Bob had a 0 with
probability at least 1 —~y — 25. By the first condition in the lemma, Bob obtains the output
by with probability at least 1 — ~. Moreover, by the second condition the CHSH constraint
will be satisfied with probability at least 1 — 2 on average over Alice’s choice of input, given
that Bob’s input was y = 0. Given y = 0, whatever the input to A the CHSH constraint
states that dy(a,b) < 0.16. Hence by a union bound Alice will obtain an output string a at
relative Hamming distance at most 0.16 from by with probability at least 1 —~ — 24.

Next we show that, in case Bob’s input in the guessing game is y = 1, Alice claims that
Bob had a 1 with probability at least %(1 —80). Let b’ the actual output produced by Bob.
By the second condition in the lemma and Markov’s inequality, with probability at least
1 — 4p the output ¥ is such that the CHSH constraint will be satisfied with probability at
least 1 — 4 simultaneously for both of Alice’s possible choices of input.

Suppose this holds. If Alice chooses x = 0 then the CHSH constraint indicates that the
corresponding ag should be such that dg(ag,d’) < 0.16, while in case she chooses © = 1 her
output a; should satisfy dy(a1,b’) > 0.84. By the triangle inequality, dy(ag,a1) > 0.68:
whatever the value of o, only one of ay or a; can be at distance less than 0.2 from by. By
a union bound, with probability at least 1 — 83 there is a choice of input for Alice that will
make her claim Bob had a 1, and she chooses that input with probability 1/2.

The two bounds proven above together show that Alice’s probability of correctly guessing
Bob’s input in the guessing game is at least

1 11-8p 1 1
suce = (1 —2 o = 3 <__2 - >7
Puwee 2 5(1=27) + 57 SRV
which is greater than 1/2 whenever 25 4+ v < 1/4, proving Lemma 06l O

9.3 Proof of the main result

Theorem @3] asserts that, given any pair (A, B) of non-signaling boxes, if the outputs of B
do not contain much min-entropy (when its inputs are chosen as in Protocol A, described in
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Figure [0.2]), then the boxes can only satisfy the CHSH constraints imposed in the protocol
with small probability.

We prove Theorem by a reduction to the guessing game introduced in Section [0.2l
Suppose that there existed a pair of boxes such that neither of the theorem’s conclusions
was satisfied. Recall that Protocol A calls for a total of mk uses of the boxes, divided into
m blocks of k pairs of identical inputs each. We show that, provided the CHSH constraints
are satisfied in all blocks with non-negligible probability, there must exist a special block
ip € [m| in which the boxes’ outputs, conditioned on specific past values, have properties
close to those required in Lemma 06 This lets us carry out a reduction to the guessing
game, leading to a contradiction of the no-signaling assumption. The exact properties of the
special block that we obtain are described in Claim [97] below.

Modeling events in the protocol. To model the situation, we introduce four sequences
of random variables X = (X;),Y = (Y;),A = (4,),B = (B;) € ({0,1}*)™, where m is
the number of blocks of the protocol. X and Y are distributed as in Protocol A, and
A, B are random variables describing the boxes’ respective outputs when their inputs are
X and Y. For i € [m], let CHSH; be the event that dy(A; & B;, X; AY;) < 0.16, and
CHSH = /\; CHSH;. We will also use the shorthand CHSH<; = A,;_; CHSH;. Finally, we
let T; be a random variable denoting the j-th Bell block, chosen jointly by Alice and Bob at
the start of Protocol A.

Claim 97. There exists a constant C > 1 such that the following holds. Let 27" < ¢ < 1/5
and A = 10*[log(1/¢)]. Suppose that (i) H: (B|[CHSH) < n, and (i) Pr(CHSH) > e.
Let m = C'An. Then for all large enough n there exists an index jo and a set G satisfying
Pr(G) > &° such that the following hold.

o B’s output in the jo-th Bell block Tj, is essentially deterministic:

Yoe @,  Pr(Br

Ji

0 - ijO | OHSH<T]'07 B<Tj0 - b<Tj0) Z 0997 (9].)

e Irrespective of the input Yr, = yr, € {0,1} to B in the Tj,-th block, the CHSH
condition 1s satisfied with high probability:

Vb € G, PI(CHSHTjO ‘ CHSH<T]‘O7B<T]‘O = b<Tj07YTj0 = yTjo) > 0.9. (92)

The proof of Claim @7 mostly follows from an appropriate chained application of Baye’s
rule, and is given in Appendix[A.6.1l In order to conclude the proof of Theorem [@3]it remains
to show how the special block identified in Claim [O7] can be used to show that boxes A and
B satisfying the claim’s assumptions may be used successfully in the guessing game.

Consider the following strategy for Alice and Bob in the guessing game. In a preparatory
phase (before Bob receives his secret bit y), Alice and Bob run protocol A with the boxes .4
and B, up to the ig-th block (excluded). Bob communicates B’s outputs up till that block
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to Alice. Together they check that the CHSH constraint is satisfied in all blocks preceding
the ip-th; if not they abort. They also verify that Bob’s outputs are the prefix of a string
b € G; if not they abort. The guessing game can now start: Alice and Bob are separated
and Bob is given his secret input y.

Given the conditioning that Alice and Bob have performed before the game started, once
it starts boxes A and B can be seen to satisfy both conditions of Lemma [06l Indeed, since
under the input distribution specified in Protocol A B receives a 0 as input in block iy with
probability at least 1/2, condition 1. in Lemma Q6] holds with v = 1/50 as a consequence of
item 1 in Claim Condition 2 in Lemma [96 puts a bound on the probability of the CHSH
condition being satisfied under the uniform input distribution. Hence item 2 from Claim
implies that condition 2 holds with = 1/10. Since v 4 28 = 0.22 < 1/4, Lemma
concludes that the boxes A and B must be signaling in the ig-th block, a contradiction. This
finishes the proof of Theorem 03]

9.4 Producing random bits secure in the presence of a
quantum adversary

In this section we prove Theorem 04l We first give an overview of the proof, describing the
main steps, in the next section. The formal proof is given in Section [0.4.2)

9.4.1 Proof overview

Theorem [@4] is based on Protocol B, a variant of Protocol A which replaces the use of the
CHSH game by the following “extended” variant. In this game each box may receive one of
four possible inputs, labeled (A,0), (A, 1), (B,0),(B,1). An input such as “(A,1)” to either
box means: “perform the measurement that 4 would have performed in the honest CHSH
strategy, in case its input had been a 1”7. The advantage of working with this game is that
there exists an optimal strategy (the one directly derived from the honest CHSH strategy)
in which both players always output identical answers when their inputs are equal.
Protocol B follows the same structure as Protocol A. Inputs are divided into groups of
k = [101log® n] identical inputs. There are m = O(n'/®log® n) successive blocks, where § > 0
is a small parameter. Most blocks use the same input (A,0) to both boxes. A random
subset T C [m] of approximately log?n blocks are designated as Bell blocks. In such blocks
A is given an input at random in {(A,0), (A, 1)}, while B is given an input at random in

{(4,0),(B,0)}.

As in the proof of Theorem we will prove Theorem by contradiction, through
a reduction to the guessing game. In the non-adversarial case the crux of the reduction
consisted in identifying a special block iy € [m] in which B’s output B was essentially
deterministic, conditioned on past outputs. In the adversarial setting, however, B may
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Protocol B
1. Let £,C be two integers given as input. Set k = [101log®¢] and m = [Cllog® /].

2. Choose T' C [m] uniformly at random by selecting each position independently with proba-
bility 1/¢.

3. Repeat, fori=1,...,m:

3.1 If i ¢ T, then
3.1.1 Set + = y = (A,0) and choose z,y as inputs for k consecutive steps. Collect
outputs a,b € {0, 1}*.
3.1.2 If a # b then reject and abort the protocol. Otherwise, continue.
32 IfieT,
3.2.1 Pick z € {(A4,0),(A,1)} and y € {(4,0),(B,0)} uniformly at random, and set =,y
as inputs for k consecutive steps. Collect outputs a,b € {0, 1}*.

3.2.2 If either a = b and © = y, or dy(a,b) < 0.16 and y = (B,0), or du(a,b) €
[0.49,0.51] and =z = (A,1) and y = (A,0) then continue. Otherwise reject and
abort the protocol.

4. If all steps accepted, then accept.

Figure 9.3: Protocol B uses O(log® ¢) bits of randomness and makes O(¢log" ¢) uses of the
boxes. Theorem [@4] shows that Q(¢7) bits of randomness are produced, where v > 0 is a
constant depending on the security parameter ¢ one wants to achieve.
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be perfectly uniform, and such a block may not exist. Instead, we start by assuming for
contradiction that the min-entropy of Bob’s output conditioned on Eve’s information is
small: HZ (B|E) < n.

Previously in the guessing game Alice tried to guess Bob’s secret input y € {0,1}. She
did so by using her prediction for B’s outputs, together with the CHSH constraint and her
own box A’s outputs. Here we team up Alice and Eve. Alice will provide Eve with some
information she obtained in previous blocks of the protocol, and based on that information
Eve will attempt to make an accurate prediction for B’s outputs in the special block. Alice
will then use that prediction to guess y, using as before the CHSH constraint and her own
box A’s outputs.

The reconstruction paradigm. We would like to show that, under our assumption on
H: (B|E), Eve can perform the following task: accurately predict (part of) B, given auxiliary
information provided by Alice. We accomplish this by using the “reconstruction” property
of certain extractor constructions originally introduced by Trevisan [119]. Recall that an
extractor is a function which maps a string B with large min-entropy (conditioned on side
information contained in E) to a (shorter) string Z that is statistically close to uniform
even from the point of view of an adversary holding £. The reconstruction proof technique
proceeds as follows: Suppose an adversary breaks the extractor. Then there exists another
adversary who, given a small subset of the bits of the extractor’s input as “advice”, can
reconstruct the whole input. Hence the input’s entropy must have been at most the number
of advice bits given.

For the purposes of constructing extractors, one would then take the contrapositive to
conclude that, provided the input has large enough entropy, the extractor’s output must be
indistinguishable from uniform, thereby proving security. Here we work directly with the
reconstruction procedure. Suppose that B has low min-entropy, conditioned on Eve’s side
information. If we were to apply an extractor to B in order to extract more bits than its
conditional min-entropy, then certainly the output would not be secure: Eve would be able
to distinguish it from a uniformly random string. The reconstruction paradigm states that,
as a consequence, there is a strategy for Eve that successfully predicts the entire string B,
given a subset of its bits as advice — exactly what is needed from Eve to facilitate Alice’s
task in the guessing game.

The t-XOR extractor. At this stage we are faced with two difficulties. The first is that
the reconstruction paradigm was developed in the context of classical adversaries, who can
repeat predictive measurements at will. Quantum information is more delicate, and may be
modified by the act of measuring. The second has to do with the role of the advice bits:
since they come from B’s output B we need to ensure that, in the guessing game, Alice can
indeed provide this auxiliary information to Eve, without communicating with Bob.

In order to solve both problems we focus on a specific extractor construction, the t-XOR
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extractor F; (here ¢ is an integer such that t = O(log®n)). For our purposes it will suffice
to think of F; as mapping the mk-bit string B to a string of » < n bits, each of which is
the parity of a certain subset of ¢t out of B’s mk bits. Which parities is dictated by an extra
argument to the extractor, its seed, based on the use of combinatorial designs. Formally,

E, - {0,1}™ x {0,1}* — {0,1}"
(b,y) = (CHby), ..., Cl(by)),

where C!(b,y) is the parity of a specific subset of ¢ bits of z, depending on both i and y.

Suppose that Eve can distinguish the output of the extractor Z = Ey(B,Y) from a
uniformly random string with success probability €. In the first step of the reconstruction
proof, a hybrid argument is used to show that Eve can predict the parity of ¢ bits of B
chosen at random with success €/r, given access to the parities of O(r) other subsets of ¢
bits of B as advice. This step uses specific properties of the combinatorial designs.

The next step is the most critical. One would like to argue that, since Eve can predict
the parity of a random subset of ¢ of B’s bits, she can recover a string that agrees with most
of the t-XORs of B. One could then appeal to the approximate list-decoding properties of
the t-XOR code in order to conclude that Eve may deduce a list of guesses for the string B
itself. Since, however, Eve is quantum, the fact that she has a measurement predicting any
t-XOR does not imply she has one predicting every t-XOR: measurements are destructive
and distinct measurements need not be compatible. This is a fundamental difficulty, which
arises e.g. in the analysis of random access codes [7]. To overcome it one has to appeal to a
subtle argument due to Koenig and Terhal |76]. They show that without loss of generality one
may assume that Eve’s measurement has a specific form, called the pretty-good measurement.
One can then argue that this specific measurement may be refined into one that predicts
a guess for the whole list of t-XORs of B, from which a guess for B can be deduced by
list-decoding the t-XOR, code.

The security of the t-XOR extractor against quantum adversaries was first shown by
Ta-Shma [112], and later improved in [33, [34]. As such, the argument above is not new.
Rather, our contribution is to observe that it proves more than just the extractor’s security.
Indeed, summarizing the discussion so far we have shown that, if H (B|E) < n, then there
is a measurement on F which, given a small amount of information about B as advice,
reconstructs a good approximation to the whole string B with success probability poly(e/r).
(This is essentially the statement that is made in Lemma [95l) Most crucially, the bits of
information required as advice are localized to a small subset of bits of B, of the order of
the number of bits of information Eve initially has about that string. This property holds
thanks to the specific extractor we are using, which is local: every bit of the output only
depends on few bits of the input.

Completing the reduction to the guessing game. In the guessing game it is Alice
who needs to hand the advice bits to Eve. Indeed, if Bob, holding box B, was to hand them
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over, they could leak information about his secret input y: some of the advice bits may fall
in blocks of the protocol that occur after the special block ig in which Bob is planning to
use his secret y as input. This leak of information defeats the purpose of the guessing game,
which is to demonstrate signaling between A and B.

Hence the “extended” variant of the CHSH game introduced in Protocol B: since in most
blocks the inputs to both A and B are identical, by the extended CHSH constraint enforced
in the protocol their outputs should be identical. The relatively few advice bits needed by
Eve occupy a fixed set of positions, and with good probability all Bell blocks will fall outside
of these positions, in which case Alice can obtain the advice bits required by Eve directly
from A’s outputs.

The proof of Theorem [94]is now almost complete, and one may argue as in Lemma[06]that
Alice and Eve together will be able to successfully predict Bob’s secret input in the guessing
game, contradicting the no-signaling assumption placed on A and B. A more detailed proof
of the theorem is given in the next section.

9.4.2 Proof of Theorem

We proceed to formally prove Theorem [04], using Lemma [05 to perform a reduction to the
guessing game (Lemma [0 is proved in Appendix [A.6.2)). Protocol B is described in Fig-
ure [@31 It consists of m = [Cllog®{] blocks of k = [10log®n] rounds each, where C
is a large constant, £ = n'/7 and n is the target amount of min-entropy. Each round of
the protocol selects inputs to the boxes coming from the “extended CHSH” game. That
game has four questions per party: (A4,0),(A,1),(B,0),(B,1). We expect honest boxes to
apply the following strategy. They share a single EPR pair, and perform the same measure-
ment if provided the same input. On input (A, 0) the measurement is in the computational
basis, and on input (A, 1) it is in the Hadamard basis {|+),|—)}, with the outcome |+)
being associated with the output ‘0. On input (B,0) the measurement is in the basis
{cos?(7/8)|0) + sin?(7/8)|1), sin?(7/8)|0) — cos?(7/8)[1)}, with the first vector being associ-
ated with the outcome ’0’.

Modeling. To model the situation, introduce four sequences of random variables X =
(X),Y = (Y3), A= (A),B = (B;) € ({0,1}*)". X and Y are distributed as in protocol B,
while A, B are random variables describing the boxes’ respective outputs when their inputs
are X and Y. For i € [m], let CHSH; be the following event:

Ai=B; if X; =Y,
dy(A;, B;) €10.49,0.51]  if X; = (A,1) and Y; = (A,0).

Honest CHSH boxes as described above satisfy CHSH; with probability 1 — 27 Let
CHSH = A, CHSH,.
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We introduce two new random variables to model the adversary Eve’s behavior, when
she performs the measurement promised by Lemma @05 We use E4 = (E#) € ({0, 1}k)m
to denote the outcome of that measurement when the required advice bits are the bits Ay
taken from A’s outputs, and EZ = (EF) € ({0,1}*)™ to denote its outcome when they are
the bits By taken from B’s output (here V' is a fixed subset of [km] that will be specified
later). Let G be the event that dy(E“4, B) < f., and G® the event that dy(E?, B) < f.,
where f. > 0 is a parameter to be specified later. Let 7 € T' be an index that runs over the
blocks that have been designated as Bell blocks in the protocol (where T itself is a random
variable). Given a Bell block j, let Gf be a boolean random variable such that Gj‘ =1if
and only if either dy(E;', B) < 0.01 and Y; = (A,0), or dy(E#, B) < 0.17 and Y; = (B, 0).
Define G¥ symmetrically with respect to E” instead of E*.

We prove Theorem [04] by contradiction. Assume that both the theorem’s conclusions are
violated, so that (i) HS (B’|E) > n, where B’ is a random variable describing the distribution
of B’s outputs conditioned on CHSH, and Pr (CHSH) <e. Here e =n™%, where a > 0 is a
parameter.

The first step is to apply Lemma 05 with X = B’. The conclusion of the lemma is that
there exists a subset V C [km] of size |V| = O(m? log? m) such that, letting f. = 1/(log mk),
we have p, := Pr(GB|CHSH) = Q(e7/n%) = Q(n~7(@+),

GP denotes the event that Eve correctly predicts B on a fraction at least 1 — f. of
positions. Since in Protocol B the Bell blocks form only a very small fraction of the total,
a priori it could still be that Eve’s prediction is systematically wrong on all Bell blocks,
preventing us from successfully using them in the guessing game.

The following claim shows Eve’s errors cannot be concentrated in the Bell blocks. The
intuition is the following. If B’s input in a Bell block is (A, 0) then nothing distinguishes
this block from most others, so that Eve’s prediction has no reason of being less correct than
average. However, blocks in which its input is (B,0) are distinguished. We rule out the
possibility that Eve’s errors are concentrated in such blocks by appealing to the no-signaling
condition between Eve and A. Indeed, about half of Bell blocks in which B’s input is (B, 0)
are such that A’s input for the same block is (A,0): looking only at A’s inputs they are
indistinguishable from most other blocks. We will argue that, as long as the CHSH constraint
is satisfied, Eve might as well have been given the advice bits by Alice, in which case there
is no reason for her to make more errors than average in those blocks.

Claim 98. Let T be the set of Bell blocks selected in Protocol B. Then there exists a constant
ce < 1073 such that the following holds.

Ce

Pr(Ber[G] > 1= 5, CHSH) = Q(pg) = Q(n %),

ogn

The proof of Claim [0 is given in Appendix [A.6.1l Based on this claim we can show
an analogue of Claim which will let us complete the reduction to the guessing game.
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Claim 08 shows that with probability Q(pse) Eve’s prediction will be correct on a fraction
at least 1 —c./logn of Bell blocks. Since there are O(log®n) such blocks in Protocol B, with
the same probability Eve only makes errors on a total number w, = O(logn) of Bell blocks.
Group the Bell blocks in groups of 20w, successive blocks, and let k be an index that runs
over such groups; there are O(logn) of them. Let G be the event that Eve’s prediction is
correct in at least 99% of the Bell blocks in group k: Gi = 1 if and only if EijGj‘ > 0.99,
where the average is taken over the Bell blocks comprising group k. By Markov’s inequality,
it follows from Claim 08 that Pr(A,G1, CHSH) = Q(p,e).

Claim 99. For all large enough n there exists a Bell block jo € T such that, in that block, it
is highly likely that both Fve’s prediction (when given advice bits from A’s output) is correct
and the CHSH constraint is satisfied, conditioned on this being so in past iterations:

Pr(G{,CHSH;|CHSH;j,, Gpey,) > 0.98, (9.3)
where kg is the index of the group containing the jo-th Bell block.

Proof. By the chain rule, since there are O(logn) groups there will exist a group kg in which
Eve’s prediction is correct, and the CHSH condition is satisfied, with probability at least
0.99, when conditioned on the same holding of all previous groups. Since by definition Eve
being correct in the group means that she is correct in 99% of that group’s blocks, there is
a specific block jy in which she is correct with probability at least 0.98. ]

The reduction to the guessing game should now be clear, and follows along the same lines
as the proof of Theorem [03] given in Section 0.3l Alice and Bob run protocol B, including the
selection of all Bell blocks T', with the boxes A and B, up to the jo-th Bell block (excluded).
Bob communicates B’s outputs up till that block to Alice. They check that the CHSH
constraint is satisfied in all blocks previous to the jo-th; if not they abort. The guessing
game can now start: Alice and Bob are separated and Bob is given his secret input y. If
y = 0 then he chooses (A4, 0) as input to B in the jo-th block; otherwise he chooses (B, 0). He
then completes the protocol honestly. Alice chooses an input x € {(A4,0), (A, 1)} at random
for the jo-th block, and then completes the protocol honestly.

In order to help her guess Bob’s input, Alice has access to the eavesdropper Eve. Alice
gives the bits ay taken from A’s output string a as advice bits to Eve. Eve makes a prediction
e for Bob’s output. Alice checks that the event G’;‘ko is satisfied. If not she aborts. If so,
by Claim @9 we know that both CHSH,, and G;}) are satisfied with probability at least 0.98,
so this must be so with probability at least 0.92 for each of the four possible pair of inputs
(x,y) given to A and B in the jo-th block.

Alice makes her prediction as follows: if either A’s input was (A, 0) and its output agrees
with Eve’s prediction on at least a 0.99 fraction of positions (in the jo-th block), or A’s
input was (A, 1) and its output agrees with Eve’s prediction on a fraction of positions that
is between 0.48 and 0.52 she claims “Bod had a 0”. Otherwise she claims “Bob had a 17.
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Clearly if Bob is using (A, 0) as his input then Alice will predict correctly with probability
at least 0.92, since in that case Gﬁ) implies that Eve predicts B’s output with at most 1%
of error. If he is using (B, 1) then Gﬁ) implies that Eve’s prediction will be within 0.17
relative Hamming distance of B’s output in block jo. By the CHSH constraint A’s output
must also be within 0.16 of B’s output, whatever input Alice chooses. Hence A’s output is
always within 0.43 < 0.49 of B’s, meaning Alice will correctly claim Bob had a 1 whenever
her input is (A, 1). Hence in that case she correctly predicts Bob’s input with probability at
least 0.92/2.

Overall, conditioned on Alice not aborting her prediction is correct with probability at
least 0.69 over the choice of a random input for Bob, indicating a violation of the no-signaling
assumption on the boxes and proving Theorem Q4]



158

Chapter 10

Multiprover interactive proofs with
quantum messages

In this chapter we prove some general structural properties of multiprover interactive
proof systems in which the verifier is quantum and exchanges quantum messages with a
polynomial number of entangled provers, i.e. QMIP* systems. A novelty of our approach is
that our results make extensive use of prior shared entanglement, which is required even for
honest provers. To the best of our knowledge all previous results in this area have focused
on studying the negative effects of entanglement, i.e., whether or not dishonest entangled
provers can break proof systems that are sound for any dishonest unentangled provers. Our
work is the first to focus on the positive aspects of entanglement, where shared entanglement
may be advantageous to honest provers.

The main result of this chapter is that any quantum k-prover interactive proof system
that may involve polynomially many rounds can be parallelized to a one-round quantum
(k + 1)-prover interactive proof system of perfect completeness and such that the gap between
completeness and soundness is still bounded by an inverse-polynomial.

To state our results more precisely, let QMIP*(k,m, ¢, s) denote the class of languages
having m-turn quantum k-prover interactive proof systems with completeness at least ¢ and
soundness at most s, where provers are allowed to share an arbitrary amount of entanglement,
as defined in Chapter 3. We will call the difference ¢ — s the “gap”. As commonly used in
classical multi-prover interactive proofs we use the term “round” to describe an interaction
consisting of questions from the verifier followed by answers from the provers. We use the
term “turn” for messages sent in one direction. One round consists of two turns: a turn for
the verifier and a turn for the provers. Throughout this chapter we assume that the number
m of turns and the number k of provers are functions in poly, and that completeness ¢ and
soundness s are polynomial-time computable functions of the input size, with values in [0, 1].
We show the following main theorem.

Theorem 100. For any k,m € poly and ¢, s satisfying ¢ — s € poly ' there exists a function
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p € poly such that

1
QMIP*(k, m, ¢, s) € QMIP* (k‘ +1,2,1,1— —) .
p

Since it is easy to amplify the success probability without increasing the number of rounds
by running multiple instances of a proof system in parallel using a different set of provers
for every instance, the above theorem shows that one-round (i.e., two-turn) QMIP* systems
are as powerful as general QMIP* systems.

Corollary 101. For any k,m,p € poly and c,s satisfying c — s € poly ™, there exists a
function k' = O(kpm?/(c — s)?) such that

QMIP*(k,m,c,s) C QMIP*(k',2,1,277).

The proof of our main theorem comes in three parts, corresponding to Section [10.2]
Section [0.3] and Section 0.4l The first part shows how to convert any QMIP* system
with two-sided bounded error into one with one-sided bounded error of perfect completeness
without changing the number of provers. The second part shows that any QMIP* system
with polynomially many turns can be parallelized to one with only three turns in which the
gap between completeness and soundness is still bounded by an inverse-polynomial. Again
the number of provers remains the same in this transformation. Finally, the third part
shows that any three-turn QMIP* system with sufficiently large gap can be converted into a
two-turn (i.e., one-round) QMIP* system with inverse-polynomial gap, by adding an extra
prover.

Similar statements to our first and second parts have already been shown in [70] for
single-prover quantum interactive proofs. Their proofs, however, heavily rely on the fact
that a single quantum prover can apply arbitrary operators over all the space except for
the private space of the verifier. This is not the case any more for quantum multi-prover
interactive proofs, since now a quantum prover cannot access the qubits in the private spaces
of the other quantum provers, in addition to those in the private space of the verifier. Hence
new methods are required for the multi-prover case.

10.1 Proof overview

To transform proof systems so that they have perfect completeness, our basic idea is to adapt
the quantum rewinding technique developed for quantum zero-knowledge proofs by [126] to
our setting. We show how the main idea behind this technique can be used to “rewind” an
unsuccessful computation that would result in rejection into a successful one. To this end,
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we first modify the proof system so that the honest provers can convince the verifier with
probability exactly % using some initial shared state and moreover no other initial shared
state achieves a higher acceptance probability. This initial shared state corresponds to the
auxiliary state in the case of quantum zero-knowledge proofs, and as in that scenario we
can prove that the sequence of forward, backward, and forward executions of the protocol
achieves perfect completeness. The obvious problem of this construction lies in proving
soundness, as the dishonest provers may not use the same strategies for all of the three
executions of the proof system. To settle this, we design a simple protocol that tests if the
second backward execution is indeed a backward simulation of the first forward execution.
The verifier performs with equal probability either the original rewinding protocol or this
invertibility test without revealing which test the provers are undergoing. This forces the
provers to use essentially the same strategies for the first two executions of the protocol,
which is sufficient to bound the soundness. As a result we prove the following.

Theorem 102. For any k,m,p € poly and c,s satisfying c — s € poly ', there exists a
function m’ € poly such that

QMIP*(k,m,c,s) C QMIP*(k,m’,1,27P).

For the parallelization to three turns, our approach is to first show that any QMIP*
system with sufficiently large gap can be converted into another QMIP* system with the
same number of provers, in which the number of rounds (turns) becomes almost half of that
in the original proof system. The proof idea is that the verifier in the first turn receives the
snapshot state from the original system after (almost) half of turns have been executed, and
then with equal probability executes either a forward-simulation or a backward-simulation
of the original system from that turn on. Thus, honest provers have to share the snapshot
state of the original system, but only have to simulate the original system to convince the
verifier after that. In contrast, any strategy of dishonest provers with unallowable high
success probability would lead to a strategy of dishonest provers in the original system that
contradicts the soundness condition. By repeatedly applying this modification, together with
Theorem as preprocessing, we can convert any QMIP* system into a three-turn QMIP*
system with the same number of provers that still has an inverse-polynomial gap.

Theorem 103. For any k,m € poly and ¢, s satisfying c — s € poly ™", there exists a function
p € poly such that

1
QMIP*(k, m, ¢, s) € QMIP* (k, 3,1,1— —) .
p

For k = 1, this gives an alternative proof of the parallelization theorem due to [70] for
single-prover quantum interactive proofs. It is interesting to note that our parallelization
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method does not need the controlled-swap test at all, while it is the key test in the Kitaev-
Watrous parallelization method. Another point worth mentioning in our method is that,
at every time step of our parallelized protocol, the whole system has only one snapshot
state of the original system. This is in contrast to the fact that the whole system has to
simultaneously treat many snapshot states in the Kitaev-Watrous method. The merit of our
method is, thus, that we do not need to treat the possible entanglement among different
snapshot states when analyzing soundness, which may be a main reason why our method
works well even for the multi-prover case. Moreover, our method is more space-efficient than
the Kitaev-Watrous method, in particular when we parallelize a system with polynomially
many rounds.
To prove the third part, we will take a detour by proving that

(i) any three-turn QMIP* system with sufficiently large gap can be modified to a three-
turn public-coin QMIP* system with the same number of provers and a gap of roughly
similar order of magnitude, and

(ii) any three-turn public-coin QMIP* system can be converted into a two-turn QMIP*
system without changing completeness and soundness, by adding one extra prover.

The notion of public-coin QMIP* systems we use is a natural generalization of public-coin
quantum interactive proofs in the single-prover case introduced by [81]. The corresponding
complexity class is denoted by QMIP} , (k,m, ¢, s). Intuitively, at every round, a public-coin
quantum verifier flips a fair classical coin at most polynomially many times, and then simply
broadcasts the result of these coin-flips to all the provers. Property (i) is a generalization of
the result by [81] to the multi-prover case, whereas property (ii) is completely new. We note
that the protocol that arises in the proof of property (ii) is no longer public-coin. It is not
hard to see that this cannot be avoided unless BP - PP = PSPACE: two-turn public-coin
systems with any number of provers are in fact equivalent to single-prover two-turn public-
coin systems (i.e., QAM systems), which are at most as powerful as BP - PP [81]. A simple
proof of this fact is given in Theorem at the end of Section 10.4.T]

The idea to prove (ii), assuming that the number of provers in the original proof system is
k, is to send questions only to the first k provers in the new (k 4 1)-prover system, requesting
the original second messages from the k provers in the original system. The verifier expects
to receive from the (k + 1)-st prover the original first messages from the k provers in the
original system without asking any question to that prover. The public-coin property of
the original system implies the nonadaptiveness of the messages from the verifier, which is
essential to prove (ii). In fact, there is a way of directly proving the third part, but our
detour enables us to show another two important properties of QMIP* systems. Specifically,
property (i) essentially proves the equivalence of public-coin quantum k-prover interactive
proofs and general quantum k-prover interactive proofs, for any k.

Theorem 104. For any k,m,p € poly and c, s satisfying c — s € poly ', there exists a func-
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tion m’ € poly such that
QMIP*(k,m,c,s) C QMIP? . (k,m',1,277).

pub

Note that in the classical case, public-coin multi-prover interactive proofs are only as pow-
erful as single-prover interactive proofs — since every prover receives the same question from
the verifier, every prover knows how other provers will behave and the joint strategy of the
provers can therefore simulate any strategy of a single prover. Hence, these systems cannot
be as powerful as general classical multi-prover interactive proofs unless NEXP = PSPACE.
In contrast, our result shows that in the quantum case, public-coin QMIP* systems are as
powerful as general QMIP* systems. The non-triviality of public-coin QMIP systems may
be explained as follows: even if every quantum prover knows how other quantum provers
will behave, still each quantum prover can apply only local transformations over a part of
some state that may be entangled among the provers, which is not enough to simulate every
possible strategy a single quantum prover could follow.

Property (ii) for the case k = 1 implies that any language in QIP (and thus in PSPACE)
has a two-prover one-round quantum interactive proof system of perfect completeness with
exponentially small error in soundness, since any language in QIP has a three-turn public-
coin quantum interactive proof system of perfect completeness with exponentially small error
in soundness [81].

Corollary 105. For any p € poly,
QIP C QMIP*(2,2,1,277).

In the classical case a similar statement to the last corollary was shown by [24] (and the
stronger statement that two-prover one-round interactive proofs are as powerful as general
multi-prover interactive proofs was shown later by |44]). All these results are, however, not
known to hold under the existence of prior entanglement among the provers. Before our
result, it has even been open if PSPACE has two-prover one-round quantum interactive
proof systems. Very recently, [68] succeeded in proving that the classical two-prover one-
round interactive proof system for PSPACE by [24] is sound in a weak sense against any pair
of dishonest prior-entangled provers: soundness is bounded away from one by an inverse-
polynomial. After the completion of the present work, [59] improved the result by [68] to
show that the same system for PSPACE has exponentially small soundness even against
no-signaling provers (hence against entangled provers), and thus, PSPACE is now known to
have classical two-prover one-round interactive proof systems even with entangled provers.
These results are incomparable to ours since on one hand we have the inclusion even for
QIP, and on the other hand both the verifier and the honest provers must be quantum. In
contrast, in [68] and [59] both of them just follow a classical protocol.
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10.2 Achieving Perfect Completeness

In this section we prove Theorem [I02] showing that any QMIP* system with two-sided
bounded error can be transformed into a one with one-sided bounded error of perfect com-
pleteness without changing the number of provers. For the case of a single prover, this was
shown by [70], but their proof relies on the single prover performing a global unitary on
the whole system, and therefore does not carry over to the multi-prover case (no prover has
access to the private spaces of other provers and the private space of each prover might be
arbitrarily large, and thus, we cannot use the verifier to transfer those spaces from one prover
to any other).

When proving statements that involve the perfect-completeness property, we assume
that our universal gate set satisfies some conditions, which may not hold with an arbitrary
universal gate set. Specifically, we assume that the Hadamard transformation and any
classical reversible transformations are exactly implementable in our gate set. Note that
this condition is satisfied by most of the standard gate sets including the Shor basis [107]
consisting of the Hadamard gate, the controlled-i-phase-shift gate, and the Toffoli gate, and
thus, we believe that this condition is not restrictive. We stress that most of our main
statements do hold with an arbitrary choice of universal gate set (the only thing that would
change is that the completeness and soundness conditions may become worse by negligible
amounts in some of the claims, which does not affect the final main statements).

First, we introduce the notion of perfectly rewindable QMIP* systems.

Definition 106. Let s < % A language L has a perfectly rewindable m-turn quantum k-
prover interactive proof system with soundness at most s iff there exists an m-turn polynomial-
time quantum verifier V, such that, for every input x:

(Perfect Rewindability) if x € L, there exists a set of m-turn quantum provers P, ..., Py

such that max|e) Pace(z, V, P, ..., Py, |®)) = %, where the maximum is taken over all a

priori shared states |®) prepared by P, ..., Py.

Soundness) if x € L, for any set of m-turn quantum provers Py, ..., P, and any a priori
1 k
shared state |®'), pacc(x,V, P|,..., P, |®)) < s.

Note that in the perfect rewindability property we first fix the provers’ transformations
and then maximize over all a priori shared states, which hence have a fixed dimension. We
first show how to modify any general QMIP* system (with some appropriate conditions on
completeness and soundness) to a perfectly rewindable one with the same k and m.

Lemma 107. Let ¢ > % > s. Then, any language L in QMIP*(k,m,c,s) has a perfectly
rewindable m-turn quantum k-prover interactive proof system with soundness at most s.

Proof. Let L be alanguage in QMIP*(k, m, ¢, s) and V' be the corresponding m-turn quantum
verifier. We slightly modify V' to construct another m-turn quantum verifier W for a perfectly
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rewindable proof system for L. The new verifier W, in addition to the registers of V', prepares
another single-qubit register B, initialized to |0). For the first m—2 turns, W simply simulates
V. In the (m — 1)-st turn, a turn for the verifier, W proceeds like V' would, but sends B to
the first prover in addition to the qubits V' would send in the original proof system. In the
m-~th turn the first prover is requested to send B back to W, in addition to the qubits sent
to V' in the original proof system. Then W proceeds for the final decision procedure like
V' would, but accepts iff V' would have accepted and B is in the state |1). Notice that W
accepts only if V' would have accepted. Hence the soundness is obviously at most s in the
constructed proof system.

For perfect rewindability we slightly modify the protocol for honest provers in the case
x € L. Let |®*) be the a priori shared state in the original proof system that maximizes
the acceptance probability for the original honest provers and let py.x be that maximal
acceptance probability. The new provers use |®*) as the a priori shared state and simulate
the original provers except for the last turn. The only difference is that in the last turn the
first prover proceeds as P, would, and applies a one-qubit unitary 7" to the qubit in B,

1 1

T:10) 4 /1— 10) +

1)

2pl’l’laX 2pmax

JFrom the construction it is obvious that the maximum accepting probability is exactly
equal to % and that this maximum is achieved when the provers use the a priori shared state

|©7). O
Now, we are ready to show the following lemma.

Lemma 108. Let c > % and s < 2—15 Then,

1 )
QMIP* (k,m, ¢, 5) € QMIP* (k,3m, 1, 5 +2V/5 + 2 ).

Proof. The intuitive idea behind the proof of this lemma, using the “quantum rewinding
technique” by [126], has already been explained in the introduction. We add some more
intuition before proceeding to the technical proof. Using Lemma [I07] we can assume that
in the case of honest provers (i.e., x € L) the acceptance probability with shared state |®*)
is exactly % and furthermore that no other a priori shared state achieves higher acceptance
probability. The acceptance probability when the provers use any shared state |®) can be
written as pacc = [HaceQ|V)[|* = [HaceQ@ILinit | V) ||?, where [U) = [0---0)v,my,...m,) @ |P), @
is the unitary transformation induced by the QMIP* system just before the verifier’s final
measurement, Il is the projection onto states in which all the qubits in (V, My, ..., My)
are in state |0) and Il is the projection onto accepting states in the original proof system



CHAPTER 10. THE STRUCTURE OF QMIP* PROTOCOLS 165

(i.e., states with the designated output qubit being |1)). In other words the state |U*) =
0---0)(v,My,...Mp) ® |P*) maximizes the expression
II‘I\I%X<\II|HinitQTHaCCQHinit‘\D>J

meaning that the matrix M = Il Q1. QIlin; has maximum eigenvalue % with correspond-
ing eigenvector |¥*). Now we apply the quantum rewinding technique by performing forward,
backward, and forward executions of the proof system in sequence. Perfect completeness fol-
lows from the fact that the initial state is an eigenvector of M with the corresponding
eigenvalue exactly %, and the proof is similar to that of the zero-knowledge scenario [126].

The challenge of this construction lies in the proof of soundness. If the input is a no-
instance, the maximum eigenvalue of any matrix M corresponding to our proof system is
small. This shows that if the dishonest provers are actually “not so dishonest”, i.e., if they
use the same strategies for all of the three (forward, backward, and forward) executions of
the original proof system, the acceptance probability is still small. However, the problem
arises when the dishonest provers change their strategies for some of the three executions.
To settle this, we design a simple protocol that tests if the backward execution is indeed
a backward simulation of the first forward execution. The verifier performs the original
rewinding protocol or this invertibility test uniformly at random without revealing which
test the provers are undergoing. Honest provers always pass this invertibility test, and thus
perfect completeness is preserved. When the input is a no-instance, this forces the provers to
use approximately the same strategies for the first two executions of the proof system, which
is sufficient to bound the soundness. We note that, as is shown by the example at the end
of this section, the invertibility test is necessary — without it, in some proof systems, the
provers can apply a backwards execution that is different from the inverse of their forward
execution, and are accepted with certainty even if their maximum acceptance probability in
the original proof system was zero.

We now proceed with the technical details of the proof. Let L be a language in QMIP*(k, m, ¢, s)
and let V' be the verifier in the perfectly rewindable m-turn quantum k-prover interactive
proof system for L as per Lemma [I07. We construct a 3m-turn quantum verifier W of a
new quantum k-prover interactive proof system for L. W has the same registers as V' in
the original proof system, and performs one of the two tests, which we call “REWINDING
TEST” and “INVERTIBILITY TEST”. The exact protocol is described in Figure [[0.1], where
for simplicity it is assumed that m is even (the case in which m is odd can be proved in a
similar manner).

Completeness: Assume the input z is in L. From the original provers P,..., P, we
design honest provers Ry, ..., Ry for the constructed 3m-turn system. Each new prover R;
has the same quantum register P; as P, has, and the new provers initially share |®*). For
the first m turns each R; simulates ;. At the (m + 2j)-th turn for 1 < j < %, R; applies
(Pi%_ﬁl)T (i.e., the inverse of P;’s transformation at the (m — 2j +2)-nd turn in the original
system). Finally, for the (2m + 2j)-th turn for 1 < j < %, R; again applies PZ]
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Verifier’s Protocol for Achieving Perfect Completeness
1. Simulate the original verifier for the first m turns.

2. Choose b € {0,1} uniformly at random. If b = 0, move to the REWINDING TEST described
in Step B while if b = 1, move to the INVERTIBILITY TEST described in Step Ml

3. (REWINDING TEST)

3.1 Apply V2T to the qubits in (V, My, ..., My). Accept if the content of (V, My, ..., M)
corresponds to an accepting state in the original proof system. Otherwise apply
(V21T to the qubits in (V, My, ..., M), and send M; to the i-th prover, for 1 <14 < k.

3.2 For j = 5 down to 2, do the following:
Receive M; from the i-th prover, for 1 <i<k. Apply (V/)! to the qubits in
(V,M1,...,Mg), and send M; to the i-th prover, for 1 <i < k.

3.3 Receive M; from the i-th prover, for 1 <i<k. Apply (V) to the qubits in
(V,M1,...,Mg). Perform a controlled-phase-flip: multiply the phase by —1 if all the
qubits in (V,My,...,My) are in state |0). Apply V! to the qubits in (V, My, ..., My),
and send M; to the i-th prover, for 1 <i < k.

3.4 For j =2 to 7, do the following:

Receive M; from the i-th prover, for 1<i<k.  Apply V’/ to the qubits in
(V,My,...,Mg), and send M; to the i-th prover, for 1 <i < k.

3.5 Receive M; from the i-th prover, for 1 <i<k. Apply VEtl to the qubits in
(V,My,...,Mg). Accept if the content of (V,My,..., M) corresponds to an accept-
ing state in the original proof system, and reject otherwise.

4. (INVERTIBILITY TEST)

4.1 Send M; to the i-th prover, for 1 <1 < k.

4.2 For j = 3 down to 2, do the following:
Receive M; from the i-th prover, for 1<i<k. Apply (V/) to the qubits in
(V,Mq,...,Mg), and send M; to the i-th prover, for 1 < i < k.

4.3 Receive M; from the i-th prover, for 1 <i<&k. Apply (V1) to the qubits in
(V,M1,...,Mg). Accept if all the qubits in (V,My,..., M) are in state |0), and re-
ject otherwise.

Figure 10.1: Verifier’s protocol for achieving perfect completeness
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It is obvious from this construction that the provers Ry, ..., R; can convince W with
certainty when W performs the INVERTIBILITY TEST. We show that Ry, ..., Ry can convince
W with certainty even when W performs the REWINDING TEST. In short, this holds for
essentially the same reason that the quantum rewinding technique works well in the case of
quantum zero-knowledge proofs, and we will closely follow that proof.

For notational convenience, let

Pl=P® . ®P
for 1 <7 <7, and let
Q=V2tpz2ya...plyl
Recall that M|U*) = %]\I/*> where M = TlipitQ e QIlinic. Define the unnormalized states
[G0), |91), [¢0), and |¢1) by

|¢0> = HaCCQ|\I[*>’ |¢1> = HrejQ|\I[*>’
Wo) = HinitQ”¢O>a W1> = HillegalQ”¢O>7

where Ilijegal = I(v,m;,..,m,) — Iinis is the projection onto states orthogonal to 0--- 0>(V7M1 ,,,,, My
and Il.e; = Ivm,,...m,) — Iace is the projection onto rejecting states. Then, noticing that
| W) = i |[¥*), we have

1
|77Z}0> - HinitQTHaCCQ|\IJ*> = HinitQ]LHaccQHinit|\Ij*> = M|\Ij*> = §|\I]*>7
and thus,

QT‘¢1> = QTHreJQ’\I]*> = “Il*> - QTHaCCQ|\II*>
= [U*) = Q"|¢o) = 2[tho) — (|sho) + [1)) = [0} — 1)

Hence, the state just before the controlled-phase-flip in Step 3.3 when entering the
REWINDING TEST is exactly

e @en) = e ([to) = 1),

HMW HWW
Since ITinic|to) = |to) and Hinit\%) = 0, the controlled-phase-flip changes the state to

——([%o) + |¥1)) = = Q|-

HWW HWW

Therefore, the state just after V2! is applied in Step 3.5 is exactly

T QQ o) = |!¢o>

H%M HWH
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and thus, the fact that IT,.|¢o) = |¢o) implies that the verifier W always accepts in Step 3.5.

Soundness: Now suppose that the input z is not in L. Let R}, ..., R} be any k provers
for the constructed 3m-turn proof system, and let |1)) be any a priori shared state. Let Rf
be the transformation that R applies at his 2j-th turn, for 1 <i < kand 1 <j < 37’” and
let Z denote the controlled-phase-flip operator in Step 3.3. Let

R=Rl® - ®R)]

for1 <j < 37m, and define

~m

= (VIR (VE ) RE(VE)REH,
Us=RzVe... R2y2pmtlyl

&
|

There are three cases of acceptance in the constructed proof system. In the first case, the
verifier W performs the REWINDING TEST and accepts in Step 3.1. This happens with
probability 2, where

p1 = ||HaCCV7+1U1|¢>||2'

In the second case, the verifier W performs the REWINDING TEST and accepts in Step 3.5.
This happens with probability £, where

po = [[MaeeV 2 T U ZU(V 2 T V2 U ) |12

Finally, in the third case, the verifier W performs the INVERTIBILITY TEST and accepts in
Step 4.3. This happens with probability £, where

b3 = HHinitU2U1|¢>H2-

Hence, the total probability pa.. that W accepts x when communicating with Rf,..., R} is
given by pace = %(pl + p2 + p3). From the soundness condition of the original proof system,
it is obvious that p; <s. We shall show that po <1+ 4y/s+ 4s —p3. This implies that
Pace < % +2y/s+ 5—25, and the soundness condition follows.

Using the triangle inequality, we have that

MV = T U ZU(V2 ) TV = T U [0) |
< NHaeeV 2 U ZUS(V 2 T ML V2 UL ) — MooV 2 T U ZULU )|
+ | aeeV 2 U ZU U [0) — TaceV 2 P U Z i Us Un [0)|
+ | MaeeV 2 T U3 ZT03 Us Us 1) .

(10.1)
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The first term of the right-hand side of inequality can be bounded from above as
follows:
[ MaceV 2 P U ZU(V 2 T L V2 UL ) — MoV 2 T U ZULUL ) ||
< ||V EHUZUL(VE Y L V2 T UL W) — V2P U ZULUL ) |
= [|(VE) LV E UL |Y) — Uifo)|
= |V U |9) — VE UL )|
= || = HaceV 2 UL} || = [[TaccV 2 UL[)|| = /1 < Vs

The second term of the right-hand side of inequality |(10.1)| can be bounded from above as
follows:

| MaceV 2 T U3 ZULUL 1) — HaeeV 2 T U3 Z i U Us [90) |
< ||V EHUZULUL ) — V2 P U ZTH0 Us Uy [9) |

= [[UoU1[¢) — Ui Us UL [¥) || = |[HinegarU2Us|9) || = /1 — p3.

Here the last equality follows from the facts that UsU; |¢) = WinieU2Us|¢) +1linegaU2Us 1) is &
unit vector, that Iy U Uy [¢0) and iega U2Us |1)) are orthogonal, and that ||y U U [¢0) ||* = ps.
Finally, since Il UsUs]9) is an unnormalized state parallel to some legal initial state
and ZlIl; = —Ilj from the definitions of Z and I, the third term of the right-hand
side of inequality can be bounded as follows by using the soundness condition of the

original proof system:

"Haccv%JrlUBZHinitUZUl’w>H = H - HaCCV%JrlUSHinitUQUl‘w)H
= ||HaCcV%+1U3HinitU2U1|¢>|| < \/g

Putting everything together, we have
P2 = [[MaceVE U3 ZUs(V 3 L VE U 02
< (2vs + \/1—7173)2 =1+ 4/s(1 —ps) +4s —ps < 1+4/5+ 45 — ps,
as desired. ]

To finish the proof of Theorem it suffices to repeat sequentially the proof system
obtained in Lemma an appropriate number of times (and accept if and only if all the
original verifiers would have accepted every time). To see that this reduces soundness expo-
nentially with the number of repetitions, imagine by contradiction that there exists a set of
provers that succeeds in the k-th repetition of the proof system with probability s’ greater
than the soundness s in the original proof system. Then we can construct provers for the
original proof system by letting them initially share the state of the provers at the end of
the (k — 1)-st repetition of the new proof system. These provers would be accepted with
probability s’ > s, a contradiction.
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Necessity of the invertibility test. Consider the following single-prover two-turn quan-
tum interactive proof system. The verifier initially has a state |000) of three qubits, where
the first two qubits are in his private space and the last one is the message register. He sends
the message register to the prover, receives it back, and then applies the transformation U
which maps |001) — |010), |011) — |110), and conversely |010) — |001), |110) — |011), and
leaves all the other basis states unchanged. After his transformation, the verifier again sends
the message register to the prover, receives it back, and finally accepts if anf only if the final
state of the system is [111).

It is easy to see that the prover’s maximum winning probability in this protocol is zero.
However, we can design a prover that passes with certainty the REWINDING TEST induced
from this protocol, by having him apply the transformation |0) — |1) in both of his actions
during the first forward phase, applying the identity and then |0) — |1) in the backward
phase, and applying twice the identity in the last forward phase. It is easy to check that this
prover succeeds in the REWINDING TEST with certainty, and thus, we cannot achieve perfect
completeness with the REWINDING TEST only. Note that this prover fails the INVERTIBILITY
TEST with certainty, and the INVERTIBILITY TEST is indeed helpful in this case.

10.3 Parallelizing to Three Turns

In this section we prove Theorem [I03] which reduces the number of turns to three without
changing the number of provers. This is done by repeatedly converting any (2! + 1)-turn
QMIP* system into a (217! + 1)-turn QMIP* system where the gap decreases, but is still
bounded by an inverse polynomial. We first show the following lemma.

Lemma 109. For any c,s satisfying ¢ > s,

1 1
QMIP*(k,4m + 1,¢,s) C QMIP* <k om + 1, re +_ﬁ> ,

2 72

Proof. Let L be alanguage in QMIP*(k,4m + 1, ¢, s) and let V be the corresponding (4m + 1)-
turn quantum verifier. We construct a (2m + 1)-turn quantum verifier W for the new quan-
tum k-prover interactive proof system for L. The idea is that W first receives the snapshot
state that V' would have in (V,My,...,Mg) just after the (2m + 1)-st turn of the original
system. W then executes with equal probability either a forward-simulation of the original
system from the (2m + 1)-st turn or a backward-simulation of the original system from the
(2m + 1)-st turn. In the former case W accepts if and only if the simulation results in ac-
ceptance in the original proof system, while in the latter case W accepts if and only if all
the qubits in V are in state |0) (recall that in the original proof system the first turn was
done by the provers, hence we do not measure the qubits in each M; here). The details are
given in Figure [10.21



CHAPTER 10. THE STRUCTURE OF QMIP* PROTOCOLS 171

Verifier’s Protocol to Half the Number of Turns
1. Receive V and M; from the first prover and M; from the i-th prover for 2 < < k.
2. Choose b € {0,1} uniformly at random.
3. If b =0, execute a forward-simulation of the original proof system as follows:
3.1 Apply V™! to the qubits in (V,My,...,My). Send b and M; to the i-th prover, for
1< <k.

3.2 For j = m+ 2 to 2m, do the following:
Receive M; from the i-th prover, for 1<i<k. Apply VJ/ to the qubits in
(V,M1,...,Mg). Send M; to the i-th prover, for 1 <i < k.

3.3 Receive M; from the i-th prover, for 1 <i<k. Apply V"l to the qubits in
(V,My,...,Mg). Accept if the content of (V,My,..., M) is an accepting state of the
original proof system, and reject otherwise.

4. If b =1, execute a backward-simulation of the original proof system as follows:

4.1 Send b and M; to the i-th prover, for 1 <i < k.

4.2 For j = m down to 2, do the following;:
Receive M; from the i-th prover, for 1<i<k. Apply (V/) to the qubits in
(V,M1,...,Mg). Send M; to the i-th prover, for 1 <i < k.

4.3 Receive M; from the i-th prover, for 1<i<k. Apply (V1 to the qubits in
(V,My,...,Mg). Accept if all the qubits in V are in state |0), and reject otherwise.

Figure 10.2: Verifier’s protocol to reduce the number of turns by half.

Completeness: Assume the input z isin L. Let Py, ..., P, be the honest quantum provers
in the original proof system with a priori shared state |®). Let [t)2,,11) be the quantum state
in (V,My,..., Mg, Pq,...,Py) just after the (2m + 1)-st turn in the original proof system. We
construct honest provers Ry, ..., Ry for the new (2m + 1)-turn system. In addition to V and
Mi, Ry prepares P; in his private space. Similarly, in addition to M;, R; prepares P; in his
private space for 2 <i < k. Ry, ..., Ry initially share |¢,,41) in (V, My, ..., Mg, Py, ... Pg).
At the first turn of the constructed proof system, R; sends V and M; to W, while each R;,
for 2 <i <k, sends M; to W. At the (25 — 1)-st turn for 2 < j <m +1, if b =0, each R;
applies P (i.e., P/’s transformation at the (2m + 2j — 1)-st turn in the original system)
while if b =1, each R; applies (Pim_jJr?))T (i.e., the inverse of P;’s transformation at the
(2m — 27 4 5)-th turn in the original system) to the qubits in (P;,M;), for 1 <i < k. The
provers Ry, ..., Ry can then clearly convince W with probability at least ¢ if b = 0, and with
certainty if b = 1. Hence, W accepts every input x € L with probability at least %
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Soundness: Now suppose that x is not in L. Let R},..., R, be arbitrary provers for
the constructed proof system, and let [¢)) be an arbitrary quantum state that represents the
state just after the first turn in the constructed system. Suppose that, at the (27 — 1)-st
turn for 2 < j <m+ 1, each R} applies Xij ifb=0and Y/ if b=1, for 1 <i < k and write

X=Xlo--0Xl, Y=Ye oY
Define unitary transformations Uy and U; by
Uy = V2m+1)}“—m+1v2m .. _)?2Vm+1
Ul — (VI)T}’;m—i-l . (Vm)T?Q’

and let
1 1

= —HaccU ’ T A ZANNY
= ot e

where II,.. is the projection onto accepting states in the original proof system and II;,; is
the projection onto states in which all the qubits in V are in state |0). Then

1
= m|<¢|U5HaCCUO|¢>}

= F(|lo)(al, Ulw) (¢[U5) = F (Ugla){alUo, [4)(¥1),
and thus, the probability py of acceptance when b = 0 is given by

2
po = F(Ula)(a|Uo, [¢)(2])".
Similarly, the probability p; of acceptance when b = 1 is given by

= F(UJ1BY(BIU, ) (])°.

Hence the probability pae. of acceptance when W communicates with R, ..., R} is given by

HinitUl |¢>a

||HaccU0|¢> ||

e = 30+ p1) = 5 (F (Ul alCo, 1) (6)” + F(UIIBNGI, k) (61)°)-

Therefore, from Lemma [7, we have

o < 5 (14 P (ULl alUo U1} 511))

1

= 2 (14 F(lo) ol UU18) BILLE) )

Note that ITi,|3) = |8) and thus |3) is a legal quantum state which could appear in the
original proof system just after the first turn. Hence, from the soundness property of the
original proof system,

Mo lieUf 8]
o L N Vo L G LT T
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since V1, (Y™t ..o ym (Y2)f, ymtl X2 ... y2m o Xmtl y2mtl form g legal sequence
of transformations in the original proof system.
Now, from the fact that Il,..|a) = |a), we have

F(lo)(al, UsUT |BY(BIULUY) = [{alTaU{|8)] = [{a|MaccUoUT | B)|
S ||HaccU0U1T|B>|| S \/g

Hence the probability p.. that W accepts x is bounded by pacc < 3 L \[ , which completes
the proof. O

Now, by repeatedly applying the construction in the proof of Lemma [I09], we can reduce
the number of turns to three. The proof is straightforward, but we need to carefully keep
track of the efficiency of the constructed verifiers in each application, since the construction
is sequentially applied a logarithmic number of times.

Lemma 110. For any m >4 and any c,s such that € = 1 —c and § = 1 — s satisfy
d>2(m—1)e,

2 5
QMIP*(k,m,l—s,l—é)QQMIP*(k:,3,1— < - )

Proof. Let [ be such that 2! + 1 < m < 2!+ 4 1. Trivially, the inclusion QMIP*(k, m, ¢, s) € QMIP*(k, 2

holds, and we show the inclusion QMIP*(k, 241 + 1,1 —¢,1 — ) C QMIP(k,3,1 — mel, 1— (mf1)2)‘
Let L be a language in QMIP*(k, 241 + 1,1 —£,1 — 6) and let V(© be the corresponding

(21 + 1)-turn quantum verifier. Given a description of V' one can compute in poly-

nomial time a description of a (2! 4+ 1)-turn quantum verifier V() following the proof of

Lemma [I09 The resulting proof system has completeness at least 1 — 5 and soundness at

most % + g <1- g. Crucially, the description of V(! is at most some constant times the
size of the description of V(© plus an amount bounded by a polynomial in the input length.
Hence it is obvious that, given a description of V), one can compute in polynomial time
a description of a three-turn quantum verifier VW by repeatedly applying the construction
in the proof of Lemma [I09 [ times. The resulting proof system has completeness at least
1— 2 1 — —* and soundness at most 1 — 5 <1-— ﬁ, as desired. ]

Theorem 103 now follows immediately from Theorem and Theorem [0t For every p €
poly there exist a function m’ € poly such that the inclusions QMIP* (k‘ m ¢,s) C QMIP*(/{?7 m',1,27P)

C QMIP* (k, 3,1,1— ﬁ) hold. Now it suffices to observe that o 1)2 € poly*
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10.4 Public-Coin Systems

In this section we present the last part to complete the proof of Theorem [I00. We show how
any three-turn QMIP™* system with sufficiently large gap can be converted into a two-turn
QMIP system with one extra prover, in which the gap is bounded by an inverse-polynomial.
Although there is also a direct proof for this, given in Section [[0.4.3] we first give another
proof that takes a detour by showing how (i) any three-turn QMIP* system with sufficiently
large gap can be modified to a three-turn public-coin QMIP* system with inverse-polynomial
gap without changing the number of provers, and (ii) any three-turn public-coin QMIP*
system can be converted into a two-turn QMIP* system without changing completeness and
soundness, by adding an extra prover. By parallelizing to two turns we lose the public-coin
property, and in Theorem [[12] we show that this is unavoidable unless BP - PP = PSPACE:
any two-turn public-coin proof system with a polynomial number of provers can be converted
to a single-prover two-turn public-coin proof system (i.e., a quantum Arthur-Merlin proof
system).

The added benefits of our detour are a proof of the equivalence of public-coin QMIP*
systems and general QMIP™* systems (Theorem [[04]) and a proof that QIP and hence PSPACE
has two-prover one-round quantum interactive proof systems of perfect completeness and
exponentially small soundness (Corollary [I05).

Remark. The direct proof in Section [10.4.3] would only give the weaker corollary that QIP
has a two-prover one-round quantum interactive proof system of perfect completeness, but
with soundness only exponentially close to % This is indeed weaker than what we can show
with the detour, since it is not known how to amplify the success probability of QMIP*
systems without increasing either the number of provers or the number of turns.

10.4.1 Converting to Public-Coin Systems

In this subsection we prove Theorem [[04] showing that any language that has a quantum k-
prover interactive proof system with two-sided bounded error also has a public-coin quantum
k-prover interactive proof system of perfect completeness and exponentially small soundness.

We first show that any three-turn QMIP* system with sufficiently large gap can be
modified to a three-turn public-coin QMIP* system with the same number of provers and
inverse-polynomial gap. In the single-prover case, [81] proved a similar statement. Our proof
is a generalization of their proof (Theorem 5.4 in [81]) to the multi-prover case.

Lemma 111. For any c, s satisfying ¢ > s,

QMIP*(k, 3, ¢, s) € QMIP* (k 3,

pub

l+c 1+\/§)

2 72

Moreover, the message from the verifier to each prover in the public-coin system consists of
only one classical bit.
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Verifier’s Protocol in the Three-Turn Public-Coin System
1. Receive V from the first prover and receive nothing from the ¢-th prover, for 2 <i < k.
2. Choose b € {0, 1} uniformly at random. Send b to each prover.
3. Receive M; from the i-th prover for 1 < i < k.

3.1 If b=0, apply V2 to the qubits in (V,My,...,My). Accept if the content of
(V,M1,...,Mg) is an accepting state of the original proof system, and reject other-
wise.

3.2 If b =1, apply (V)T to the qubits in (V,My,..., My). Accept if all the qubits in V are
in state |0), and reject otherwise.

Figure 10.3: Verifier’s protocol in the three-turn public-coin system.

Proof. Let L be a language in QMIP*(k, 3, ¢, s) and let V' be the corresponding three-turn
quantum verifier. We construct a new verifier W for the public-coin system. The idea is
that in the first turn W receives the reduced state in the register V (corresponding to the
private space of the original verifier) of the snapshot state just after the second turn (i.e.,
just after the first transformation of V') in the original proof system. W then flips a fair
classical coin b € {0, 1} and broadcasts b to the provers. At the third turn the i-th prover
is requested to send the message register M; of the original proof system, for 1 < i < k.
If b = 0 the qubits in (V,My,..., M) should form the quantum state the original verifier
V would possess just after the third turn of the original proof system. Now W applies V2
to the qubits in (V,My,..., M) and accepts if and only if the content of (V,My,..., M)
is an accepting state of the original proof system. On the other hand, if b = 1, the qubits
in (V,My,...,Mg) should form the quantum state the original verifier V' would possess just
after the second turn of the original proof system. Now W applies (V)T to the qubits in
(V,My, ..., M) and accepts if and only if all the qubits in V are in state |0). The detailed
description of the protocol of W is given in Figure [[0.3

Completeness: Assume the input x isin L. Let P, ..., P be the honest quantum provers
in the original proof system with a priori shared state |®) in (Py,...,Px). Let |i2) be the
quantum state in (V,My,... Mg, Pq,...,Py) just after the second turn in the original proof
system. We construct honest provers Ry, ..., Ry for the public-coin system. In addition to V
and My, R; prepares Py in his private space. Similarly, in addition to M;, R; prepares P; in
his private space, for 2 < ¢ < k. Ry,..., Ry initially share |¢5) in (V,My, ..., My, Py, ... Pg).
At the first turn of the constructed proof system, R; sends V to W, while each R;, 2 <1 < k
send nothing to W. At the third turn, if b = 0 each R; applies P? to the qubits in (M;, P;)
and then sends M; to W, while if b =1, each R; does nothing and sends M; to W. It is
obvious that the provers Ry, ..., Ry can convince W with probability at least ¢ if b = 0, and
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with certainty if b = 1. Hence, W accepts every input x € L with probability at least %

Soundness: Now suppose that x is not in L. Let Rj,..., R) be arbitrary provers for
the constructed proof system, and let |¢)) be an arbitrary quantum state that represents the
state just after the first turn in the constructed system. Suppose that at the third turn each
R} applies X; if b=0and Y; if b =1, for 1 <i < k and write

)?:)(1(3...@)(]{7 57:Y1®"'®Yk-

Note that X and Y are unitary transformations that do not act over the qubits in V. Let
1 5 1

= — L V2X[Y),  |8) = —— e (V)Y 1),
Tacc V2X [1)]] Tiie (VY [0)

)

where II,.. is the projection onto accepting states in the original proof system and II;,; is
the projection onto states in which all the qubits in V are in state |0).

Then, with a similar argument to that in the proof of Lemma [[09, the probability p.cc
that W accepts x when communicating with R},..., R}, is bounded by

Puce < 5 (14 F(XT(V)l0) (V2R YTV |8) (8(V)1Y) )

| —=Do| —

(14 F(Ja)(al VEXYTVB)BI (7)Y XT(V2)) ).

Since ITj|B) = |5) is a legal quantum state which could appear just after the first turn
in the original proof system, V!, ()N( ?T), V2 form a legal sequence of transformations in the
original proof system, and Il,..|a) = |«), again a similar argument to that in the proof of
Lemma shows that

F(la){al VEXYTVIB) (8| (V)Y XT(V2)T) < Vs,
Hence the probability p... that W accepts x is bounded by pac. < % + ‘/757 as desired. ]
Theorem [104] now follows directly from Theorem and Theorem [IT1] together with
sequential repetition: Theorem and Theorem [IT1]imply that there exists a function p’ €
poly such that QMIP*(k,m, ¢, s) C QMIP* (k;, 3,1,1 — ]%) C QMIP? (k, 3,1,1— 4—;,), since

pub
1 1 1 . . o . .
3 (1 +4/1 = 17> <1- TR Finally, sequential repetition gives that for all p € poly there

exists a function m’ € poly such that QMIP} (k, 3,1,1— ﬁ) C QMIP;  (k,m', 1,27P).

We end this section by proving the following theorem, which shows that the parallelization
to three turns in Lemma [[11]is optimal when considering public-coin systems: Theorem
below implies that it cannot be brought down to two turns unless BP - PP = PSPACE, which
would imply a collapse of the counting hierarchy to the second level, since BP-PP C BPPFY C
PP"". Here BP-PP is the complexity class obtained by applying the BP-operator to the class
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PP. Indeed, on one hand the inclusion QAM C BP - PP holds for the class QAM of languages
having two-turn public-coin quantum single-prover interactive proof systems [81], and on
the other hand the inclusions PSPACE C QIP C QMIP are obvious. We write QAM(c, s) to
specify completeness ¢ and soundness s.

Theorem 112. For any k € poly and for any c, s,

QMIP? , (k,2,¢,s) = QMIP (1,2, ¢,5) = QAM(c, s).

pub pub

Proof (sketch). The inclusion QAM(c, s) € QMIP? 1 (k,2, ¢, s) is clear. To show that

pub

QMIP} (K, 2, ¢, s) € QAM(c, s), we transform a QMIP} ;, protocol into a QAM protocol in
the most straightforward manner: the verifier receives all the k proofs from the single prover,
after having sent him the results of public coin-flips. Completeness is obvious, and we only
need to check for soundness. Suppose the prover in the QAM system answers p, when asked
7, a string of n random bits. Then the k provers in the QMIP[ , system could share the 2"
possible quantum states py, ..., pon among themselves before the protocol starts, and could
simply answer p, to the question r (which they all received). These provers are accepted

with the same probability as the original QAM prover, and the claim follows. n

10.4.2 Parallelizing to Two Turns

Finally, we prove the last piece of Theorem by showing that any three-turn public-coin
quantum k-prover interactive proof system can be converted into a two-turn (i.e., one-round)
(k + 1)-prover system without changing completeness and soundness. The idea of the proof
is to send questions only to the first k& provers to request the original second messages from
the k provers in the original system and to receive from the (k 4 1)-st prover the original
first messages of the k provers in the original system without asking him any question.

Lemma 113. For any k € poly and for any c, s,

QMIP? , (k,3,¢,s) C QMIP*(k +1,2,¢,s).

pub

Proof. Let L be a language in QMIP} (K, 3, ¢, s) and let V' be the corresponding verifier.

The original three-turn system can be viewed as follows: At the first turn, V first receives
a quantum register M; from the ith prover, for each 1 <7 < k. Then V flips a fair classical
coin gy times to generate a random string r of length gy, and broadcasts r to all the provers.
V' also stores r in a quantum register Q in his private space. Finally, at the third turn, V'
receives a quantum register N; from the i-th prover, for each 1 < i < k. V then prepares a
quantum register V for his work space, where all the qubits in V are initialized to state |0),

applies the transformation V12! to the qubits in (Q,V, My, ..., Mg, Ny, ..., N;), and performs
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Verifier’s Protocol in the One-Round System

1. Prepare a quantum register V, and initialize all the qubits in V to state |0). Flip a fair
classical coin gy times to generate a random string r of length ¢v. Store r in a quantum
register Q, and send r to the i-th prover for 1 < ¢ < k. Send nothing to the (k + 1)-st prover.

2. Receive a quantum register N; from the i-th prover, for 1<:<k, and &k
quantum registers My,..., Mg from the (k- 1)-st prover. Apply Vimal t5  the
qubits in (Q,V,My,...,Mg,Ni,...,Ng) and accept if and only if the content of
(Q,V,My,...,Mg,Ny,...,Ng) is an accepting state of the original proof system.

Figure 10.4: Verifier’s protocol to reduce the number of turns to two.

the measurement II = {Il,, Il,¢j} to decide acceptance or rejection. We construct a two-
turn quantum verifier W for the new quantum (k + 1)-prover interactive proof system for
L.

The constructed prover W starts with generating a random string r of length ¢y in the
first turn, and sends r to the first k provers. To the last prover, W does not send any
question. In the second turn W receives N; from the i-th prover expecting the original
second message from the original i-th prover, for 1 < i < k. From the (k + 1)-st prover W
receives k quantum registers My, ..., Mg, expecting the original first messages of the original
k provers. Then W proceeds like V' would. A detailed description of the protocol of W is
given in Figure [10.4l

Completeness: Assume the input x is in L. Let P;,..., P, be the honest provers in
the original proof system. Let |¢1) be the quantum state in (My,..., Mg, Pq,...,Py) in the
original proof system just after the first turn. We construct honest provers Ry, ..., Rxi1
for the two-turn system. For 1 <i <k, R; prepares quantum register P; in his private
space, where some of the qubits in P; form the quantum register N;, while Ry, prepares
the quantum registers My, ..., My in his private space. Initially, Ry,..., Rry1 share |11) in
(My, ..., Mg, Pq,...,Pg). At the second turn, Ry, just sends the qubits in (M, ..., Mg) to
W, while each R;, after receiving r, just behaves like P; would at the third turn of the original
system, and then sends N;, which is a part of P;, to W, for 1 < i < k. It is obvious from the

construction that the provers Ry, ..., Riy1 can convince W with the same probability with
which Py, ..., P, could convince V', which is at least c.
Soundness: Now assume the input x is not in L. Let R},..., R, be any provers for

the constructed proof system and let R} be the quantum register consisting of all the qubits
in the private space of R;, for 1 <4 < k+ 1. For R]_,, some of the qubits in R}, form the
register M = (My,...,My). Let [¢) be an arbitrary quantum state in (Rf,..., R} ;) that is

initially shared by R},..., R} ,. Suppose that, at the second turn, each R; applies Xi(r), for
1 <@ <k, if the message from W is r. Without loss of generality, we assume that Rj ; does
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nothing, and just sends the qubits in (My,..., M) at the second turn, since R}, receives
nothing from W (that R, applies some transformation Z is equivalent to sharing Z|t) at
the beginning).

Consider three-turn quantum provers Pj, ..., P, for the original proof system with the
following properties: (1) each P! prepares the quantum register R} in his private space, for
1<i<k (2) P,..., P initially share |¢) in (R},... R} ), where all the qubits in R},
except for those in (My, ..., M) are shared arbitrarily, (3) at the first turn, each P/ sends M;
toV, for 1 <i <k, and (4) if the message from V is r, at the third turn, each P/ applies Xi(r)

to the qubits in R}, for 1 <4 < k. It is obvious that these provers Pj,..., P; can convince
the original verifier V' with the same probability that R},..., R, can convince IW. Hence,
the probability W accepts x is at most s, as desired. [l

Now Theorem follows from Theorem [I03] Theorem [IT1] and Theorem I3l Corol-
lary [05, claiming QIP C QMIP*(2,2,1,27?) for any p € poly follows directly from Theo-
rem [[T3] and the fact shown by [81] that any language in QIP can be verified by a three-turn
public-coin quantum interactive proof system of perfect completeness with exponentially
small error in soundness (i.e., QIP € QMAM(1,27?) for any p € poly).

10.4.3 Directly Modifying Three-Turn Systems to Two-Turn Sys-
tems

For completeness, here we give a direct proof of the fact that any k-prover three-turn system
can be converted into a (k + 1)-prover two-turn system.

Lemma 114. For any c, s satisfying ¢® > s,

l+c 1
QMIP*(k, 3, ¢,s) € QMIP* (k 11,2, % +2\/§> .

Proof. The proof is very similar to that of Theorem [ITIl Indeed, our starting point is the
same, but this time we move to a two-turn proof system, instead of a three-turn public-coin
system, by adding an extra prover. As in Theorem [[T3] the verifier first broadcasts a random
bit b € {0, 1} to all but the extra prover, and ask the extra prover to send him a register V
and the other provers to send him registers M;. We then proceed as in Step 3 of the proof
system given in Theorem [IT1} a detailed description is given in Figure [[0.5

Completeness: This follows immediately from the completeness of the proof system in
Theorem [Tk in Theorem [TT] the first prover sends both V (before receiving the bit b) and
M; (after); here we can imagine that before the protocol starts the first prover gives register
V to the extra (k 4 1)-st prover, who sends it to the verifier.

Soundness: This also follows from the soundness of the proof system in Theorem [T} by
combining the actions of the first prover and the extra (k + 1)-st prover (and thus making
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Verifier’s Protocol in the One-Round System (Direct Construction)

1. Choose b € {0, 1} uniformly at random. Send b only to the first k& provers, and send nothing
to the (k + 1)-st prover.

2. Receive M; from the i-th prover, for 1 <1i < k, and V from the (k + 1)-st prover.

2.1 If b=0, apply V? to the qubits in (V,My,...,M;). Accept if the content of
(V,My,...,Mg) is an accepting state in the original proof system, and reject other-
wise.

2.2 If b =1, apply (V) to the qubits in (V,My,..., My). Accept if all the qubits in V are
in state |0), and reject otherwise.

Figure 10.5: Verifier’s protocol to reduce the number of turns to two (direct construction).

the provers only stronger), we can construct a set of provers that would succeed in the proof
system of Theorem [ITI] with the same probability as they succeed here. n

10.5 Conclusion

We showed that restricting the number of turns to three and requiring the verifier to be
public coin, or even restricting to two turns (without the public-coin property) does not
affect the class QMIP. Moreover, we showed that any QMIP* system can be made to have
perfect completeness.

An obvious drawback of some of our results is that they require an increase in the num-
ber of provers. This happens in two cases. First, when we want to improve soundness while
keeping the number of rounds constant, we are forced to use new sets of prover to perform
independent parallel repetitions. An interesting open problem is to show a parallel repeti-
tion theorem for QMIP, which would in particular allow us to improve soundness without
increasing the number of provers. Second, we use an additional prover in the reduction from
three turns to two turns. Finding a way to avoid this in general would in particular show
that QIP(2) = QIP(3)(= QIP), which is an open question. Perhaps it might be easier to
show that the additional prover can be avoided when there are at least two provers originally.

A related, more general open problem would be to study to what extent the number of
provers can be reduced in a QMIP proof system. This study has been initiated by [73] for
the case of multi-prover QMA (see also [3]), but nothing is known for multi-round proof
systems with entangled provers.
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Appendix A

Auxiliary results

This appendix collects a few useful inequalities, together with proofs that were omitted
from the main chapters of this dissertation.

A.1 Matrix inequalities

We first state a useful operator version of the Cauchy-Schwarz inequality.

Claim 115. Let A, B be (possibly rectangular) matrices such that A'B exists, and BB is
wnvertible. Then
(ATB)(B'B)"Y(BA) < ATA

Proof. Let A = (B'B)"}(B'A). Then the matrix (A — BA)T(A — BA) is positive, which
gives the result. O]

The following is another version of a matrix Cauchy-Schwarz inequality. It follows from
Eq. (3) of Bhatia and Davis [22] (see also [21]), substituting the norm |||-|| by || - ||,

Theorem 116. Let A and B be arbitrary matrices. Then,
1a™B, < [[All- [|B]

Winter’s gentle measurement lemma [129, Lemma 9] is an key lemma formalizing the
intuitive fact that if a measurement produces a certain outcome with near-certainty when
performed on a specific state, then the post-measurement state is close to the original state.
The following is a variant of that lemma.

Lemma 117. Let p be a density operator on a Hilbert space H, and X and Y be linear
operators from H to a Hilbert space K such that X*X = I and Y*Y <X I. Then,

|XpX* =Y pY*|ly <2/ Te(X - Y)p(X - Y)*.
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Proof. The inequality follows from a calculation similar to Ogawa and Nagaoka’s proof [90,
Appendix C] of Winter’s “gentle measurement lemma” [129, Lemma 9]. By the triangle
inequality,

[Xp X" =Y oYy < I(X =Y)pX* s + [V p(X = Y)"s.

By Theorem [I16]
(X =Y)pX" (1 < (X =Y)/pllallve X7l
= /Tr(X —Y)p(X = Y)*/TrXpX*
< VTr(X = Y)p(X —Y)~.

Similarly, [|[Yp(X —Y)*|l; < /Tr(X —Y)p(X — Y)*, and the lemma follows. O
We state the following two corollaries of Lemma [I17, that will be used in Chapter [Gl

Claim 118. Let {A;} and {B;} be two sets of positive matrices of the same dimension, and
p>0. Then

| VA VA - VBB

= m(VA - VEY)

Proof. Let X be a block-column matrix with blocks the \/A;, and similarly for Y and the
v/ B;. Then

HZ\/E/J\/E—\/E/)\/E

< ZH\/E/J\/E—\/E/)\/E

< [[XpXT =Yo7,
1

and
2
Tr((X = Y)p(X =Y)') = 3 Tr((vVA - VB)p).
so that the claim follows from Lemma [I17] O
Claim 119. Let o > 0 be symmetric, p = Tryo = Tryo and {A;}; a POVM, and let
0= Z Tr(Ai ® Aja).
i#£]
Then

|- VAirv/Ai =l = O(Vo).
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Proof. First note that, {4;}; being a POVM, Try(}",Id ® v/A;0ld @ /4;) = Tra(0) = p.

Hence by monotonicity of the trace norm

IS VAN~ o, < | VA VAoVE 0 VA - Ylde Aol A,
< IS VA e VA e VI - Y e e Vi,

+ Z Tr(Ai ® Aja)
i#]
< 2\/2 Tr((VA; ® VA; —1d @ /A;)20)/Te(Id @ Aio) + 0
<2V5+0

where the second inequality is the triangle inequality, the third is by Claim [I18], and the last
uses the definition of 0. O

A.2 Omitted proofs from Chapter

The following useful lemma relates the consistency of a measurement when performed on
two separate subsystems of a permutation-invariant state with the possibility of exchanging
the sub-system on which the measurement is performed. Here p is the reduced density of a
permutation-invariant state, and pu(A) =3, Tr, (4; ® Aj).

Lemma 120. Let {A;} be a POVM, Z such that ZZ' <1d, and {Z;} such that )", Z, 71 <
Id. Then

‘ZTrp(ZiAi) - ZTrp(Zi @A) < V(A (A.1)
ST (4,24)| < 2 Vi(A) (A:2)
i#£]

Proof. We first prove [(A.1), We have

‘ S T (ZA) Y T (Z,® Ay

_ ‘ Z Tr,(Z(Ai®@ld—1d® Ai))(

< (Emtad)” (T (e 47)
i i#j
< Vu(A A),

1/2
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where the second inequality follows from Cauchy-Schwarz. Regarding |[(A.2)| we have

‘ Z TI'p(AlZAJ) = TI'p (Z) — Z TI'p (AZZAl)
i£j i
From we know that

< Vu(A).

3T (424 = 3T (47 @ A)
The second term on the left-hand side satisfies
S (azeA) - Yz A)| < (X1 (22e4) " (Y m(1d- 4 e 1)
< Vu(A),

and this concludes the proof. O

1/2

The following lemma follows from the standard expansion properties of the hypercube.
Recall that for p > 0 and any A, [|A|2 = Tr(AATp).

Claim 121 (Expansion lemma). Let A : F* — C%¥? such that for every =, 0 < A, < Id,
and
Ei,wﬁi,xi,x; Aw - Am’

Then there exists Ag = Egx A, > 0 such that
By || Ag — Ao|[> < 2ne.

2
< e.
o =

Proof. Let M := 3%,
the Laplacian, and L = L ® p'/2. Let A=3"_|x) ® A,. Then

|z) (2’| be the adjacency matrix of the hypercube F", L := npld— M

. 1
A= _ 204 _
ATL- A= > (A — Aw)p'*(Ag — Aw). (A.3)

. /
0,7

The normalized Laplacian L/(np) has smallest eigenvalue 0, and second smallest Ay > 1/(2n).
Let the smallest eigenvector of L be |vg) = p™™2>"_|), and write A = |vg) ® Ag+ |v1) ® Ay,
where |v1) is orthogonal to |vg), and Ay = p™™/2Y  A,. Then

- 1
ATLA = XNAp 24, > 2—A1p1/2A1.
n

Using the assumption made in the claim’s statement together with [(A.3)] we get ||A;[]2 <
2nep™, and hence by definition of A,

Tr((A — [vo) ® Ao)'(Id @ p'/?)(A — |vo) ® Ao)p'?) = ||AL]l} < 2nep™,

which proves the claim. [l
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A.2.1 Proof of Corollary 37

In this section we give the proof of Corollary [37, used in Chapter Bl A standard method to
convert multiple constraints to a single constraint involving an exponential sum is by using
small-bias probability spaces.

Definition 122 (Small-bias probability space). Let n € N. A set S C F% is called an e-bias
probability space if for every ¢ € Fy \ {0}, it holds that

p —0]— Prle-¢=1]| <
\Ceg ¢ =0/~ Prle-¢ ]| <e

Proposition 2. Let n € N, and let S C F} be an e-bias probability space. Let F be a finite
field of characteristic two. If ¢ € F™ \ {0}, then

[ZQQ—OI e

Proof. If F = Fy, then the proposition holds because

- 11 < n
e e e

i= 1= =1
1
< + 6.
- 2
For general F, regard F as a vector space over Fy, and let {ay,...,a;} be a basis of F
over Fy. Write ¢ as ¢ = aycV) + -+ 4 ape® | where ¢V, ..., c®) € F3. Because ¢ # 0, we

have that c¢") # 0 for some j*. By using the case of Fy, it holds that

G*) 1+¢
E G=0 .
cesl G ] 2

Since aq, ..., q; are linearly independent over Fo, >0 ¢;¢; = 0 implies > ", 7, ¢; = 0 for
Q = 0. Therefore,

all j, and therefore in particular >

zlz

< Pr [chﬂ )Q:o] < te 0

n

D aGi=0

i=1

Pr
¢esS

ces — 2

Theorem 123 (Alon, Goldreich, Hastad, and Peralta [3]). There exist a constant ¢ >
0 and a polynomial-time algorithm C which, given K,M € N, i € {1,...,K} and j €
{1,..., M}, outputs C(K, M,i,j) € Fy such that the set {C(j): 1 <j < M} defined by ¢ =
(C(K,M,1,5),...,C(K,M,K,j)) is an (K/M¢)-bias probability space in FIX.
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By arithmetizing the Boolean circuit for C' by using a similar idea to the proof of Propo-
sition 4.2 of Ref. [12], we obtain the following corollary.

Corollary 124. There exist a constant ¢ > 0 and a polynomial-time algorithm A which,
given 1% and 1™, outputs 1t and an arithmetic expression f(z,7,1) in k + m + t variables
such that the set {¢7: § € {0,1}™} defined by ¢9) = (Xieronye f(2.3.0))icgory is an Qk—em

bias probability space in F%k

Proof of Corollary[37. The protocol works as follows. The verifier first computes m = [(k +
2)/c], where ¢ is the constant in Corollary 124l He runs the algorithm of Corollary with
parameters k and m to obtain ¢ € N and an arithmetic expression f(%,7,l) in k +m + ¢
variables. Let d’ be the maximum degree of f in single variables. He chooses j € {0,1}™
uniformly at random, and sends j to the prover. Then he simulates the protocol in Lemma [36]
with explicit inputs k£ + ¢ and d + d’ and implicit input h;(2,1) := f(2,5,1)h(2).

For i € F*, j € F™, and I € F', let ¢V’ = 37, f(4,5,1) € F and ¢9 = (¢7);cq00yr € F2".
Because m > (k + 2)/c, Corollary guarantees that {¢\9: j € {0,1}"} is a 1/4-bias
probability space.

Let ¢; = h(2). Then for all 5 € {0,1}™, it holds that

S on)= Y Pe (A.4)
i€{0,1}% 1€{0,1} ie{0,1}
Completeness: Suppose that ¢; = 0 for all 4 € {0,1}*. Then, by Eq. (A4), it holds that
> hia ) =0
1€{0,1}*.1€{0,1}*

for all j € {0,1}™. Therefore, the completeness of the protocol in Lemma [36] implies that
the protocol constructed above also has perfect completeness.
Soundness: Suppose that ¢ # 0. By Proposition P, it holds that

; 1+1/4 5
jetonym L e -2 8
1€{0,1}k

Eq. (A4)) and the soundness in Lemma [B6 imply that for the choices of j € {0,1}™ such
that ) .. (0.1} Ci(J)ci # 0, the acceptance probability conditioned on the choice of 3 is at

most (d+ d')(k +t)/|F|. Therefore, the overall acceptance probability is at most 5/8 + (d +
d')(k +t)/|F|. The corollary follows because d' and ¢ are polynomially bounded in k. O

A.3 The orthogonalization lemma

In this section we prove different variants of our orthogonalization lemma. We first give a
general statement of the lemma.
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Lemma 125. Let p;, i = 1,...,k be positive matrices, and p := Y . p;. Let Pi,..., Py be
d-dimensional projectors such that

ZTT(Pz‘PjPz‘ pi) < e and ZTT(Pi p;) <e
i oy

for some 0 < & < Tr(p). Then there exists orthogonal projectors Q1, .. .,Qy such that

Z Tr((P — Qi)? p;) = O(e'/?) Tr(p)'/?

=1

We first prove Lemma[I25 We will then show how Lemma BTl stated in Chapter [ follows
from it. Finally, we will give a different corollary of Lemma 125 Lemma below, which
is adapted to our work on parallel repetition presented in Chapter [7

Proof of LemmalI2]. For every ¢ write P; = >, |z;;){(x;;|, where the {|z;;)}, are orthonor-
mal, and let X; := )", |x;;)(eiy], X := >, X;, where |e;;) is the canonical basis: X has the
|z;,) as its columns. In order for X to be a square matrix, if necessary we extend the space
in which the |z;;) vectors live, so as to make it the same dimension as Span{|e;;)}. The
inner-product condition on the P; implies that

ZTT<PinPi pi) = Z Z<xz‘,l|$j,l’><xj,l’|a7i,l”><xi,l”|pi|xi,l> <e (A.5)
i#£j i£g LU

Write XTX = Zi’j’u, (@iglxje) |ein) (e, so that

ZTI'((XTX—ICDQXJpZXZ) = Z Z <xi,l|$j,l’><$j,l’|5L‘z‘,l”><$z‘,l"|pz‘|$i7l> S 15 (A6)

HLUT (G0, (617)

where we used to upper-bound the expression in the middle by €. Indeed, in the second
summation, if ¢ = j then either I’ # [ or I’ # I”, so that one of the inner products (x;|z; )
or (x;y|x; ) is 0, since the {|x;;)}; are orthogonal.

Let X = UXVT, where ¥ is diagonal positive and U, V unitary, be the polar decomposition
of X. By an appropriate choice of the basis |e;;) we can assume that V' = Id (if not, re-define
X; := X;V; this corresponds to changing |e;;) — VT|e;;)). Let II be the projector on the
span of the eigenvectors of ¥ with corresponding eigenvalue at least 1/2 and at most 2. II
is needed to control eigenvalues of ¥ which may be too small or too large.

Let U = UIl and X = XTI. Let |d;,) (resp. |Z;;)) be the column vectors of U (resp. X),
so that U = 37, @) {eis]. We will show that the projectors Q; := 7, |i,) (@] are close
to the projectoré P;, in the sense claimed in the lemma (note that since U is unitary and
IT a diagonal projector the @); are orthogonal projectors, which do not necessarily sum to

identity). We first state some consequences of |(A.6)|
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Fact 126. The following inequalities holds
Z(ai,l — T\ Uiy — Tip )(Tiw|pilTig) < € (A7)
il
Z (il pltsg) — (ZialplZig)| < 2\/551/2Tr(p)1/2 (A.8)
il

Proof. We start with proving [(A.7)l Since ¥ is diagonal, one can immediately check that
XtX —Id = (X — U)(X + U). Note also that (X + U)(X + U)! = U(Ild + £)2Ut > Id.

Hence

D Tr((E - 1d)°X] pi X)) ZTr (X - )X - U)X p: X))
< ZTr X — U)X + U)X +U)(X = U)X]p: X))

< €Z (A.9)

where the last inequality is by [(A.6)} This implies that >, Tr((X — Id)*(X;I1)Tp;(X,1I) <
(note that IT commutes with 3 by definition), which is just |(A.7)}
Before turning to the proof of [(A.8)] first observe that

Tr((2 — Id)2IXTpX) = Z Tr((E - 1d)*I1X p; X))

< 25 (A.10)

where the equality uses that (X — Id)?II) is diagonal, and the inequality is by [(A.7)] for the
terms ¢ = j and uses (3 — Id)?II < Id and the second condition in the lemma for the terms

i # 7. From we get
D iy — Figlplig — Fig) = Te(IH(X = U)Tp(X = U))
il
<ATr(ZHOE(X = U)'p(X = U))
=4Tr((Id — 2)I(Id — )X TpX)
<8¢ (A.11)
where the first inequality uses II3 > 1/2I1, by definition of II, and the last is by |(A.10)|
We now prove [(A.8)l By Cauchy-Schwarz, for every (i,1)
(T — Zaalplieg) < (tiig — Tl pllag — Tig) "> (] pl i)
hence by |(A.11)| we see that
> gy — Eualpliig)| < 2v2 2 Tr(p) '/

il

1/2

A symmetric inequality can be obtained, and follows by the triangle inequality. O
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As a consequence of Fact [[26] note that

o R
| @@ el — )| < (D (@ulae) @arlpidia) ) (Dt - Fuloidi - 30)

a0, Ll il
< Tr(p) 2 (82)77 = O(M2)Te(p)"? (A12)

1/2

where the first inequality is by Cauchy-Schwarz (and the |@;;) being orthonormal) and the
second uses X; X < Id, and (with p; < p).

In order to bound the distance between @Q; = >, |u;,)(u;,| and P, we first bound the
distance between Q; and P, := 5(1-5(};

ZTI"((R' — Qi) pi) = Z (Zialpsl Ei0) + (tig|piltiig)) — 22 R (G| i) (T |piltig))

1,1 3,0l

< 22 FualpilEig) —2)  R((lalFi0) (vl ol Ei0)) + O Tr(p)/?)

3,1,

< O(el/QTr(p)l/Q) (A.13)

where the first inequality is by [(A.8)| and and the second by |(A.7). It remains to
bound the distance between the P; and the P;:

Te((P - P)? py) Tr((Id — I X pi X;
)

< QZTr (I1d — 2| X} p; X;)

<2<ZT1~ ((1d = £)2X] p: X; ) (ZTr (XIp; 1>/
< 251/2T1"(p)1/2 (A.14)

where the first inequality uses (Id —II) < 2|¥ —Id| by definition of II, the second is Cauchy-
Schwarz and the last is by [(A.9)l Combining |[(A.13)| and |(A.14)| finishes the proof of the

lemma. O

We now show how Lemma [31] follows from Lemma [123]

Proof of Lemmal31. Given that > A® = Id, the assumption |(4.12)|is equivalent to

> Tr((VA*(1d — A"V A) p) < e

a#a’
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For every a, let P, be the projection on the eigenvalues of A® larger than 1/2, and p, :=
P,pP,. By definition, A, > (1/2)P,. Hence

ST (P = VAN p) = 3 (Tr(A%pa) + Te(P?p,) — 2Te(P"VA%p,) )
a < 2az Tr(P*(Id — A*)P%p)

< ZaTr(M(Id — A%V Asp)

< (A9

where for the first inequality we used that the P* were projectors, and A% < v/ A% Next
observe that

> Te(PUPYPp,) <2 Tr(P*AY Pp,)

a#a’ a#a’
=2) Tr(P*(Id— A")P"p)
a#a’
<4y Tr(VA*(Id — A")VAup)
a#a’
<Ae. (A.16)

Hence the P¢, together with p?, satisfy both assumptions of Lemma [I25] The lemma gives
us orthogonal projectors Q such that

ST((P* - @)0) = O().
which, combined with and the triangle inequality, also shows that
D (VA - QY)pa) = O(e1?). (A.17)

From we know that > Tr(A%,) > 1—0(e), so that by the Cauchy-Schwarz inequality
we also get >, Tr(Q%p,) > 1—0(e"/*), and since the Q are orthogonal and Y- Tr(p,) = 1,

this implies
Z Tr(Q%u) = O<€1/4).
aad’
Together with the same equation for A% instead of Q%, obtained from |(A.16), and |[(A.17)],

we obtain
D Tr((VAT - Q%)?p) = O("1). (A.18)
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To conclude it suffices to make the {Q*} into a projective measurement {B*}, by setting
B® = Q" + (Id — ), Q*) for some arbitrary ag, and B* := Q* for a # ay. From the
fact that > A® = Id and it is not hard to see that Tr((Id — >_, Q%)p) = O(e'/*),
hence [(A.18)] still holds with the B® in place of the @“, and the lemma is proved. O

In Lemma stated below, one can think of the Y; as operators in the Stinespring
representation of a measurement M; : p — Y;(p®@Id)Y;', where i refers to the i-th outcome of
the measurement. In that setting the hypothesis of the lemma is that, when M is performed
twice sequentially on a specific state p, it is likely that identical answers will be obtained.
The conclusion is that the operators Y; have an approximate joint block-diagonal form, as
described by the orthogonal projectors II;.

Lemma 127. There is a ¢ > 0 such that the following holds. Let p;, i = 1,...,k be positive,
p such that Y. p; < p andY;, i =1,...,k (possibly rectangular) matrices, be such that

ST, (7 (5590 V) < aTo(o) (.19
1#]

and 3, Y;Y,! <1d. Then there exists orthogonal projectors {I1;} such that

Z Tr, (XA/iT(Id - HZ))A/Z) < 0(a®)Tr(p).

Proof. The idea of the proof is simple. Let (31,32 > 0 be parameters to be chosen later.
For every 1, let P; be the projector on the eigenvectors of f/lf/j with corresponding eigen-
value at least ;. Since P, contains all the large eigenvalues, BY, ~ Y. Moreover, by
definition P, < [y ly, Y:. These two properties together with almost imply that
> iz T, (f/iTPi P; PZ}A/Z) < B~ 'aTr(p). Choosing ) & v/a, we could then apply Lemma [125]
to the P; and states o; := ?;pif/;, recovering close orthogonal projectors II; which would
satisfy the required condition. Carrying out this intuition precisely is a bit tedious, and we

now proceed to the details. We will use the following simple fact.
Fact 128. Let A >0, p >0, and II a projection. Let

a=Tr,(A), b=|Tr,((Id — II) AIT)| and ~ ¢=Tr,((Id — I)A(Id — II)).
Then both the following hold

Trp(HAH) < (\/E—I— \/E)2 < 2(a+ ¢),

- (\/5+ M)Q
- 2

Tr, (ILAII) < a+2b.
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Proof. Write IT = (II —Id) 4 1d, so Tr,(ITAIT) < |Tr,((II — Id)AIIl)| 4 | Tr,(AII)|. The second
term can be bounded by a'/ 2Trp(HAH)1/ 2 by Cauchy-Schwarz. Similarly bounding the first
term by ¢*/2Tr,(ITAIT)Y/? yields the first equation. To get the second, let X = Tr,(ITAII)/2

to obtain the equation
X2 —d2X -b<0.

Solving and using X > 0, one finds that this is equivalent to X < (y/a + va + 4b)/2. O

Let Y ;:=>". ki ?;}A/T < Id, and Q); be the projector on the eigenvectors of P,Y_;P; with

elgenvalue at most 5. Note that, by definition, Q; < P; < 8y 1YYT (and in particular Q;
commutes with ;). We first bound the distance between V! and V] QZ since Y, (Id — Q;) =
vi(ld - P)+YP(d - Q)P

S Tr, (V1d - Q)Y;) = Z (Trpi (V(1d — P)Y;) + Tv,, (V' Pi(1d — QZ)PY)) (A.20)
The first term is easily bounded by 8 Tr(p). For the second, note that Fi(Id — Q;)P; <
By 'PY_;P;. Using Fact[@28with A’ = Y_;, II' = P;, and p = Y;p;(Y;)" we get > at < aTr(p)
and Y. ¢ < 31 Tr(p), so that

> T, (Y PYLPY;) < 2(a+ ) Tr(p)
Assuming o < 5 (which will hold for our choice of parameters), from we get
S, (V1 — Q)¥) < O(55 ) Te(p). (A21)

Next observe that, by definition of ();, followed by an application of the Cauchy-Schwarz
inequality,

5 T (7@ (14~ Q)| = 3 T (FQ (1~ R)T)

(ZTrp (Vi(1d - P)Y, ) (ZTrpl VIQiy2Q:, z))

< 51/252Tr(p), (A.22)

1/2

where we used Q;Y2Q; < (2Id, which holds by definition of @;, to bound the second
term in the last inequality. Using the second bound in Fact [] With At =Y, II' = Q,,

P = Yip(Y))f, we get 3. af < aTr(p) and 3, b < B2 By Tr(p) ) by [(A.22)] so that
> T, (VQiQQiY) < B> T, (Vi QiYLQ:Y7)
i#] i
< B! (o + 26! 82) Tr(p).
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Set By = ﬁf/4 and 51 = a*/® to obtain

> Tr, (VQiQ;QiY;) < O(a'?) Tr(p). (A.23)
i#]

Let 0, := Y, ,olYiT. We are now ready to apply Lemma[I25to the Q; and o;: the first condition

holds by [(A.23)] and the second is a direct consequence of |(A.19) and @Q); < S 137]4};;[ for
every j. The lemma then gives us pairwise orthogonal II; such that

ST, (V(Q: — I1)*Y;) < O )T ().

Combined with |(A.21)| and the triangle inequality, this leads to

ST, (V1 - I1)Y;) < O(V) Tr(p).

A.4 Omitted proofs from Chapter [7

In this section we give a series of useful claims showing that, in a strategy which has been
marginalized over a large number of indices, fixing a particular coordinate (i,q;) does not
have much influence on average. Throughout this question we fix a question set ) and a
distribution ;2 on Q. Whenever an expectation over tuples of questions ¢ € Q¢ is taken, it
will be over the product distribution u¢.

Our claims will rely essentially on the following, which applies to any matrix semi-norm
|| - ||, provided it is derived from a semi-inner product (-, -).

Claim 129. Let C be an integer, and f: Q° — { X € C™*?}. Let M = E,[f(q)] and for
any (i,q;), M4 = E,., [f(q)]. Suppose that B, [||f()|*] < 1. Then

By [lF(9)11%]
C

‘Mi,qz‘

1. 0< Ei:qi H’M o Mi:qi

1< <

1
ok

2. Ei:qi [HM - Mi:qi

2] - Ei,qz‘ [

] = (| M2
3. Prig (|Te(M) — Tr(M,,,)| > C71/3) < 013,

Proof. The proof of all three parts is in close analogy to that of Lemma 2.1 in [88], which
shows similar statements for a Boolean function f. For part 1 note that E; , [||M — M, ,.||*] =
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L7 By [IM — Mg | and hence it suffices to show that S0 E, [|M — M;,|% <
Tr(M). Observe that

0<E, Hf()—Z(Mmr M)|1?
(@) ZE — M, Mig,) + (M; g, M, +ZEM (M — Mg, M — M; )
H.f ZE% 2}7

where for the last equality we have used that E,, [M; ,, — M] = 0 and hence E, [(M, ,, — M, M, )] =
By, [(M;,, — M, M;, — M)] and, for i # j,

‘M Mi,qz‘

Eqi,qg' [<M Mg, M — M, )] <E (M — M; Q'L] qu‘ [M - MJQ%D =0

Part 1. now follows, and the second inequality is simply the assumption that E, [||f(¢)[]*] <
1.

Part 2 is trivial from the expansion of ||M — M;,,||>. Part 3 follows from part 1 using
Markov’s inequality, which gives Pr; .. ((Tr(M —M; ,,))? > C=2/3) < C?BE, ,, [(Tr(M — M, ,,))%.
Observing that for A := M — M, ,, we have (Tr(A))? = (A,1d)* < || 4]|*- ||Id||2 | A||? gives
the desired bound. O

The following is a direct corollary of Claim [29] obtained for a specific instantiation of
the norm || - ||.

Claim 130. Let Y}, for q € Q¢ and a € A, be positive matrices such that Y, =>, Y/ <
Id, and p > 0. Let Y = E, [Y,]. Then

Big [|Tr(Y o2 p'2) = Te(Yy, p2Yy p'%)|] < CT'E, [Te(Yp'2Yp!?)] < Ty (V).

Proof. The statement follows from Claim [[29, applied to f(¢) = Y, and the (semi)-norm
| A||> = Tr(Ap'/2Atp!/?), which is derived from the inner-product (4, B) — Tr(Ap'/2Bip!/?).
The second inequality holds since 0 <Y, <Id for every g. O]

We following simple calculation will be useful.

Claim 131. Let Y, € Co¥xd 0 < Y, <Id, forq € Q°, and let Y = E,[Y,], Yig = B, [V,]
fori € [C]. Then
B [(Y — Yig)?] < C'E, [v7].
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Proof. Write

0< (Y= 2 =) (Yo = Do (Vi - Y)>

i

:Yqz_Z(Yq(Y;aqz‘_Y)+( g +Z iq qu_Y)

Taking the expectation over ¢, we obtain
ZEq, Yig —=Y)’] < Eg[Y]]

Dividing by C' on both sides proves the claim. [l

Claim 132. For every q € Q€ let { X8} aeacr be a POVM, and X“ = /7(q)/X§ ® (q,ql

(as described in Section [T.2.1), and p > 0. Assume that X X' = 3 E, [Xg()%g)*] < Id.
Then

D~ Bloa | Trp (XXX X) =T, (X)) X2 (X5)1X5) || < 2072 Tx(p).

Proof. Let X* = |)A(‘1()A(“)Jr - )A(g(Xg)TL and p¢ = |)A(“,0()A(“)T - )A(gip(Xgi)T , where the
notation keeps the dependence on ¢; implicit. Use the triangle inequality to write

| Tr (X (X)X p(X)T) — Tr(X2 (X)X p(X2)T)| < Tr(XeXp(X)T) + Tr(Xe(X2)159)
(A.24)

The expectation of the first term on the right-hand side of can be bounded by Cauchy-
Schwarz as

A YA Ya va\T va vay2 va o vayt)1l/2
Bigy | Te(XXp(X))] < By [Tr (X)X 2 Tr((0)2 %)) 7]
< OV ((X)TX)
by Claim [[29], applied to the (semi)-norm ||A]|? := Tr((ATA) (X“p(X“)T)) and the mapping
f g Xp(XT

Regardlng the second term on the right-hand side of m let A be the block-column
matrix with blocks \/m(¢;)p¢ for every (i,q;) and a, and B with blocks /m(g;)X*(X®)1.

Then B'B = 3, By, [(Xg(Xg) )2] <Id Let D = ATB =3, Egy) [ana(Xa) } the
operator Cauchy-Schwarz inequality from Claim gives

DD' < D(B'B)"'D' < ATA = Y " Eq, [(7)7]
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Applying Claim I3T to X¢p(X#)! (for every a), we can then bound
DD' < C7'E, [(X,pX))?| < C'B, [X,p2X]] (A.25)

where for the second inequality we used XX, < Id. Since Tr(D) < Tr(vDDY) = ||D|x,
taking the square root on both sides of (the square root being operator monotone)
and then the trace, we obtain

S B [(@xexon| < 0 [, [$,2X]] = 07| %),

where X is the rectangular matrix with square blocks 7(q)~"/ 2X ¢ arranged in a column. By
Holder’s inequality HXp”l < Tr(p)|| X ||oe, and || X|ls < 1 since XX = E, [ng(q} < Id.
This finishes the proof of the claim. n

A.5 More on extractors

This appendix contains additional results related to Chapter [§, as well as some technical
proofs omitted from that chapter. We first develop a bit more the general theory of ex-
tractors. In[A.5.1] we define extractors for weakly random seeds, and in [A.5.2] we show how
to compose extractors to obtain more randomness from the same source. In[A.5.3 we give
technical lemmas: several min-entropy chain rules and the details of the reduction from
Trevisan’s construction to the underlying one-bit extractor. Section [A.5.4] contains all pre-
viously known constructions for one-bit extractors and weak designs which we use in this
work and plug into Trevisan’s extractor. Finally, in[A.5.5we give a proof that list-decodable
codes are one-bit extractors.

A.5.1 Weak random seed

In B.2.1] we defined extractors as functions which take a uniformly random seed. This is the
most common way of defining them, but not a necessary condition. Instead we can consider

extractors which use a seed which is only weakly random, but with a bounded min-entropy.
We extend [Definition 76| this way.

Definition 133 (strong extractor with weak random seed). A function Ext : {0,1}" x
{0,1}¢ — {0,1}™ is a (k,e)-strong extractor with an s-bit seed, if for all distributions X
with Hyin(X) > k and any seed Y independent from X with Hy,i(Y) > s, we have

1
§||pExt(X,Y)Y — pU, @ py |l < e,

where py,. is the fully mixzed state on a system of dimension 2™.
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If quantum side information about the input is present in a system F, then as before, we
require the seed and the output to be independent from that side-information.

Definition 134 (quantum-proof strong extractor with weak random seed). A function Ext :
{0,1}" x {0,1}% — {0,1}™ is a quantum-proof (k,e)-strong extractor with an s-bit seed,
if for all states pxg classical on X with Huyin(X|E), > k, and for any seed Y independent
from X E with Hyin(Y) > s, we have

1
§||pExt(X,Y)YE — PUn D py @ pElle <,

where py,. is the fully mixzed state on a system of dimension 2™.

says that any extractor will work with roughly the same parameters when
classical side information about the input X is present. The same holds in the case of
classical side information Z about the seed Y.

Lemma 135. Let Ext : {0,1}"x{0,1}¢ — {0,1}™ be a quantum-proof (k, €)-strong extractor
with an s-bit seed. Then for any classical X, Y and Z, and quantum E, such that XE and
Y are independent, Y < Z < E form a Markov chain[] Hun(Y|Z) > s+1logl/e, and for
all z € Z, Hyi(X|EZ = 2) > k, we have

1
§||PExt(X,Y)YZE — pu @ pyzelle < 2e.
Proof. For any two classical systems Y and Z, we have
2_H1nin(Y‘Z) — Ez(—Z |:2—Hmm(Y|Z:Z)j| ,
so by Markov’s inequality,
PrZ [Hoin(Y|Z = 2) < Hun(Y[Z) — log1/e] < e.
24—
And since Y <+ Z <+ E form a Markov chain, we have for all z € Z,

PYE|Z=2 = PY|Z== ® PE|Z=z-

Hence

1
§HpExt(X,Y)YEZ —pu ® pyezle

1
- 2 Z PZ(Z)||PExt(X,Y)YE|Z:z —pu® pYE|Z:z||tr
zEZ

1
P Z Pz (2)|| pexe(x,v)YEIZ=2 — PU @ Py|z=2 @ pE|z=2ltr < 2€.
z€EZ

The case of quantum side information correlated to both the input and the seed is out
of the scope of this work.

A ccq state pxyr forms a Markov chain X < Y < FE if it can be expressed as pxyrp =
Zw,yPXy(:z:,y)|$,y><x,y|x,y®pyE.
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A.5.2 Composing extractors

If an extractor does not have optimal entropy loss, a useful approach to extract more entropy
is to apply a second extractor to the original input, trying to extract the randomness that
remains when the output of the first extractor is known. This was first proposed in the
classical case by Wigderson and Zuckerman [128], and improved by Raz et al. [98]. Konig and
Terhal [76] gave the first quantum version for composing m times quantum 1-bit extractors.
We slightly generalize the result of Konig and Terhal [76] to the composition of arbitrary
quantum extractors.

Lemma 136. Let Ext; : {0,1}"x{0,1}% — {0,1}™ and Exty : {0,1}"x{0,1}% — {0,1}™2
be quantum-proof (k,e1)- and (k — my,ey)-strong extractors. Then the composition of the
two, namely

Exts :{0,1}" x {0,1}" x {0,1}% — {0,1}™ x {0,1}™
(,y1,y2) — (Exti(x,y1), Exta(z, y2)),
is a quantum-proof (k,e1 + e2)-strong extractor.
Proof. We need to show that for any state pxgp with Hym(X|E) > k,

1
5||pExt1(X,Y1)Extg(X,YQ)YlYgE — pu, ® puy @ py, @ py, @ pplle < €1+ &2 (A.26)

The left-hand side of can be upper-bounded by

1
§HPExt1(X,Y1)Y1E ® pu, @ Py, — pu, @ Py, @ pE @ puy @ Pys ||

1
+ §||pExt2(X,Y2)Y2 Ext1(X,YO)V1E — PUs @ Pve @ Puxt, (x,y1)viE|er-  (A27)

By the definition of Ext; the first term in is upper-bounded by ¢;. For the second
term we use [Lemma 139 and get

Hmin(X| Eth(X,}/l)YlE) Z Hm1n<XD/1E) — Ho(Eth(X, YI))
= Hmm(X|E) - Ho(Eth(X,}/i)) Z k— mq.

By the definition of Ext, the second term in can then be upper-bounded by e5.
O

A.5.3 Technical lemmas
Min-entropy chain rules.

We use the following “chain-rule type” statement about the min-entropy. The proofs for the
two first can be found in [100].
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Lemma 137 ([100, Lemma 3.1.10]). For any state papc,
Hyuin(A|BC) > Huin(AC|B) — Ho(C),
where Hy(C) = logrankpc.
Lemma 138 ([100, Lemma 3.1.9]). For any state papz classical on Z,
Huin(AZ|B) > Hyin(A|B).
Lemma 139. For any state papz classical on Z,
Hyin(A|BZ) > Huin(A|B) — Ho(2),

where Hy(Z) = logrankp.

Proof. Immediate by combining [Lemma 137 and [Lemma 138 [

Reduction step.

To show that a player who can distinguish the output of Exte (defined in [Definition 83 on
from uniform can also guess the output of the extractor C, we first show that
such a player can guess one of the bits of the output of Exte given some extra classical
information. This is a quantum version of a result by Yao [132].

Lemma 140. Let pzp be a cq-state, where Z 1is a random wvariable on m-bit strings. If
lpze — pu,, @ pllw > €, then there exists an i € [m] such that

zZ z 8
| E Pz 2ji—17) (2] | 2-1) @ pB — E Pz 21i—11) (Zfi—1] | 2-1) @ PB e > . (A.28)
Z€EZ 2€Z
ZiZO ZZ'ZI

Using the fact that for any binary random variable X and quantum system () with
PXQ = D01 Pili)(ili®pl, the following equality holds: ||pxq—puv, @palle = Pope—P1pgllus
can be rewritten as ||pz,,_,B — pv, ® pz,_yBllu > 5 can thus
be interpreted as saying that if a player holding B can distinguish Z from uniform with
probability greater than e, then there exists a bit ¢ € [m] such that when given the previous
i —1 bits of Z, he can distinguish the i*" bit of Z from uniform with probability greater than

£

m"

Proof. The proof uses a hybrid argument. Let

22 2
0; = Z 2_m‘z[i}a i, m}><2’[z’]>7“{z‘+1 ..... m}|Z[i]77’{i+1 ..... m} & Pp-
ZEZ

re{0,1}™
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Then

e <l|lpzs — pu,, @ Bl

= [lom — ool

m
< Z loi — oi1]|tr
i=1

< mmax los — i1

By rearranging ||o; — 0;_1 ||t we get the lhs of [Eq. (A.28)] O

We now need to bound the size of this extra information, the “previous ¢« — 1 bits”, and
show that when averaging over all the seeds of Extq, we average over all the seeds of C,
which means that guessing a bit of the output of Exts corresponds to distinguishing the
output of C' from uniform. For the reader’s convenience we now restate and
give its proof.

Proposition 3. [Proposition 1] Let X be a classical random variable correlated to some
quantum system E, let Y be a (not necessarily uniform) seed, independent from X E, and let

| PExte(XVVE — PU. @ py @ pElle > €, (A.29)

where Exte is the extractor from [Definition 83. Then there exists a fized partition of the
seed Y in two substrings V and W, and a classical random variable G, such that G has

size Hyo(G) < rm, where v is one of the parameters of the weak design (Definition 83),

V& W < G form a Markov chain, and

9
locxvivwer = pus ® prwenlle > —. (A.30)

Proof. We apply [Lemma 140/ to [Eq. (A.29)[and get that there exists an i € [m] such that

Z pqu’C(I, yS1) U C(SL‘, ySi—l)J y> <C<I, y51) T C(l‘, yS¢—1)7 y|C(SL’, ysl) o C(xa ysi—l)’ Yy px
x?y
C(Ivysi):O

- Z pa:Qy’C(x>yS1)"'C(x7y5¢71>7y><0(x7y51)'"C(maysifl)ay‘c(:anSl)"'C(xaysifﬁay@px
Clrys)=1 .
> S, (A31)
m’ '

where {p, },ex and {g,},ey are the probability distributions of X and Y respectively.
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We split y € {0,1}¢ in two strings of ¢ = |S;| and d — ¢ bits, and write v := yg, and
w = yYg\s;- To simplify the notation, we set g(w,, j,v) := C(z,ys,). Fix w,  and j, and
consider the function g(w,z,j,-) : {0,1} — {0,1}. This function only depends on |S; N S;|
bits of v. So to describe this function we need a string of at most 2/%7%! bits. And to
describe g**(-) := g(w,z,1,-) - g(w,z,7 — 1,-), which is the concatenation of the bits of
g(w,x,j,-) for 1 < j <i—1, we need a string of length at most Z;;ll 219M%1 S0 a system
G containing a description of ¢*** has size at most Hy(G) < Z;;ll 21505 We now rewrite

as

D Palowlg T (0),v,w) (g (0), v, w] g (v), 0,0 @ pf

C(z,0)=0

w,r w,Tr w,r X 6
= Y Pelg™ ), v, w) g (o), v wlg (), v w e | > =

C(z,w)=1 .

By providing a complete description of g“** instead of its value at the point v, we can
only increase the trace distance, hence

> Peuwlg”” v w) (g™ v, w]g" " v, w @ p”
T,

C(z,0)=0

1S
= D Peluulg™ v w)g" v wlg T v w e ot > —
T,0,Ww

C(z,w)=1 .

By rearranging this a little more we finally get

€
lpcxvyvwee — pu, ® pywaelle > oo

where G is a classical system of size Hy(G) < Z;;ll 219051 "and V <+ W <+ G form a Markov

chain. By the definition of weak designs, we have for all i € [m], Z;;ll 218iN8il < rm for some
r>1. So Hy(G) < rm. O

A.5.4 Known extractors and designs

In this section we list the known constructions for weak designs and 1-bit extractors, which
we plug into Trevisan’s extractor in [8.4]
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Weak designs.

The following weak design allows nearly all the min-entropy of the source to be extracted,
but requires a rather large seed (typically O(log®n) for an optimal 1-bit extractor).

Lemma 141 (|98, Lemma 17}@). For every t,m € N there exists a weak (t,1)-design
Si,....Sm C [d] such that d = t[{5] [log4m] = O(t*logm). Moreover, such a design
can be found in time polym,d and space polym.

If we wish to minimize the length of the seed, we can use the following weak design with
logr = ©(t). We then get a seed of length O(logn) (for an optimal 1-bit extractor), but
only extract a sub-linear amount of min-entropy from the source.

Lemma 142 (|98, Lemma 15]). For every t,m € N and r > 1, there exists a weak (t,7)-
design Sy, ..., S, C [d] such that d =t (LW =0 < 2 ) Moreover, such a design can be

Inr logr

found in time polym, d and space polym.

The following weak design construction is much more efficient than the two previous ones,
and ideal for a local extractor. It uses a seed of size O(log>n) and can extract a constant
fraction of the min-entropy (for an optimal 1-bit extractor).

Lemma 143 (|51, Theorem 3]). For every m,t € N, such that m = Q(t'°¢"), and constant
r > 1, there exists an explicit weak (t,r)-design Si,..., S, C [d], where d = O(t?). Such a
design can be found in time polylogm,t and space polylogm + logt.

Remark 144. For the extractor from and an error ¢ = polyl/n, this design
requires m = € ((log n)los log”). If we are interested in a smaller m, say m = polylogn, then
we can use the weak design from with v = n". This construction would require

time and space polylogn = polylog 1/e. The resulting seed would have length only O(logn)
instead of O(log®n).

One-bit extractors.

As 1-bit extractor, Raz et al. [98] (and Trevisan [119] too) used the bits of a list-decodable
code. We give the parameters here as and refer to [A5.5 for details on the
construction and proof.

Proposition 4. For any e > 0 and n € N there exists a (k,€)-strong extractor with uniform
seed Ext,, . : {0,1}" x {0,1}¢ — {0,1} with d = O(log(n/¢)) and k = 3log1/e.

2Hartman and Raz [51] give a more efficient construction of this lemma, namely in time polylogm, ¢ and
space polylogm + log ¢, with the extra minor restriction that m > t'°8%,
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Local extractor. Local extractors are defined as follows.

Definition 145 (¢-local extractor). An extractor Ext : {0,1}" x {0,1}¢ — {0,1}™ is (-
locally computable (or (-local), if for every r € {0,1}4, the function x — Ext(x,r) depends
on only € bits of its input, where the bit locations are determined by r.

Lu [79] modified Trevisan’s scheme [119, [98] to use a local list-decodable code as 1-bit
extractor. Vadhan [120] proposes another construction for local extractors, which is optimal
up to constant factors. Both these constructions have similar parameters in the case of 1-bit
extractorsf We state the parameters of Vadhan’s construction here and Lu’s constructions

in [A.5.5]

Lemma 146 ([120, Theorem 8.5]). For any € > exp (—n/20(1°g* ”)), n € N and constant
0 <7 <1, there exists an explicit £-local (k,€)-strong extractor with uniform seed Ext,, . - :
{0,1}" x {0,1}¢ — {0,1} with d = O(log(n/c)), k = yn and £ = O(log 1/¢).

Weak random seed. Raz [97] shows how to transform any extractor which needs a uni-
form seed into one which can work with a weakly random seed.

Lemma 147 (|97, Theorem 4]). For any (k,e)-strong extractor Ext : {0,1}" x {0,1}* —
{0,1}™ with uniform seed, there exists a (k,2¢)-strong extractor Ext : {0,1}" x {0,1}* —
{0,1}™ requiring only a seed with min-entropy Hy, (Y) > (% + 6) t', where t' = 8t/0.

By applying this lemma to the 1-bit extractor given in [Proposition 4] we obtain the
following 1-bit extractor.

Corollary 148. For any ¢ > 0 and n € N there exists a (k,¢)-strong extractor Ext,, . :
{0,1}"x{0,1}¢ — {0, 1} requiring a seed with min-entropy (1 + B) d, where d = O(% log(n/e))
and k = 3log1/e + 3.

A.5.5 List-decodable codes are one-bit extractors
Construction.

A standard error correcting code guarantees that if the error is small, any string can be
uniquely decoded. A list-decodable code guarantees that for a larger (but bounded) error,
any string can be decoded to a list of possible messages.

Definition 149 (list-decodable code). A code C' : {0,1}" — {0,1}" is said to be (e, L)-
list-decodable if every Hamming ball of relative radius 1/2 — ¢ in {0,1}"™ contains at most L
codewords.

3If the extractor is used to extract m-bits, then Vadhan’s scheme reads less input bits and uses a shorter
seed than Lu’s.
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Neither Trevisan [119] nor Raz et al. [98] state it explicitly, but both papers contain an
implicit proof that if C': {0,1}" — {0,1}" is a (e, L)-list-decodable code, then

Ext : {0,1}" x [n] — {0,1}
(2, y) = C(x)y,

is a (log L + log 1/2¢, 2¢)-strong extractor (according to [Definition 76). We have rewritten
their proof in [A.5.6] for completeness.@
There exist list-decodable codes with following parameters.

Lemma 150. For every n € N and 6 > 0 there is a code C, 5 : {0,1}" — {0,1}", which
is (0, 1/0%)-list-decodable, with i = polyn,1/§. Furthermore, C, s can be evaluated in time
polyn,1/§ and n can be assumed to be a power of 2.

For example, Guruswami et al. [49] combine a Reed-Solomon code with a Hadamard
code, obtaining such a list-decodable code with n = O(n/d§*).

Such codes require all bits of the input x to be read to compute any single bit C'(z); of
the output. If we are interested in so-called local codes, we can use a construction by Lu [79,
Corollary 1].

A.5.6 List-decodable codes are strong extractors

Theorem 151. Let C' : {0,1}" — {0,1}" be an (g, L)-list-decodable code. Then the function

O {0,1}" x [i] — {0,1}
(2,y) = C(x)y,

is a (log L + log 1/2¢, 2¢)-strong extractor]

To prove this theorem we first show that a player who can distinguish the bit of C'(X,Y)
from uniform can construct a string « which is close to C(X) on average (over X). Then
using the error correcting properties of the code C, he can reconstruct X. Hence a player
who can break the extractor must have low min-entropy about X.

Lemma 152. Let X and Y be two independent random variables with alphabets {0,1}" and
[n] respectively. Let'Y be uniformly distributed and X be distributed such that %|Xon—U1 o
Y| > 9, where Uy is uniformly distributed on {0,1}. Then there exists a string a € {0, 1}"
with |
Pr|d(X,a) < =

where d(-,-) is the relative Hamming distance.

4A slightly more general proof, that approzimate list-decodable codes are 1-bit extractors can be found
in [33, Claim 3.7].
5This theorem still holds in the presence of classical side information with exactly the same parameters.
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Proof. Define o € {0,1}" to be the concatenation of the most probable bits of X, i.e.,
ay, := argmax, Py, (b), where Px (b) = > e} Px (7).

Ty=b
The average relative Hamming distance between X and « is

S Pe@dra) =2 3 Pe()Y I, — al

z€{0,1}n z€{0,1}n
LS Pt = 1= 23 Paley)
= — xT) = _ —
n X n X ay
z,y y=1
TyFQy

And since $|Xy oY —Uj o Y| > § is equivalent to %Zzzl maxyeqo,1} Px, (b) > 5+, we

have
1

> Px(a)d(z,0) < = -0 (A.32)

2
ze{0,1}n

We now wish to lower bound the probability that the relative Hamming distance is less
than 1 — 2. Let B := {z : d(z,a) < 3 — £} be the set of values 2 € {0,1}" meeting this
requirement. Then the weight of B, w(B) := >, 5 Px(x), is the quantity we wish to lower
bound. It is at its minimum if all x € B have Hamming distance d(z,a) = 0. In which case

the average Hamming distance is

> Px(z)d(z,0) > (1 - w(B)) G - g) . (A.33)

z€{0,1}"
Combining Egs. |(A.32)| and we get
w(B) > 0 >0
1—6 =

We are now ready to prove [Theorem 1511

Proof of [Theorem 151 We will show that if it is possible to distinguish C’(X,Y) from
uniform with probability at least 2, then X must have min-entropy Hp,,(X) < log L +
log 1/2e.

If L|C'(X,Y)oY —U,0Y]| > 2, then by we know that there exists an
a € {0,1}" such that

Pr|d(C(X),a) < % —e| > 2e,

where d(-, -) is the relative Hamming distance.

This means that with probability at least 2, X takes values z such that the relative
Hamming distance d(C(z),a) < 2 —e. So for these values of X, if we choose one of the
codewords in the Hamming ball of relative radius % —¢ around « uniformly at random as our



APPENDIX A. AUXILIARY RESULTS 216

guess for x, we will have chosen correctly with probability at least 1/L, since the Hamming
ball contains at most L code words. The total probability of guessing X is then at least
2¢/L.

Hence by [Eq. (3.1)] Hpin(X) < log L +log1/2e.

A.6 Omitted proofs from Chapter

A.6.1 Identifying “good” blocks in Protocols A and B

In this section we prove Claim [Q7]and Claim 08, which play an analogous role for Theorem
and Theorem [94] respectively: that of identifying a special iteration of the protocol that will
be useful to Alice and Bob in the guessing game.

Proof of Claim[J7. Let BAD' be the set of strings b € ({0,1}*)™ such that Pr(b|CHSH) >
27", Assumption (i) together with Claim [§ show that Pr(BAD'|CHSH) > ¢, so using (ii) we
get Pr(CHSH|BAD') > &2. Define BAD to contain only those strings b € BAD’ such that
Pr(CHSH|b) > £2/2; we have Pr(BAD) > (¢2/2) Pr(BAD') > &*/2.

By definition of BAD, using Baye’s rule we have that for every b = (by,...,b,) € BAD,

PI‘(B = b, CHSH) = HPI‘(Bz = bi, CHSHZ|CHSH<Z, B<i = b<z) Z 2_n62/2.
=1

Taking logarithms on both sides,

> —logPr(B; = b;CHSH;|CHSH.;, Bo; = b;) < n+3log(l/z) < 2n,

i=1

assuming as in the statement of the claim that ¢ is not too small. By an averaging argument
at least 7/8 of all i € [m] are such that a fraction at least 7/8 of all b € BAD are such that

Pr(B; = b;|CHSH.;, Bo; = b)) > 271280/m) > 9-128/C (A.34)

A similar argument, starting from Pr(CHSH|b) > £%/2 for all b € BAD, shows that

> " —log Pr(CHSH;|CHSH.;,b) < 2log(1/e) +1 < 3log(1/e)

=1

for large enough n. By an averaging argument, a fraction at least 7/8 of all i € [m] are such
that a fraction 7/8 of all all b € BAD satisfy

192 log(1
— log Pr(CHSH;|CHSH.;, b) < 9%(/5), (A.35)
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where here we used m > n. Let S be the set of ¢ € [m] such that both and
hold simultaneously for a fraction at least 3/4 of b € BAD. By the union bound, we have
18] > (3/4)m.

We apply the same reasoning once more, focusing on the CHSH constraint being satisfied
in a Bell block. Let N be a random variable equal to the number of Bell blocks that fall in
S. Since S is a fixed set of indices, and each block is chosen to be a Bell block independently
with probability 1/¢, N is concentrated around A(|S|/m) > A/2. By a Chernoff bound,
the probability that N is less than A/4 is at most e~*/1%, which given our choice of A can
be neglected in front of the other events we are considering. For the remainder of the proof
we assume that N > C'/4. Let T; be a random variable denoting the index of the j-th Bell
block, among those that fall in S. Starting from Pr(CHSH|BAD) > £?/2 and using Baye’s
rule as before,

N
> " —log Pr(CHSHz,|CHSH.7;, BAD) < 2log(1/e) + 1 < 3log(1/z).

J=1

By an averaging argument and using our assumed lower bound on N this shows that a
fraction at least 1/2 of the Bell blocks in Protocol A are such that

Pr(CHSHy, |CHSH.z,, BAD) > /€. (A.36)

Let T; € TN S be a Bell block for which [(A.36)] holds. For a fraction at least 24/¢ /2 of
b € BAD it holds that
Pr(CHSHy,|CHSH. 7, b) > /¢ /2. (A.37)

By the union bound, at iteration 7} [(A.37)| will hold simultaneously with [(A.34)|and |(A.35)|
for a subset G of BAD of size at least

Pr(G) = Pr(G|BAD)Pr(BAD) > (*/¢/2 —1/4)e*/2 > &°

given our choice of parameters. By choosing C' large enough, implies item 1 in the
claim, and |(A.35)[ and |(A.37)| imply item 2, given the choice of A made in the claim. O

Proof of Claim[98 By definition, Pr (G?) > p, Pr(CHSH) > p,e. Conditioned on G*, by
Markov’s inequality it must be that dg(E®, B) < 0.01 on a fraction at least 1 — 100f, of
blocks in which the input to B was (A4,0). Let f/ = 100f.. Let n = 2710 fITI/(2100%) " 3pq
assume C' chosen large enough so that n < p,e/6 = Q(n=81+%). This is possible since |T is
sharply concentrated around C'log®¢ and f’ = Q(1/log?).

Among the blocks in which Eve’s prediction is correct, nothing distinguishes those Bell
blocks in which B’s input is (A4,0): indeed, we may think of those only being designated
as Bell blocks after Eve has made her prediction. By a Chernoff bound the probability
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that more than a fraction 2f. of such blocks fall into those for which Gf does not hold is
upper-bounded by 7. Hence the following holds

Pr (Ejer.yv,—(a0 GY > 1-2f/|G") > 1—n. (A.38)

Since V is a fixed subset of [km] of size |[V| = O(m?log?m), the probability that any
of the randomly chosen O(log?f) Bell blocks intersects it is at most O(m~'*7log"m) =
O(n*'/71og*n) for large enough n. We assume as in the statement of Theorem that
v is chosen large enough so that this is much smaller than (our upper bound on) 7, i.e.
v < 1/(9+8a). For the remainder of the proof we will neglect the chance of this happening.

Conditioning further on CHSH can only blow-up the error by a factor 1/ Pr(CHSH|G?) <
1/(pse). In that case G4 = GP (Eve’s prediction only depends on the advice bits she is given),
so we obtain:

Pr (Ejery,—o G¥ > 1—2f!, CHSH|G#)
Pr (CHSH|G4)

= Pr (Ejer:v;—(a0) G > 1-2f/|G*,CHSH) > 1-n/(ps¢).

(A.39)
Suppose Eve makes more than a fraction 5f! of errors in predicting A’s output on those Bell
blocks in which its input is (A,0). Some of those will later be randomly chosen by Bob as
Bell blocks, and by a Chernoff bound with probability at least 1 — 7 the input to B will also
be (A,0) in at least 40% of those blocks. Whenever this happens, Eve’s prediction will be
wrong on a total fraction more than 2f! of B’s (A, 0)-input Bell blocks, contradicting .
Indeed, whenever CHSH holds, if the input to both boxes is (A, 0) then Eve being correct in
predicting B’s output is equivalent to her being correct in predicting A’s output. Hence the
following holds:

Pr (Ejer: x,—(a0) G} > 1 —5f., CHSH|G") > Pr (Ejerv,—(a0) G4 > 1 — 2f., CHSH|G?) — ¢

(1 —n/(pse)) Pr (CHSH|G") —
(

>
>
> (1 —2n/(pse)) Pr (CHSH|G?), (A.40)

where the last inequality uses Pr(CHSH|G?) > p.e. As before, since G* A CHSH = G A
CHSH, |(A.40)| implies the following:

Pr (Ejer. x,—(a0) G} > 1—5f/|G” CHSH) > 1— 2n/(p.e). (A.41)

Next, suppose Eve makes a prediction that is wrong on a fraction at least 14f, of the Bell
blocks, irrespective of Bob’s inputs. Then again with high probability at least 40% of the
inputs to A in those blocks will be (A,0), implying that Eve is wrong on more than a
fraction 5f, of A’s (A,0) inputs, and contradicting [[A.41)] Hence the following is proven

just as|(A.40)| was:
Pr(Ejer G7 > 1—14f1|G”, CHSH) > 1 - 3n/(p.e). (A.42)
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Hence
Pr(Ejer G > 1—14f/|G* CHSH) > 1 - 3n/(p.e),

which is greater than 1/2 given our choice of 7. Removing all conditioning, whenever Eve is
given advice bits by Alice, it holds that

Pr (Ejer G]A >1—14f.,CHSH) > Q(p.e).

A.6.2 Proof of Lemma

In this section we give the proof of Lemma 05 The proof crucially uses properties of a
specific extractor construction, first shown to be secure in the presence of quantum bounded-
storage adversaries in [112], and in the more general setting of quantum bounded-information
adversaries in [34]. We first describe the extractor.

The t-XOR extractor

The t-XOR extractor E;, parametrized by an integer ¢, follows Trevisan’s general extractor
construction paradigm [119]. It is based on two main ingredients, the t~-XOR code and a
combinatorial design construction due to Hartman and Raz [51]. For us, only the details of
the t-XOR code will be important.

The t-XOR code. Given integers m and t < m, let C; : {0,1}" — {0, 1}(7?) map an
m-bit string to the string of parities of all subsets of ¢ out of its m bits. Two properties
of this encoding will be relevant for us. The first is that it is locally computable: each bit
of the code only depends on ¢ bits of the input. The second is that it is approximately
list-decodable (we summarize its parameters in Lemma below).

Combinatorial designs. Given integers s, m,r and p > 0, a collection of subsets 5, ..., S,
[s] is called a (s,m,r, p) weak design if for all i € [r], |S,| = m and for all j, 7, _. 21551 <
p(r — 1). For our purposes it will suffice to note that Hartman and Raz [51] proved the
existence of a (s,m,r,1 + ~) design for every m, 0 < v < 1/2, s = O(m?log1/~) and
r > flogs),

The t-XOR extractor. We define the extractor that we will use in the proof of Lemma 93l

Definition 153. Let m,r,t,s be given integers such that t = O(logm) and s = O(log*n).
Then Ey : {0, 1} x{0,1}* — {0, 1}" maps (z,y) € {0,1}"x{0,1}* to Cy(z)ys,, - -, Ce(®)ys, ,
where (S1,...,5;) is a (s,tlogm,r,5/4) design and ys, designates the bits of y indexed by
S;, interpreted as a t-element subset of [m)].

N
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While, as shown in Corollary 5.11 in [34], E; is a strong extractor with good parameters,
we will not use this fact directly. Rather, we will use specific properties that arise from
the “reconstruction paradigm”-based proof that it is an extractor secure against quantum
adversaries, and one may argue that Lemma [93]is implicit in the proof of security of F; given
n [34]. Since it does not follow directly from the mere statement that F; is an extractor,
we give more details here. We will show the following lemma, which is more general than
Lemma [O5]

Lemma 154. Let m,r,t be integers such that t = O(log®m) and ¢ > 0. Let pxgp be a
cq-state such that X is a random variable distributed over m-bit strings. Let U, be uniformly
distributed over r-bit strings, and suppose that

| pBatxyE — PU, © pE||, > € (A.43)

i.e. an adversary Fve holding register E can distinguish the output of the extractor from a
uniformly random r-bit string. Then there ezists a fized subset V- C [m] of size |V| = O(tr)
such that, given the string Xy as advice, with probability at least Q(e?/r?) over the choice
of x ~ px and her own randomness Eve can output a list of { = O(r*/e*) strings i, ..., 7"
such that there is an i € [¢], dg(z', z) < (2/t)In(4r/e).

It is not hard to see why Lemma [I54] implies Lemma 05l First note that if  is chosen
in Lemma [I[54] so that » > 2HZ (X|FE) then the assumption is automatically satis-
fied} The conclusion of Lemma then follows from that of Lemma [I54] by having Eve
output a random string out of her ¢ predictions, and choosing ¢ = Q(log? m) to ensure that
(2/t)In(4r/e) < 1/logm.

In the remainder of this section we sketch the proof of Lemma [I54l The first step,
explained in Section [A.6.2] consists in using a hybrid argument to show that, given ,
Eve can predict a random ¢-XOR of X'’s bits with reasonable success probability, given
sufficiently many “advice bits” about X. In the second step, detailed in Section [A.6.3] we
show using an argument due to Koenig and Terhal [76] that this implies the adversary can
in fact recover most t-XORs of X, simultaneously. Finally, in Section [A.6.3 we use the list-
decoding properties of the XOR code to show that as a consequence the adversary can with
good probability produce a string that agree with X on a large fraction of coordinates.

The hybrid argument

Suppose that [(A.43) holds. Proposition 4.4 from [34] shows that a standard hybrid argument,
together with properties of Trevisan’s extractor (specifically the use of the seed through
combinatorial designs), can be used to show the following claim.

6The extra randomness coming from the seed of the extractor will be small, as its size can be taken to
be s = O(log* m).
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Claim 155. There exists a subset V- C [m] of size |V| = O(tr) such that, given the bits Xy,
Eve can predict a random t-XOR of the bits of X with advantage €/r. Formally,

HpCt(X)yYVE —pu, ® py & pVEHtT > ;, (A.44)

where Y is a random variable uniformly distributed over [(T)} and V' is a register containing
the bits of X indexed by V.

A.6.3 Recovering all -XORs.

The next step in the proof of Lemma[154lis to argue that Eq. implies that an adversary
given access to B’ = V' F can predict not only a random XOR of X, but a string Z of length
(") such that Z agrees with the string Cy(X) of all -XOR’s of X in a significant fraction of
positions. Classically this is trivial, as one can just repeat the single-bit prediction procedure
guaranteed by for all possible choices Y of the t bits whose parity one is trying to
compute. In the quantum setting it is more tricky. We will follow an argument from [76]
showing that implies that there is a single measurement, independent of Y, that one
can perform on E and using the (classical) result of which one can predict the bits Cy(X)y

with good success on average (over the measurement’s outcome and the choice of V).

Claim 156. Suppose |(A.44) holds. Then there ezists a measurement F, with outcomes in
{0,1}™, such that

Pr (Ci(z)y = C(F(VE)),) >

z~px, y~Uy logm

4— (A.45)

[\'JIH

where F(VE) denotes the outcome of F when performed on the cq-state pyp.

Proof. Our argument closely follows the proof of Theorem II1.1 from [76]. Given an arbitrary
cg-state pzq, define the non-uniformity of Z given () as

d(Z + Q) = ||PZQ —pu. @ ,OQHW-

Let p, denote the state contained in registers V E, conditioned on X = x. For a fixed string
y, define two states

o= Y px(x)p.  and  pl = > px(a)p.

z: C(z)y=0 z: Gy (z)y=1

Then, by definition d(Cy(X), + VE) = H Py — p‘;’H ., is the adversary’s maximum success
probability in distinguishing those states p, which correspond to an XOR of 0 from those
which correspond to an XOR of 1. Let &, = {Eg, E;} be the pretty good measurement
corresponding to the pair of states {pf, p{ }:

1/2 1/2 1/2 1/2
E,) = PVE/ POPVE/ and E, = pVE/ plpVE/ ’
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where pyp = Y Px(2)p,. Lemma 2 from [76] (more precisely, Eq. (19)), shows that the
following holds as a consequence of |(A.44)f

VE[24(Ci(X),  EYVE))] +d(Ci(X)y +Y) > ; (A.46)

where EY(V E) is the result of the POVM &Y applied on pyg, and d(Cy(X)y < Y) is the
distance from uniform of the one-bit extractor’s output, in the absence of the adversary. We
may as well assume this term to be small: indeed, if it is more than ¢/(2r) then is
proved without even having to resort to the quantum system E. Hence implies

2

E, [d(Ci(X), < &%, (VE))] > 26—

pgm 7«2

which can be equivalently re-written as

52

1
By [Tr(Ey ) + Tr(Eypy) ] > 5+ 15 (A.47)

Following the argument in |76], we define a new PGM F with outcomes in {0, 1} and POVM

elements F* = PX(x)p‘_/}E/sz p;gz. The important point to notice is that for z € {0,1} we

have Ef =37 0,(),=- I'*, hence can be re-written as

2

1
Ey{ Z Tr(Fmpg)—F Z Tr(Fxp;)} > 5-1—46—742,
b: C (b)y =0 b: Cy(b)y=1

which is exactly (A.45)] O

List-decoding the XOR code.

The following lemma (for a reference, see [55], Lemma 42) states the list-decoding properties
of the t-XOR code C; that are important for us.

Lemma 157. For every n > 2t*/2™ and z € ({0,1}™)*, there is a list of ¢ < 4/n* elements
xl .. 2t € {0,1}™ such that the following holds: for every 2’ € {0,1}™ which satisfies

1
Pr [Z(Zﬂ ~~~~~ ye) — @2212;1-] > B +n,

there is an i € [(] such that

with § = (1/t)In(2/n).
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Claim implies that, with probability at least €/(8r%) over the choice of z and over
Eve’s own randomness, when measuring her system with F she will obtain a string zZ whose
t-XORs agree with those of z with probability at least 1/2 + &2/(8r?). Lemma shows
that in that case she can recover a list of at most 287 /e? “candidate” strings z* such that
there exists at least one of these strings which agrees with x at a (possibly adversarial)
fraction 1 — ¢ of positions, where 6 = (2/t)In(4r/e) given our choice of parameters. Hence
Lemma [I54] is proved.
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