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Abstract

We consider one-round games between a classical verifier and two provers who share en-
tanglement. We show that when the constraints enforced by the verifier are ‘unique’ constraints
(i.e., permutations), the value of the game can be well approximated by a semidefinite program.
Essentially the only algorithm known previously was for the special case of binary answers, as
follows from the work of Tsirelson in 1980. Among other things, our result implies that the vari-
ant of the unique games conjecture where we allow the provers to share entanglement is false.
Our proof is based on a novel ‘quantum rounding technique’, showing how to take a solution
to an SDP and transform it to a strategy for entangled provers. Using our approximation by a
semidefinite program we also show a parallel repetition theorem for unique entangled games.

1 Introduction

Games: For nearly two decades, two-prover one-round games have played a major role in many
of the most important developments in theoretical computer science. Such games consist of a
verifier and two provers who are unable to communicate with each other. The game starts when
the verifier sends two questions, one to each prover, chosen according to some joint distribution.
Each prover then replies with an answer chosen from the alphabet {1,...,k} for some k > 1.
Finally, the verifier decides whether to accept or reject, based on the answers he received. The
value of such a game is defined as the maximum success probability that the provers can achieve.
For example, let us consider the following very simple game known as the CHSH game [CHSH69]:
the verifier sends a random bit to each of the provers, who then reply with one bit each (so k = 2).
The verifier accepts if and only if the XOR of the answers is equal to the AND of his questions. A
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moment’s reflection shows that the value of this game is 3, and is obtained, say, when the provers
always return 0.

One of the most important breakthroughs in theoretical computer science was the discovery
of the PCP theorem in the early 90s [AS98, ALM™98]. Combined with Raz’s parallel repetition
theorem [Raz98], it implies the following.

Theorem 1.1 ([AS98, ALM 98, Raz98]). For any § > O there exists a k = k(&) such that it is NP-hard
to determine whether, given a (two-prover one-round) game with answers from a domain of size k, its value
is 1 or at most 6.

This result has led to many important advances in the field, including in particular many
tight NP-hardness results. For instance, Hastad [Has01] showed that it is NP-hard to tell whether
a given 3SAT formula is satisfiable, or not more than a % + ¢ fraction of its constraints can be
satisfied. This shows that the algorithm that simply assigns random values to the variables is
essentially optimal. Other tight NP-hardness results that follow from the PCP theorem include a
hardness factor of % + ¢ for E3LIN2 [H3s01], a hardness factor of n'~¢ for MAXCLIQUE [H&s99],
and a hardness factor of In n for SETCOVER [Fei9§].

One important special case of games is that of unique games. Here, the verifier’s decision is
restricted to be of a very specific form. Namely, for any questions s, t sent to the provers, the
verifier accepts answers 4, b if and only if b = 05 (a) where 0y is some permutation on {1, ..., k}.
In 2002, Khot [Kho(2] presented a conjecture known as the unique games conjecture (UGC) that
essentially says that it is hard to approximate the value of a unique game, even if we are only
interested in distinguishing the almost satisfiable case from the almost completely unsatisfiable
case.

Conjecture 1.2 (Unique games conjecture [KhoO02])). For any €,6 > 0 there exists a k = k(e, ) such
that it is NP-hard to determine whether, given a unique game with answers from a domain of size k, its
value is at least 1 — € or at most 4.

It is not hard to see that determining whether the value of a unique game is 1 (i.e., perfectly
satisfiable) can be done efficiently using a simple algorithm, and therefore it is crucial that we insist
here on ¢ > 0 (cf. Theorem[L). Let us also mention that there exist ¢,6 > 0 for which the problem
in the conjecture is known to be NP-hard (even with k = 2). This follows from Hastad’s hardness
result for MAXCUT [H&as01]. Despite a considerable amount of work in the last few years, the
plausibility of the conjecture is still uncertain, and this issue is currently one of the central topics
in theoretical computer science.

The tremendous importance of the unique games conjecture stems from the fact that for many
fundamental problems, it implies strong, and often tight, inapproximability results that are not
known to hold under more conventional assumptions. As an example, let us consider the MAXCUT
problem. The best known algorithm for this problem was given in 1994 by Goemans and Williamson,
and achieves an approximation factor of ~ 0.878 [GW95]. It consists of two main steps: first, one
writes a semidefinite programming (SDP) relaxation of the given MAXCUT instance, where by ‘re-
laxation” we mean that by construction, the value of the SDP is guaranteed to be not smaller than
the size of the maximum cut. This SDP can then be solved efficiently using known techniques for
convex optimization, such as the ellipsoid algorithm (see, e.g., [BV04]). The second part of their al-
gorithm is a ‘rounding procedure” in which the solution to the semidefinite program is converted
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into a solution to the MAXCUT problem. The name ‘rounding’ comes from the fact that this step
can be seen as a way to round the ‘continuous’ SDP solution into a ‘discrete” solution to MAXCUT.

Despite intensive research, no better algorithm for MAXCUT has been found until this day.
The best known NP-hardness result, due to Hastad, shows that obtaining approximation ratio
above ~ 0.941 is NP-hard [Has01]. The hardness for approximation factors between ~ 0.878 and
~ 0.941 was unclear for many years. Recently, it was shown by Khot et al. [RKMOO07] that the
UGC implies a tight inapproximability result of ~ 0.878, thereby giving a partial answer to this
long-standing open question.

Another problem for which the UGC implies a tight hardness result is the Vertex Cover prob-
lem, where a simple algorithm gives an approximation factor of 2 and the UGC implies a hardness
factor of 2 — ¢ for any ¢ > 0 [KRO3] (whereas the best known NP-hardness result is 1.36 [DS05]).
The UGC also implies strong inapproximability results for graph coloring problems [DMRO06] and
the Sparsest Cut problem [KV05, CKK™06].

In another line of work, attempts have been made to disprove the conjecture by means of effi-
cient approximation algorithms for the value of unique games [Tre05| ICMMO06a, (GT06, CMMO6b|.
So far, however, none of these results was able to disprove this conjecture, and this by itself might
be seen by some as evidence in favor of the conjecture. Among the best algorithms is the one
by Charikar et al. [CMMO06a] that, given a unique game on alphabet size k whose value is 1 — ¢,
outputs a solution of value 1 — O(y/elogk). This does not disprove the conjecture, but instead
gives us a lower bound on k(¢, ) for the conjecture to make sense (see also [KKMOO07])). Another
recent result is by Chlamtac et al. [CMMO06b] who show how to compute, given a unique game
on alphabet size k whose value is 1 — ¢, a solution of value 1 — O(ey/lognlogk). This is better
than [CMMO06a] for small values of ¢, but as before, is not enough to disprove the conjecture and
only tells us that k should be large enough as a function of ¢ and §. We remark that most of
these results are based on an SDP relaxation, followed by a (usually quite sophisticated) rounding
procedure.

Games with entangled provers: In this paper we consider the model of two-prover one-round
games in which the provers are allowed to share entanglement. (The verifier and all communica-
tion remain classical, as before.) Such games are sometimes known in the quantum information
literature as nonlocal games and have their origins in a seminal 1935 paper by Einstein, Podolsky,
and Rosen [EPR35] and a 1964 paper by Bell [Bel64]. We define the entangled value of a game as
the maximum success probability achievable by provers that share entanglement. For instance, it
is known that the entangled value of the CHSH game is 1 + z%ﬁ ~ 85%, which is strictly greater
than the 75% achievable without entanglement. This remarkable ability of entanglement to create
correlations that are impossible to obtain classically (something Einstein referred to as “spooky”)
is one of the most peculiar aspects of quantum mechanics and required many years to be properly
understood.

One motivation for this model comes from the fact that although a verifier can guarantee that
provers don’t communicate (by separating them in space, say), he has no way to guarantee that
they don’t share entanglement. Therefore, in order for a proof system with two provers to be
sound in our quantum physical world, we must consider the scenario where the provers share
entanglement, even when the verifier is classical. This is especially true for multi-prover crypto-



graphic protocols, where the presence of entanglement could break the security of the protocol.
Another purely mathematical motivation for this model comes from the hope that through study-
ing this model, we can reach a better understanding of the non-classical correlations that arise in
quantum mechanics, and even obtain some new insights into multi-prover games similar to those
obtained from the PCP theorem.

Despite considerable work on this model, our understanding of it is still quite limited. One
of the earliest and most important results in this area is due to Tsirelson [Cir80], who showed
that, for the special case of unique games with an alphabet of size k = 2, the entangled value
is given exactly by the optimum of a certain SDP and can therefore be computed efficiently (see
also [CHTWO04] where this is made explicit and [CSUUOQ7] for a nice application of this SDP).
Unique games with k = 2 are also known as XOR-games because one can think of the two possible
answers as a bit, and then the only possible unique constraints area @b = 0 and a ® b = 1. This
result is in contrast to the (non-entangled) value of an XOR-game, which is NP-hard to compute
exactly or even to approximate (as follows from Hastad’s hardness result for MAXCUT). Finally,
we note that the CHSH game is an XOR-game, and the way to derive its entangled value of % + 2%&
is by computing Tsirelson’s SDP.

Unfortunately, our current understanding of the entangled value of games does not extend
much beyond the case of XOR-games. To the best of our knowledge, the only other general result
is by Masanes [Mas05], who shows how to compute the entangled value of games with only two
possible questions to each prover and k = 2] Although restricted to this very special case, his
result still allows us to handle a few cases not handled by Tsirelson’s result (namely, non-unique
games for k = 2 with two questions).

In all other cases, no method is known to compute or even approximate (with provable guar-
antees) the entangled value of a game. Even for some very small fixed size games, there is still
uncertainty regarding their entangled value (see, e.g., [BM04]). One recent attempt to handle
more general games was made by Navascues et al. [NPAO7], who outlined a hierarchy of SDP
relaxations of the entangled value of a game. Unfortunately, there are no known bounds on the
quality of their SDP relaxations.

Our results: Our main result is an approximation algorithm for the entangled value of any
unique game. More precisely, our main theorem is the following.

Theorem 1.3. There exists an efficient algorithm that, given a unique game whose entangled value is
1 — ¢, outputs a value ¢/6 < ¢ < & and a description of an entangled strategy for the provers whose
success probability is at least 1 — 6¢’.

This theorem gives, for the first time, a way to approximate the entangled value of games with
more than two possible answers. It is also the first provable approximation (as opposed to exact)
algorithm for the entangled value of a game.

Our result shows that the analogue of Conjecture [I.2] for entangled provers is false. Indeed, as
long as, 6¢ + 6 < 1, our algorithm can efficiently tell whether the entangled value of a game is at
least 1 — € or at most J. This can be seen as a (modest) contribution to the understanding of the
ever-more-mysterious unique games conjecture.

His method also handles the case of more than two provers.
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It is interesting to compare our algorithm with the approximation algorithms for the (non-
entangled) value of unique games. Given a unique game with entangled value 1 — ¢, our algorithm
outputs a strategy whose entangled value is at least 1 — 6¢. In contrast, the algorithms in [Tre05,
CMMO06a|, (GT06, CMMO06b] given a unique game with value 1 — ¢, output a strategy whose value
is at least 1 — f(¢, k) for some function f (¢, k). The fact that our approximation is independent of k
is crucial.

Techniques: The proof of Theorem[I.3lis based on a semidefinite programming (SDP) relaxation
of the entangled value. Our SDP turns out to be equivalent to the one used by Khot in [KhoO2]
as a relaxation of the (non-entangled) value of a game (and, in fact, this SDP originates in the
work of Feige and Lovasz [FL92]). We note, however, that in the non-entangled case, certain extra
constraints are sometimes used that are not known to hold in the entangled case.

The heart of the proof is in the second step, where we show how to take a solution to the SDP
and transform it into a strategy for entangled provers. We call this step the ‘quantum rounding’
step in analogy with the rounding procedure used in the non-entangled case. We hope that this
novel technique will be useful for other problems as well. The main idea in our rounding step is to
use the vectors given by the SDP solution as a quantum measurement performed by the provers
on a maximally entangled state shared by them.

Extensions: We present two extensions of our main theorem. The first involves a special case of
unique games which we call uniform unique games. These are unique games for which there exists
an optimal strategy in which each prover’s answer distribution is uniform (for each question). As
we show later, any unique game in which the verifier’s decision is based solely ona — b (mod k)
is a uniform unique game. This includes XOR-games as well as the unique games constructed
in [KKMOO7]. For this special case, we show that the factor 6 in our main theorem can be improved
to 4. We also extend our main theorem to d-to-d games, which are another type of game considered
in [KhoO2]. Namely, we show that Khot’s conjecture for d-to-d games is false in the case that the
provers share entanglement.

Parallel repetition: Our semidefinite programming relaxation also allows us to show a parallel
repetition theorem for unique entangled games. Parallel repetition for non-entangled classical
games has been investigated extensively, with early work culminating in Raz’s parallel repetition
theorem [Raz98]]. The exact quantitative behavior of parallel repetition is still not fully understood,
not even for the special case of unique games (see, e.g., [EFEKOO07]). In the case of entangled games,
no parallel repetition theorem is known, and proving one seems even more challenging than in the
case of non-entangled games. The only special case where parallel repetition is known to hold is
for entangled XOR-games [CSUUO07]. We show that this result can be extended to unique games,
albeit with somewhat weaker quantitative behavior (see Section 5l for a precise statement).

Our approach to prove parallel repetition is similar to the one taken by Cleve et al. (which in
fact dates back to earlier work by Feige and Lovasz [FL92]): we show that a certain bipartite SDP
relaxation of the entangled game is multiplicative. The latter fact essentially follows from a recent
result of Mittal and Szegedy [MS07]. See Section[5 for details.



Discussion: Our work gives for the first time a way to approximate the entangled value of games
with more than two possible answers. One open question this raises is whether there exist bet-
ter algorithms for approximating (or even computing exactly) the entangled value of a unique
game. So far we only know of such a result in the case k = 2, where Tsirelson’s SDP gives an
exact answer [Cir80]. Extending this to k > 2 might require improving our quantum rounding
procedure, and might also involve the use of a tighter SDP, perhaps taken from the SDP hierarchy
outlined in [NPAQZ]. Another open question is whether our quantum rounding technique can be
used for other types of games. One good candidate are games with inequality constraints, such as
MAX-K-CUT, as those are relatively well-understood [KKMOOQ7].

One might also hope to extend our results and deal with the case of general games. In fact,
for all that we know, it might be the case that there exists an efficient algorithm that can compute
exactly the entangled value of any given game. This strange state of affairs is (unfortunately)
consistent with everything we know so far. The only indication that such an algorithm is unlikely
to exist comes from recent work by Kempe et al. [KKM™] who show that computing the entangled
value of a game with three provers is NP-hard. Strengthening this result to show also hardness
of approximating the entangled value is one of the most important open questions in this area.
Ideally, we would like to prove the analogue of Theorem [L1lfor the case of entangled provers, or
determine that it is not true.

Strong violation of Bell inequalities: Games exhibiting a gap between their entangled value
and non-entangled value are of great interest to physicists, for possible use in experiments whose
goal is to demonstrate the presence of quantum entanglement (see, e.g., [WWO01] and references
therein). Such games are said in the physics literature to exhibit a “violation of Bell inequalities’.
By combining our main result with a remarkable construction by Khot and Vishnoi [KV05], we
can obtain unique games whose entangled value is very close to 1 even though their value is
very close to 0. Previously, such large gaps were known only for non-unique games (such as the
parallel repetition of the Magic Square game). The simpler structure of unique games might be
an advantage in certain circumstances. A related result was recently established for three-prover
games with binary answers [PGWP™].

In more detail, Khot and Vishnoi constructed for any k > 1and 7 > 0, a unique game with 2¢/k
questions to each prover and answer alphabet of size k for which the value of our SDP relaxation
is at least 1 — 9 and whose (non-entangled) value is at most 2/ k”@ (We note that the existence of
unique games whose SDP value is close to 1 and whose value is close to 0 follows from the UGC,
but Khot and Vishnoi’s result is unconditional and also gives explicit parameters.) By combining
their result with Theorem [1.3] we obtain that for any k > 1 and 1 > 0, there exists a unique game
G with 2% /k questions to each prover and answer alphabet of size k for which the entangled value
is at least 1 — 5417 and whose (non-entangled) value is at most 2/k".

2S’cric’cly speaking, their construction gives a general constraint graph, and not a two-prover game as needed in
our case. In order to derive a two-prover game from their construction, simply choose a random constraint and then
randomly send one question to each prover.



2 Preliminaries

We study one-round two-prover cooperative games of incomplete information, also known in the quan-
tum information literature as nonlocal games. In such a game, a referee (also called the verifier) asks
questions to two provers, Alice and Bob, who cooperate with each other. A game G = G(7,V)
is specified by a set Q and a number k > 1, a probability distribution 77 : Q x Q — [0,1], and
a predicate V : [k] x [k] x Q x Q — {0,1}. The game proceeds as follows: the referee sam-
ples (s,t) € Q x Q according to v and sends question s to Alice and question ¢ to Bob. Alice
replies with an answer a € [k], and Bob with an answer b € [k]. The provers win if and only if
V(a,b|s,t) = 1H The provers are allowed to agree on a strategy before the game starts, but are
not allowed to communicate with each other after receiving their questions. The value of a game
is the maximum probability with which the provers can win. The provers may share randomness,
but it is easy to see that this does not increase the value of the game.

The provers can also share an entangled state, which can sometimes increase their winning
probability (for background on quantum information see, e.g., [NC00]). We therefore define the
entangled value of a game to be the highest winning probability of entangled provers. Let us define
this more explicitly. In general, a strategy for entangled provers is described by a shared (possibly
mixed) quantum state, as well as a general measurement on Alice’s part of the state for each of
her questions, and a general measurement on Bob’s part of the state for each of his questions. On
obtaining question s, Alice performs the measurement corresponding to s on her part of the state
and returns as answer the result; Bob’s behavior is similar. By standard arguments, we can assume
without loss of generality that Alice and Bob share a pure quantum state |¢) € C?*“ for some
d > 1, and that, moreover, they use projective measurements, i.e., for each s Alice’s measurement is
described by { A}, where the A} are orthogonal projectors and )", A5 = I, and similarly Bob uses
measurements { B} };. By definition, the probability that on questions s, t Alice answers 2 and Bob
answers b is given by (| A3 @ Bj|ip). Therefore, the entangled value of G can be written as

w*(G) = lim max max Y 7(s,t)V(a,b|st)(p|AS® B|p).
( ) d—o0 W))ecd(gcd A;’Biaglst ( ) ( ’ )<¢| a b|1'/]>

We shall be concerned with games of a specific form.

Definition 2.1. A game is termed unique if we can associate a permutation oy on [k] with each pair
of questions (s, f) such that V(a,b|s,t) = 1if and only if b = 0y (a).

We also want to consider games in which the answers of each prover in an optimal strategy
are distributed uniformly in [k].

Definition 2.2. A game is termed uniform if there exists an optimal strategy for entangled provers
in which, for each prover and for each question, the marginal distribution of his answers is uni-
form over [k].

As an example, consider a game in which the verifier accepts answers 4, b solely as a function
of a — b (mod k). In such a game, Alice and Bob, by using their shared randomness (or entangle-
ment), can choose a number ¢ uniformly from [k] and add it modulo k to their responses. This does

3We write V(a,b|s,t) for V(a,b,s,t) to distinguish variables for questions from variables for answers.



not change their probability of winning the game, but causes each prover’s output to be uniformly
distributed in [k]. Therefore, any such game is a uniform game.
Finally, we consider more general games known as d-to-d’ games.

Definition 2.3. A game has the d-to-d’ property if for each pair of questions (s, t) and each answer
a of the first prover, there are at most d answers b of the second prover for which V(a,b|s,t) =1,
and similarly, for each answer b of the second prover, there are at most d’ answers a for which
V(a,b|s,t) =1.

In [Kho02], Khot conjectured that for any 6 > 0 there exists a k = k(J) such that it is NP-hard to
determine whether, given a 2-to-1 game with answers from a domain of size k, its value is exactly
1 (i.e., perfectly satisfiable) or at most . This conjecture was used in proving the hardness of
graph coloring problems [DMRO06]]. In Theorem[4.8/below we show that if the provers are allowed
entanglement, then this conjecture, as well as its extension to d-to-d’ games, is false.

3 SDP Relaxation

We use the following SDP relaxation for the entangled value of an arbitrary two-prover one-round
game. The SDP maximizes over the real vectors {u5}, {v}}, and z.

SDP1
Maximize: Yoanst 7T(s, 1)V (a, b s, t)(us, )
Subject to: llz|| =1

Vs, t, Zaufz = vai =z
Vs,t, Va # b, <MZ,UZ> = 0and <Ufuvi> =0
Vs, t,a,b, (u3,v}) >0

Remark 3.1. Note that the second constraint is, strictly speaking, not an SDP constraint. However,
it is easy to see that there is an equivalent formulation in SDP language. For instance, we can
replace the first two constraints by y, , (u5,v}) =1, ¥, (u5, u5) = 1and }, (v}, v}) = 1.

For a game G, let wyqp1(G) be the value of SDP[Il We start by showing that it is indeed a
relaxation of the entangled value of the game.

Lemma 3.2. Let G = G(7, V) be a (not necessarily unique) one-round two-prover game. Then w*(G) <
Wsdpl (G) :

Proof: Consider any strategy for the entangled provers, specified by a state |¢) € C?*? and pro-
jectors { A5} and {B!}. Define the vectors i1} = (A$® I)|y) and 9!, = (I ® B!)|¢) in C**?. Consider
now the real 2d*-dimensional vectors defined by u5 = Re(i1$) & Im(#5), v, = Re(@}) @ Im(d!) and
z = Re(|9)) ® Im(|p)). Note that because (15, 7! ) = (| A5 ® Bj|) is real, we have that

(g, vh) = Re(il;)Re(d}) + Im (i, )Im(5,) = Re({iI;, 7,)) = (Y| A; @ By|yp) > 0.

The other constraints follow from the observations that Yy, = |¢) = Y, 0}, that (z,z) =
Re((¢|y)) =1, and that fora # b,

(g up) = Re((ily, 1)) = Re((p[|A; A} @ I|y)) =0,
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since A5A; = 0, and similarly (v}, v}) = 0. "

In the case of uniform games there exists an optimal strategy in which the provers” output
distribution is uniform on [k]. This allows us to add the following constraint to the original SDP:

Additional constraint for SDP 2: Vs, t,a,b, |[u|| = ||o}| = 1/Vk.

This gives a more constrained SDP relaxation for uniform games, which we call SDP 2 and whose
value we denote by wgqp2(G). To see that this is indeed a relaxation of uniform games, note that
with the notation of the proof of Lemma[3.2]

(ug, ug) = (i1, ) = (P[A; @ 1]9),

which is equal to ¢ since the last expression is exactly Alice’s marginal distribution, and similarly
for v}. This extra constraint will allow us to slightly improve our quantum rounding procedure.

4 Quantum Rounding

In this section we describe how to round the solution of our SDP to a quantum strategy. We start
with an informal outline of the rounding algorithm for the special case of uniform unique games,
and then describe how to modify it for general unique games. The formal description of the
rounding algorithm is given as Algorithm [I]below, and it uses a particular measurement, given
here as Measurement[l] as a subroutine.

Our goal is the following. The SDP relaxation of a game gives us a solution {u5}, {v}} where
for fixed s, t the inner products (u5,v!) can be interpreted as a joint probability distribution on
(a,b) (note that they are non-negative and sum to 1). The marginal distribution on a is given by
|15 and on b by ||v}|?; in particular, for SDP 2 these marginal distributions are uniform. The
value of the SDP then represents the winning probability in the corresponding game (given by 7
and V), when the provers answer according to this probability distribution. Hence we would like
to design a quantum strategy that reproduces this probability distribution as closely as possible.
Then also its winning probability will be close to the value of the SDP solution.

The basic idea is to use the solution to the SDP to define a measurement for Alice and Bob on
the maximally entangled state |¢p) = \/LE Y1 |i,i). This state has the property that for any orthonor-

mal basis of real vectors {|u;)}"_; it can be written as |i) = in Y4 |ui, u;). This implies that if
Alice measures in such a basis and obtains outcome i, then Bob’s state collapses to |u;). If Bob
then measures in a basis {|v;)} in which one of the vectors, say |v;), is close to |u;), then Bob’s
measurement outcome is likely to be ;.

We now describe our rounding algorithm for the simpler case of uniform unique games, using
SDP 2. Consider a solution of SDP 2 and assume that it lies in R” for some n > 1. Assume
moreover that the value of this solution is 1 — ¢ for some small ¢ > 0. This means that for a

typical pair s, t the sum Y¥_, <u3,v;t(a)> is close to 1, and hence, since the norms of all these
vectors are 1/+/k, us is typically close to vfyst (a)" We now use this solution to define local projective

measurements on the n-dimensional maximally-entangled state |¢) = \/LE Y1 li,i). For fixed s,
the k vectors u; are orthogonal, and so, after normalization, define part of a basis. We complete



this to a basis of R” in an arbitrary way. When Alice is asked question s, she measures her half
of |) in this basis, outputting a if her measurement result corresponds to the basis element 15,
and outputting (for the moment) nothing if she obtains one of the extra basis elements. Similarly,
when Bob is asked question , he measures his half of |¢) in a basis that contains the vectors {v} },,
outputting b if his measurement result corresponds to the vector v}, and nothing otherwise.

This rounding scheme has two properties — one good, the other bad. First the good property:
if Alice outputs a, then Bob will output o (a) with high probability, since the vector u$ is close to
the vector vffst (a)" Hence we have that if Alice does give an answer, Bob’s answer will be correct
with high probability. The problem is that the probability that Alice does give an answer is k/n,
which is typically very small.

Luckily, the solution to this problem is easy. If Alice doesn’t obtain a suitable outcome, she just
starts over, performing her measurement on a fresh maximally entangled state. She keeps per-
forming her measurement on fresh states until she obtains an outcome corresponding to a vector
u5. Bob does likewise, performing his measurement on fresh states, making sure to use them in
the same order as Alice. This fixes the problem above, since now Alice answers with probability
1. In doing so, however, it seems we have created a new problem: it is entirely possible that Al-
ice and Bob’s measurements will succeed on different copies of the maximally-entangled state, in
which case their answers won't be correlated at all. But here we are saved by the good property
of our measurement: if Alice does obtain an outcome 2 in a given round, then Bob will obtain a
correct outcome b with high probability, assuming he hasn’t already answered. Conversely, if Bob
obtains an outcome b in a given round, then Alice will obtain a correct outcome a with high prob-
ability, assuming she hasn’t already answered. All this means that, with high probability, their
measurements succeed on the same copy of |¢).

Let us now consider general (not necessarily uniform) unique games. Our starting point now
is a solution to SDP [l of value 1 —e. Again, for a typical pair s, t we have that }, (u5, vfyst ( a)> is
close to 1. However, in our rounding algorithm we have to add an extra step to account for the
fact that the vectors 5, v} might not all be of the same length. The projective measurement that we
have constructed does not take this into account, because all basis vectors after renormalization
are equally likely to occur. Recall that our goal is to reproduce the joint probability distribution on
a,b given by (u$,v!), and, in particular, its marginal distributions on a and b, given by ||u5||* and
|0} ||%: Our rounding algorithm has to ensure that outcomes that correspond to short vectors u5 or
v} should be less likely than those corresponding to longer vectors. To this end we use a rejection
sampling technique, as follows. Alice samples A uniformly from [0,1]. If Alice’s measurement
outcome is a, she outputs it if and only if A < ||u$]|2. This ensures that the probability that Alice
answers a is the same as that given by the SDP relaxation. Similarly, if Bob’s measurement outcome
is b, he outputs it if and only if A < [|v}||%. Again a problem arises that, even if Alice’s and Bob’s
outcomes are otherwise correlated, the rejection sampling could make Alice accept and Bob reject
(or vice versa) on the same copy of |i). Luckily, we are helped again by the fact that on average,
u; and v;s,t (a) A€ close, and in particular have comparable length. Therefore, to coordinate the
rejection sampling procedure, Alice and Bob will use a shared random variable A in each step,
which means that with high probability they will either both accept or both reject. (Note that it is
easy to obtain a shared random variable from shared entanglement.)
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Algorithm 1 Quantum rounding for unique games.

Setup: Alice and Bob share many copies of an n-dimensional maximally entangled
state |¢) = f Yiq li, i), for some fixed basis {|i) } of C", as well as a sequence
A = (A1, Ag,...) of real numbers, where the A; are independent and each is
sampled uniformly from [0, 1].

Alice: On input s, performs the measurement MEASURE(u!, u2, ..., u¥) on her share
of the maximally entangled states and the sequence A.
Bob: On input ¢, performs the measurement MEASURE(v}, v7, . . ., v¥) on his share of

the maximally entangled states and the sequence A.

Measurement 1 The measurement MEASURE(xq, Xp, . . ., X;) used in Algorithm[I]

Input: A state on a Hilbert space H = @;>; H,, where each 'H, = C", and
a sequence of real numbers A = (A1, Ay, ...), where each A, € [0,1].
Parameters: k orthogonal vectors x1, xp, ..., xx € R"™.
Output: Anintegerm € {1,2,...,k}.
Measurement: Define a POVM on C" with elements
k

jo- ( e >< o ‘ fori=1,2,...,kand Py = I — Z;Pi,
where for a vector w € R" we write |w) = Y ;(w);|i) for its embed-
ding into C".
Forr=1,2,...do:

Measure H, using POVM (P, ..., Py), obtaining outcome .

If (m # 0and A, < ||x,,?) then output m and exit.

4.1 Analysis of the measurement procedure

Lemmad4.l. Letxy,...,xgand y1, ..., yx be two sequences of orthogonal vectors in R" such that Y5, ||x;||? =
5 lyill> = 1. Assume Alice and Bob apply Measurement [} Alice using (x;) and Bob using (y;). For
anyi,j € {1,...,k} define

2
xi Y > . 2 2
= min(||x; %, |ly;
i <H T Tl (il Myill9)

and let Giotal 1= Y j i ;- Then foranyi,j € {1,...,k}, the probability that Alice outputs i and Bob outputs
j is at least
i,
2— Jtotal .

Proof: We start by analyzing one round of the measurement, i.e., Alice and Bob share a maximally
entangled n-dimensional state and a random number A € [0,1]. Each performs a measurement
given by his or her input vectors, and outputs the outcome m if m # 0 and A < ||x,||? (resp.
A < ||ym||?), or nothing otherwise.

A round can end in one of four possible ways, to which we assign probabilities as follows:

11



® (Pdone) Both Alice and Bob give an output;

® (pfai11) Alice gives an output while Bob does not;
o (pfai12) Bob gives an output while Alice does not;
® (Pretry) Neither Alice nor Bob gives an output.

Hence pgone + Prail,1 + Pfail2 + Pretry = 1. Let us also define p; ; fori,j € {1,...,k} as the probability
that Alice outputs i and Bob outputs j in one round. Notice that pgope = Zi-(’ =1 Pij-

We now compute each of these probabilities. By construction, the probability that Alice obtains
an outcome i # 0 from her POVM is exactly 1/n. Conditioned on that happening, Bob’s state
collapses to the pure state given by the vector |x;)/||x;||. Therefore, the conditional probability
that he obtains an outcome j # 0 in his POVM is given by <ﬁ, ﬁl\
Alice measuring i # 0 and Bob measuring j # 0, the probability that both actually output their
values is min(||x;||?, [|y;||*). Hence we see that for any i,j € {1,...,k}, the probability that in one

round of the measurement Alice outputs i and Bob outputs j is

2
> . Finally, conditioned on

pi = —<—,— min(|x ]2 ;1P = 24
T\ Tl Tl | A =5, i

Moreover, it is easy to see that the probability that Alice gives an output is

o1 1
ZEH%‘W = n

i=1
and similarly for Bob. This implies that

1
Ptail,1 = Pfail2 = E — Pdone-

To complete the proof, let us consider the probability that in Measurement[I, Alice outputs i
and Bob outputs j. This probability is lower bounded by the probability that Alice outputs i and
Bob outputs j in the same round. The latter probability is given by

S (Prety) pij = — 14— = Pij P
= retry L] 1-— pretry Pdone + Pfail1 + Ptail 2 % — Pdone 2 — Jrotal

Corollary 4.2. Let V be a subset of {1,...,k}*. Then, in the setting of Lemmad1) the probability that
Alice’s output i and Bob’s output j are such that (i,j) € V is at least

PV o1 o
7oy 2! 2(1—py),

where

)
, > min( ]2 1y, 1P)-

B
<
|
]
P
2
EﬂS
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4.2 Analysis of the quantum rounding

We first analyze the easier case of uniform unique games. We remark that we could have slightly
simplified the algorithm for this case by avoiding the rejection sampling step, but for convenience
we keep it since it does not affect our results.

Theorem 4.3 (Uniform unique games). Let G be a uniform unique game. Suppose that wsqp2(G) =
1—e Then w*(G) > 1 —4e.

Proof: Fix asolution {u5}, {v}}, z to SDP 2 with value 1 — € and consider the strategy of Alice and
Bob given by Algorithm [l Our goal is to show that this strategy has success probability at least
1 — 4e. In order to show this, it suffices to show that for any questions s, t, the success probability
of Alice and Bob on these questions is at least 1 — 4(1 — Y, V(a,b | s, t)(u5, v})).

So from now on fix a pair of questions s, t and let ¢ be the permutation corresponding to the
constraint between s and ¢, i.e.,, V(a,b|s,t) = 1if and only if b = o(a). Fori = 1,...,k, define
u; = uj and v; = vg(i). Suppose that }_; (u;,v;) > 1 — & for some & > 0 and recall that our goal is
to show that Alice and Bob succeed with probability at least 1 — 4¢. By Corollary 4.2} their success
probability is at least

Psuce = 1- 2(1 - P;ucc)/

where

! k Uuj 0j 2 . 2 2
Psucc = Z | H/ | || mln(HuiH ’ HUIH ) (1)
i

=\ wll” [l

It therefore suffices to show that p,.. > 1 — 2¢. Using the extra constraints in SDP 2 and the
Cauchy-Schwartz inequality,

k ) k 2
pgucc =k <ui/ vi> > < <Mi, ’01‘>> >1—28&.
i=1 =1

1

1

Remark 4.4. Notice that among the five constraints in SDP 2 we only used the third constraint in
SDP [1l on the orthogonality of the vectors, and the additional constraint of SDP 2. Moreover the
vector z is unnecessary.

Theorem 4.5 (Unique games). Let G be a unique game. Suppose that wegp1(G) = 1 —e. Then w*(G) >
1 — 6e.

Proof: As in the proof of Theorem[4.3] we have vectors u;, v;, this time coming from SDP [T satis-
fying Y (u;,v;) > 1 — & Our goal now is to show that p.,.. > 1 — 38 where p.,. is defined as in

Eq. ().
Let F := Y, ||u;]|/]|v;||. We first notice that

Fe (;Huiuz)l/z(; HviHZ)m 1
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Define

Then, by convexity,

‘ ‘ . S\ 2
péLCC:FZH%!Q\vl\% Ui ) U; >

Juill” |l

2
luillllo;|l / ui U;
ZF<¥3 F <wmwwm>>
2
)

— 28.

=)=

>
Moreover, using the fact that for any nonnegative a,b € R, v/ab — min(a, b) < |a —b|/2,

1 u
noo_ g < 2 i 2 112
P~ e < 3T (i 2 sl ~

< —ZIHWHZ— [o:]1?]
= _Z| uu Ul/ >|

= 3L () - Lo

i|j#i
1
E (ZZ{ul,v] +ZZ (vi, uj > <&
i jF#i i j#i

Remark 4.6. The above analysis is ‘locally tight” in the following sense. For any small € > 0 and
large enough k, there exist two sequences of orthogonal vectors uy, ..., up and vy, ..., vk satistying
(i) Yju; = Y;v; has norm 1, (ii) for all 7,j, (u;,vj) > 0, (iii) Y5 (uj,v) = 1—§ and (iv) the
probability that the quantum rounding procedure produces a pair (i, j) with i = jis roughly 1 — 6¢.
Leta = /(1 —2&)/kand b = 2&/k, and let ey, ..., e, f1,--., fr/2 be orthonormal unit vectors.
Our vectors are given by u; = ae; + bf;, v; = ae; fori =1,..., %, and u; = ae;, v; = ae; + bfz‘—§ for

_k
— ki1, Lk

Our final theorem deals with d-to-d games, and uses the following combinatorial claim.

Claim 4.7. Let (V, E) be a directed acyclic graph with non-negative weights associated to its vertices, and
let V! C V denote the set of vertices with outdegree zero. Assume, moreover, that all indegrees are at most
D, and that the weight of each vertex in V '\ V' is smaller by a factor of at least 2D than the sum of weights
of its out-neighbors. Then the total weight in V' is at least half the total weight in V.
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Proof: Assume without loss of generality that V = {1,...,n}, that all edges are facing forward
(i.e., are of the form (i,j) with j > i), and that V' = {n —m +1,...,n} form = |V’'| > 1. Consider
the following process. Initially, fori = 1,...,n, set a; to be the weight of vertex i and b; to be zero.
Then, fori =1,...,n — m do the following: for each edge (i, j) leaving i, add a]-/D to b]-, and then
seta; = b; = 0.

Notice the following two properties. First, since the in-degrees are at most D, we always have
bi < a; for all i. Second, Y[ (a; + b;) never decreases during this process. The reason is that
although we decrease the sum by a; 4 b; when we set a; = b; = 0, we also increase it by the sum
of weights of i’s out-neighbors divided by D, which is by assumption at least 2a; > a; + b;. Now
consider the situation at the end of the process. One one hand,

n n

3 (a; +b;) = Z (a; +b;) <2 Z a;,
=1

i=n—m+1 i=n—m+1

1

which is exactly twice the weight of vertices in V’. On the other hand, this same quantity is at least
the weight of vertices in V, and hence the claim follows. u

Theorem 4.8 (d-to-d games). Let G be a d-to-d game for some d > 2, and assume that wegp1(G) = 1.

Then w*(G) > m.

Proof: Fix a solution {u$}, {v}}, z to SDP 1 with value 1 and consider the strategy of Alice and

Bob given by Algorithm [l Our goal is to show that this strategy has success probability at least
1

BT Clearly, it suffices to show this for any fixed questions s,t. So from now on fix a pair of

questions s, ¢, and let a;; = <uf, v]t> LetV C {1,... ,k}2 be the set of allowed answers from the
provers, and notice that }; ;o a;; = 1 and ay; is zero for all (i, j) ¢ V. By Corollary 4.2} the success
probability is at least py /2 where

az-]-

v = ai: .
P L ai max(Y_y apj, L aijr)

ijeVvV

Let V' C V be the set of all pairs (i,j) € V for which max(Yy ayj, ¥y a;p) < 5(d — 1)a;j. Clearly,
pv > ﬁ Y. jev aij, and hence it suffices to lower bound }; ;cy» ai; by %

Consider the directed graph on vertex set V defined as follows. We assign the weight 4;; to
each vertex (i,j) € V so that the total weight of vertices is 1. Let (i, ) be some vertex V \ V'. If
Y. ap; > 5(d —1)a;;, then we put an edge from (i, j) to (7, j) for all i’ such that a;; > a;;. Otherwise,
it must be the case that )y a;7 > 5(d — 1)a;j, and we proceed similarly, placing an edge from (i, j)
to (i,j') for all /' such that a;; > a;;.

The graph obtained is clearly acyclic. Moreover, the sum of weights of the out-neighbors of
each vertex (i,j) € V \ V' is at least 5(d — 1)a;; — (d — 1)a;; = 4(d — 1)a;;, the worst case being
when d — 1 elements in the sum } ;s a;7 (or ¥y ay;) are equal to a;;. Also, the vertices in V' are
exactly those with outdegree zero, and all indegrees are at most 2(d — 1). We can therefore apply
Claim EZlwith D = 2(d — 1) to obtain that the weight of vertices in V' is at least 3. This implies
that py > m, as required. [ ]
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5 Parallel Repetition

In this section we prove our parallel repetition theorem for unique entangled games (Theorem[5.2]
and Theorem [5.3]in the special case of uniform unique games). Given two games G; = G(7y, V1)
with questions Q; and answers in [k;| and G, = G(71p, V,) with questions Q, and answers in [kz],
we define the product G; x G; to be a game with questions Q1 x Q, and answers in [k1] X [kz]. The
questions are sampled according to the product distribution 711 x 715. The predicate is the product
of V1 and V», i.e., the answers are accepted if the provers would win each game separately. We
denote the m-fold product of G with itself by G™. We are interested in the scaling of the entangled
value of G™. Clearly, this value is lower bounded by w*(G)", which the provers can achieve by
playing each instance of the game independently, using an optimal strategy. Parallel repetition
theorems give good upper bounds on the value of G™.

In the case of non-entangled games, parallel repetition has been studied extensively. The best
general result is Holenstein’s tightened version [Hol07] of Raz’ parallel repetition theorem [Raz98]|.

Theorem 5.1. [Raz98| [Hol07|] Let G be any two-prover one-round game with answers in [k]. If w(G) <
1—¢then w(G™) < (1— Q(SS))m/long

The only known parallel repetition theorem for entangled games is due to Cleve et al. [CSUU07],
who prove that the entangled value of an XOR-game behaves perfectly under parallel repetition,
meaning that w*(G™) = w*(G)™. In comparison, the best known classical result for XOR-games
gives a scaling w(G™) < (1 —Q(e?))"if w(G) <1—e.

5.1 Our parallel repetition results
We show the following parallel repetition theorems for unique entangled games.

Theorem 5.2 (Parallel repetition for unique games). Let G be a unique game with entangled value
w*(G) =1—¢ Then (1 —¢&)" < w*(G™) < (1— &)™

Note that our results give a quantitative behavior of (1 — Q(¢2))"™, in particular there is no de-
pendence on the number of questions. For uniform unique entangled games we obtain essentially
tight parallel repetition:

Theorem 5.3 (Parallel repetition for uniform unique games). Let G be a uniform unique game with
entangled value w*(G) = 1 — e and such that G™ is still uniform. Then (1 —¢&)" < w*(G™) < (1—- )™

In the uniform case, let us discuss which types of games have the property that both G and G™
are uniform unique. One such example are linear games. Linear games are a natural generalization
of XOR-games and have been extensively studied in the literature (see, e.g., [Has01, KKMOOQ7]).

Definition 5.4. Assume we identify [k] with some Abelian group H of size k. A game is termed
linear if there is a function W : Q x Q — H such that V(a,b|s,t) = lifand only if a — b = W(s, t)
in H.

4Feige and Verbitzky have demonstrated [FV02] that the logarithmic dependence on k is essentially necessary.
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Clearly, any linear game is in particular a unique game. To see that linear games are uniform,
notice that Alice and Bob, by using their shared randomness (or entanglement), can choose an
element ¢ uniformly from H and add it to their responses. This does not change their probability
of winning the game, but causes each party’s output to be uniformly distributed in H. Moreover,
it is easy to see that the m-th power of a linear game is also linear (where the group in G™ is H™).
Therefore we obtain the following corollary of Theorem 5.3

Corollary 5.5. Let G be a linear game with w*(G) =1 —e&. Then (1 —¢)" < w*(G™) < (1 —£)™

5.2 Multiplicative bipartite SDP relaxations

To find a good upper bound for w*(G™) in the case of entangled unique games, we study an SDP
relaxation of G and show that its value has a certain multiplicative property, as explained below.
Here we will only consider SDPs where the constraints are all equality constraints, sometimes
called affine SDPs. An affine SDP is given by real n-by-n matrices | and Alfor1 <1< Land a real
L-dimensional vector b = (b',...,b"), and can be written as

Maximize: }./';_; J;j (wj, wj)
Subject to: ), Aﬁj<wi, w;) = b forl=1,...,L.

We call an affine SDP S bipartite if there is a partition of the vectors into two sets, vectors {u;}"_;
and {v]-}}:lﬁ, such that (1) the goal function of S involves only inner products among vectors from
different sets (i.e., of the form (u;,v;)) and (2) the constraints of S involve only inner products
among vectors of the same set (i.e., of the form (uj, ;) or (v;,vj)). In other words, when we
order the vectors as {u1, ..., U5 01, ...,0s—5i }, property (1) means that J is anti-block-diagonal and
property (2) means that all A’ are block-diagonal, i.e.,

(0 ] (Ao
(2) (1)

We now define the bipartite product S; ®;, Sz of two bipartite affine SDPs S; and S, as follows.
If Sy is specified by Ji, All, Bi and by, and S, is specified by J», Alz, Bé and b, then S1 ®, S, is an
affine bipartite SDP specified by

_ 0 1@ wy _ [ Ao Al 0 _

]_<]”1T®]”2T 0 ) A”‘( 0 B§®B§’> b=bb.
Note that the bipartite product is not the tensor product, which can be defined for any affine SDPs.
The tensor product of two affine SDPs (]j, All, by) and (]2, Alz, by) is given by (J1 ® Jo, Al1 QAL b ®
by) and does not reflect the bipartite structure of the constituent SDPs. In fact, the bipartite product
is given by a submatrix of the tensor product and optimizes over a subset of the vectors.

From the construction of the bipartite product it is obvious that, given a solution ({u}}, {0]1 13
for S1 of optimal value wg, and a solution ({13}, {0]2,}) for S, of optimal value ws,, we can con-
struct a feasible solution ({u} @ u3}, {0]1 ® 0]2,}) for S1 ®;, Sy of value ws, ws,, i.e., ws,ws, < Ws,,5,,
where wg, x,s, is the optimal value of S ®;, S,. However, in general it could be possible that
51 ®p Sz has solutions that do not have a tensor product structure and give a higher value. We say
that two bipartite SDPs have the multiplicative property if equality holds, i.e., ws, ws, = ws,,s,-

17



Some of the earliest examples of SDPs whose bipartite products have the multiplicative prop-
erty appear in [FL92]. More recently, Mittal and Szegedy [MS07] studied tensor products of SDPs
and presented some general conditions under which SDPs have the multiplicative property under
the tensor product. In particular they showed that bipartite affine SDPs always have the multi-
plicative property under tensor products (if they are strictly feasible). We adapt their proof to
show that all bipartite SDPs have the multiplicative property under the bipartite product.

Theorem 5.6. Any two strictly feasible bipartite affine SDPs Sy and Sy have the multiplicative property
under the bipartite product, i.e., ws, ws, = Ws, x,s,-

To prove this result for the tensor product, [MS07] study the dual SDP and show that the tensor
product of the dual solutions is a feasible solution to the dual of the tensor product of the SDPs.
The result for the tensor product follows because the value of a feasible dual solution is an upper
bound on the value of the primal SDP. We add a small observation to their proof that implies the
result also for the bipartite product. For self-containment, we give the full proof in Appendix[Al

Note that our SDP relaxations of entangled games in Section [3 are not bipartite. To apply
Theorem 5.6l we need to modify SDP[Iland SDP 2 to bipartite SDP relaxations for entangled games.

SDP 1’/
Maximize: Yoapst 7T(s, 1)V (a, b | s, t){us, o)
Subject to: Vs, t, Va # b, (u5,u5) = 0and (vf,v)) =0
Vs, Y, (uf,u;) = Tand Vt, T, (v}, v)) = 1

Following Remark it is easy to see that SDP [1']is a relaxation of SDP[Il For an entangled
two-prover one-round game G we will sometimes write SDALl(G) to indicate this particular bi-
partite SDP associated with G and denote its value by wyp(G). In the case of uniform unique
games we will replace the second constraint by the additional uniformity constraint of SDP 2, i.e.,
we will work with the following relaxation:

SDP 2/
Maximize: Yopst 7T(s, 1)V (a,b s, t)(us, 0t)
Subject to: Vs, ta,b, (uS,u5) = %(erb and (v}, v}) = %(erb

SDP 2/]is a relaxation of SDP 2 and for uniform games G its value wsq7)(G) gives an upper
bound on the value of G. Again we sometimes write SDP2'(G) to denote this bipartite SDP asso-
ciated with a game G.

Note that both SDP [1] and SDP2] are strictly feasible, and hence the condition of Theorem
applies. For instance, chose the vectors u$ and v} such that {v/ku$}s, U {Vkovl};; form an
orthonormal basis of 2|Q|k dimensional space. Then the matrix of inner products that they form
is proportional to the identity matrix, and hence strictly positive.

When we consider the m-th power of a game, we can construct the corresponding bipartite
SDP relaxations for G™. A crucial ingredient needed to prove our parallel repetition results is
to relate the bipartite m-th power of SDP1I(G), [SDP1’(G)]®#™, to the bipartite SDP relaxation
of G™, SDAI'(G™). We show below that [SDPAL(G)]®#" is a relaxation of SDP1’(G™), which is
good enough for our purposes. Because we had to relax SDP [I] to obtain the bipartite SDP

18



we lose in the approximation ratio. For uniform games we are able to obtain essentially tight
parallel repetition results when using the bipartite relaxation SDP R} however, this works only in
the case that the m-th power of a uniform game is still uniform, because otherwise SDPR’( G™) is
not necessarily a relaxation of G™.

Lemma 5.7. Let Gy and Gy be (not necessarily unique) one-round two-prover games. Then the bipartite
product SDAI|(G1)®,SDHINGy) is a relaxation of SDAI'(Gy x Ga). Moreover, for SDP 2] we have
SDP2(G;)®,SDP2Y(G,) =SDH2(G; x Gy).

Proof: It is obvious that the target functions in SDP1’(G;)®,SDP1(G,) and SDPI[(G; x G,) are
the same, because in both cases they are obtained by taking the product of the distributions and the
predicates, and similarly for SDF2l For the constraints, observe that both SDF1’( G; ) ®,SDP1l(G,)

!/

and SDHI(G; x G,) have constraints of the form Y, (%, uflf;/> = 1. The only other type of
constraint appearing in SDPFI((G; x Gy) is of the form (u%,,us3,) = 0 for aa’ # bb', whereas in
SDPF1Y(G;)®,SDP1l(G,) two other types of constraints arise, <uss/ uz%/,> =0fora #bandb # V'

aa'’
and ), <qu1//, uffh/,> = 0 for a’ # b'. These latter two constraints are both implied by the stronger
constraint of SDA1[(G; x Gy). The same arguments hold for the constraints involving the v vectors.
In the case of SDP 2] the situation is even simpler. SD2(G; x G,) gives constraints of
the form <uf1le,, ufj}’,> = 640 pi /kk', whereas SDP2/|(G;) ®,SDI2|(G,) gives constraints of the form

!
ss
<uaa”

ufj}» = 04,504 1/ kk', and clearly these are the same. [

With these preliminary notions we can show our parallel repetition results. We begin with the
easier and tighter case of uniform unique games which also have the property that G is uniform
(Theorem B5.3). In this case our parallel repetition theorem is essentially perfect: the entangled
value of the m-th power of a game scales like the m-power of the entangled value of the original
game, up to a constant factor.

Proof of Theorem[5.3; The lower bound is obvious. For the upper bound, note that clearly a
solution of SDP [1'] gives sets of orthogonal vectors which can be used for Measurement[1] in Al-
gorithm [II From Remark 4.4l we observe that the only constraints of SDP 2 needed there were
exactly those that now appear in SDP 2]} i.e., the proof of Theorem 4.3]holds word by word if we
replace SDP 2 by SDP 2/l Hence it follows that for a unique uniform game G, if w*(G) = 1 —¢,
then wy7(G) < 1 — 7. Lemmab.Zlimplies that wy4(G™) = wigpiyc) = and the multiplica-
tive property of bipartite SDPs (Theorem 5.6) implies wgpy g)jopm = wsagzl(G)™. Putting all this
together, we get w*(G") < weZ(G™) = weqgg(G)™ < (1— 7)™ |

We now show our parallel repetition theorem for unique games that are not necessarily uni-
form (Theorem[5.2).

Proof of Theorem We begin as in the proof of Theorem[5.3] and replace SDP[I|by the bipartite
affine SDP[1/l However, it is not true that Theorem .5 holds without change for SDP [l because
we used the constraints of SDP [Ilin its proof. Instead, we will prove a weaker version of Theorem
4.5 which still holds for SDP

Lemma 5.8. Let G be a unique game. Suppose that weap1/(G) = 1 — &. Then w*(G) > 1 — 4e — 21/2¢.
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Before proving this lemma, let us show how it implies Theorem The lower bound follows
again from the observation w*(G)™ < w*(G™). For the upper bound, Lemma 5.8 shows that if
Wead(G) =1 — € then w*(G) > 1 —4¢’ — 21/2¢/ > 1 —8v/¢/, so conversely if w*(G) = 1 — ¢ then
wWeggm(G) < 1— é. Lemma 5.7lnow implies that wey(G™) < wigprpy )= and the multiplica-
tive property of bipartite SDPs (Theorem B.6) implies wspygy e = [wspryc)]™- Together this
implies that w*(G") < weyg(G™) < wegg(G)™ < (1 — g—i)’”. ]

Proof of Lemma[5.8 Fix a solution {u5}, {v}} to SDP[l/lwith value 1 — & and consider the strategy
of Alice and Bob given by Algorithm [Il Our goal now is to show that this strategy has success
probability at least 1 — 4¢ — 2v/2¢. Replacingeby 1 — Y. , ., 72(s, £)V (a, bs, t)(u$, 0! ) and using that
the square root of the expectation is an upper bound for the expectation of the square root, it is easy
to see that it suffices to show that for any questions s, t, the success probability of Alice and Bob on
these questions is at least 1 — 4(1 — ¥, V(a,b|s, t)(u5,v})) — 2\/5\/1 — Y V(a,b|s, t){us, o).
With the notation of the proof of Theorem assuming Y_; (u;,v;) > 1 — & we have to show
Pluce > 1—28 — /28 A Asin the proof of Theorem[.5lwe can define pJ,.. and obtain pJ,.. > 1— 2&.
We used the non-bipartite constraints of SDP [I]in the proof of Theorem .5/ only when bounding
Poice — Phuce- We now give a weaker bound for this quantity, which only uses the constraints of

SDP

1
p:,s/ucc - p:,succ < EZ|H”ZH2 - HviH2|
i
1
= §Z|HWH — lloilll - [will + [|oi[]
i
1
< 3l T [l + T2
i i

:%wz_zguuiuuviuxuz;Huiww)

- \/1 (T ol < \/1 (T w0) < VE

1
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A Proof of the multiplicative property for bipartite SDPs

Here we give the proof of Mittal and Szegedy [MS07] that strictly feasible bipartite affine SDPs
have the multiplicative property under the tensor product and extend it to the bipartite product
(Theorem[5.6). The tensor product of two SDPs is defined as follows. Assume we have two affine
SDPs S; given by ], All, for1 <[ < Ly, and by and S, given by |5, Alz/, for1 <1’ < Ly, and b,.
Then S; ® Sy is givenby | = 1 ® |, AW = Al1 & Alz/ and b = b; ® by. In particular, if S; and S,
are bipartite, then

0 0 0 1@ Al @ Ab 0 0 0

- 0 0 hell o A1) _ 0 Al @ BS 0 0
0 JToh 0 0 0 0 B ® B! 0
JTeJt 0 0 0 0 0 0 Bl ® B}

Remark A.1. Note that these matrices have two invariant blocks, one of them formed by rows and
columns 1 and 4, and that the bipartite product 51 ®; S, corresponds exactly to this block.

We first show the multiplicative property for bipartite affine SDPs for the tensor product.

Theorem A.2 (Theorem 2 of [MS07]). Any two strictly feasible bipartite affine SDPs Sy and S, have the
multiplicative property under the tensor product, i.e., ws, ws, = Ws, s,

Proof: Assume we have an optimal solution of value ws, to the affine SDP S; and an optimal
solution of value ws, to the affine SDP SZE We want to show that the tensor product of these two
solutions, i.e., the set of vectors formed by all pairwise tensor products of those solution-vectors,
is an optimal solution to S; ® S,. Clearly, this tensor product is a feasible solution to S; ® S, of
value ws, ws,, i.e., wg,ws, < ws,gs,, so for the multiplicative property we only need to show that
for bipartite SDPs ws, s, < wg,ws,. For this, we will make use of the dual SDP. The dual of an
affine SDP S that is specified by ], Al for1 <1< L,and b, is denoted by Sdual 4nd is given by

®In this paper we always assume that the solution set of the SDPs is non-empty, as otherwise the multiplicative
property does not make sense.
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Minimize: Y-, y; b,
Subject to: Y-, y; Al — ] = 0.

Call y* = (y},...,y}) the optimal solution of S§"?, and 1> = (y2,...,?% ) the optimal solution
of S§ual. From standard SDP duality (see e.g. [VB96]) we know that if the primal SDP is strictly
feasible (as is the case for S; and S, by assumption), then the value of the dual SDP is equal to the
value of the primal SDP. Moreover, any feasible dual solution is an upper bound on the value of
the primal SDP. Hence, all we need to show is that y' ® y? is a feasible solution of (S; ® Sp)dual.
If this were the case, then its value, which can easily be seen to be equal to ws,ws,, is an upper
bound on ws,»s, and we are done.
To show that y! ® y? is a feasible solution of (S; ® S,)9", we need to show

YupAle Al —Je] = 0. @)
L

Observe that the left-hand side of (2) can be written as

((;y%A’l —e (ZZy%AQ + )+ (;y}Aé +h)® (;y%AQ — 1)),

NI —

and notice that Y, y! A} — J; = 0 and Y47 A} — ], = 0 from the fact that y* and y? are solutions
of S‘ilual and Sgual. So it suffices to show Y yllAll +J1 = 0and Y, yZZ,Alz/ + Jo = 0. But this follows
from the observation that Y ;1,A' — ] and ¥,y A + ] are unitarily equivalent for bipartite affine
SDPs, i.e.,

I 0 LAl -] Lo \_ (oA ]
0 —I T Lyb 0 I Jr YiayB )’

so0 if one of them is > 0, so is the other. ]

To show the multiplicative property for the bipartite product of the two bipartite SDPs S; and S»,

we need to show that y! ® y? is a feasible solution of (S ®, Sp)9, i.e.,
Y vivi Al @ Al o y_( _0_ h®h . 0
0 Y yiyiB1 © By ielh 0 )~

Following Remark[A.T] the matrix on the left-hand side is an independent sub-block of the matrix
on the left-hand side of (2). Since the whole matrix is > 0, this invariant block must be = 0, which
gives the multiplicative property also for the bipartite product.
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