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Abstract

Nonlocal games are a foundational tool for understanding entanglement and constructing
quantum protocols in settings with multiple spatially separated quantum devices. In this work,
we continue the study initiated by Kalai et al. (STOC ’23) of compiled nonlocal games, played
between a classical verifier and a single cryptographically limited quantum device. Our main
result is that the compiler proposed by Kalai et al. is sound for any two-player XOR, game. A
celebrated theorem of Tsirelson shows that for XOR games, the quantum value is exactly given
by a semidefinite program, and we obtain our result by showing that the SDP upper bound
holds for the compiled game up to a negligible error arising from the compilation. This answers
a question raised by Natarajan and Zhang (FOCS ’23), who showed soundness for the specific
case of the CHSH game. Using our techniques, we obtain several additional results, including (1)
tight bounds on the compiled value of parallel-repeated XOR games, (2) operator self-testing
statements for any compiled XOR game, and (3) a “nice” sum-of-squares certificate for any
XOR game, from which operator rigidity is manifest.

1 Introduction

In a nonlocal game, a polynomially-bounded classical verifier interacts with multiple non-commu-
nicating provers. A set of predetermined rules governs whether the provers win or lose the game.
The classical value of a nonlocal game is the highest winning probability that any classical (or
unentangled) provers can achieve, whereas the quantum wvalue is the highest winning probability
that any quantum (potentially entangled) provers can achieve. Although the study of nonlocal
games originated with Bell’s theorem [Bel64], they have become central in the study of quantum
complexity theory, through their connection with multiprover interactive proofs [CHTWO04]. This
connection has led to many protocols for efficiently certifying classical and quantum computations
in the two-prover setting [RUVT3| [CGIV20, [Gril7, INVT21].
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It is interesting to ask whether results in the nonlocal game model can be translated to a
model where a verifier interacts with a single prover. The single-prover setting is both theoretically
appealing and practically motivated, since a non-communication assumption between provers can be
challenging to enforce. Recently, Kalai et al. [KLVY23] proposed a generic procedure that compiles
any k-player one-round nonlocal game into a single-prover protocol, assuming the existence of
quantum homomorphic encryption [Mah20, Bral8]. In the same work, the authors showed that
the compilation process preserves the classical value of the game. Shortly after, Natarajan and
Zhang [NZ23| proved that the same compiler preserves the quantum value of the 2-player CHSH
game [CHSHG9]. This was sufficient for them to achieve efficient delegation of BQP computations,
but their work left open the question of whether the Kalai et al. compiler preserved the quantum
value for a more general class of games.

A natural generalization of the CHSH game is the class of two-player XOR games [CHTWO04],
where the winning predicate depends on the XOR of the players’ single-bit answers. These games
have a foundational place in the theory of nonlocal games thanks to a theorem of Tsirelson [Tsi80),
Tsi87], which exactly characterizes their optimal quantum strategies in terms of a semidefinite pro-
gram. This makes XOR games one of the few classes of nonlocal games where the optimal quantum
strategies are well understood, and finding the quantum value is computationally tractable. As such,
they are a convenient stepping stone towards our understanding of more general games.

1.1 Results

Our main result is that the quantum value of any two-player XOR game is preserved by the
compilation procedure of [KLVY23], resolving a question posed in [NZ23]. We give an informal
statement of our result; a more detailed statement can be found in

Theorem 1.1. Let G be any XOR game and Geomp the corresponding compiled game. Then any
prover running in time polynomial in the security parameter X wins Geomp with probability at most

wy(G) +negl(A), where wy(G) is the quantum value of the original nonlocal game G.

The negligible factors in come from the fact that the compiled game assumes
the existence of quantum homomorphic encryption, whose security is only computational. It is
well-known that quantum homomorphic encryption can be constructed from the hardness of the
standard learning with errors (LWE) problem [Mahl8, Bral8|, and thus our theorem holds up
to the same assumption. A useful consequence of this result is that we can apply the extensive
literature on XOR games to give new examples of well-behaved compiled games. For instance, we
obtain the following new results as almost immediate corollaries of the proof of our main theorem.

e Self-testing for all XOR games: Using a result from Slofstra [Slol1], we show that every
compiled XOR game self-tests some properties of the provers’ measurement operators: in
particular, for each XOR game, there is a set of relations between the Alice and Bob oper-
ators that are approximately satisfied for any near-optimal strategy for the compiled game
. As a special case, we recover the self-test for anticommutation in [NZ23].

e Parallel repetition: Building on [CSUUO(S|, we show that the quantum value of compiled
parallel repeated XOR games satisfies perfect exponential decay in the number of parallel

repetitions (Theorem 3.11)). This is the first parallel repetition theorem for compiled games.

In addition, we obtain a self-testing result for the compiled Magic Square game, which is not an
XOR game but has self-testing properties that are similarly convenient for applications.



e Self-testing for the Magic Square game: We show that the compilation of the Magic
Square game of Mermin and Peres [Mer90l [Per90l [Ara02] is a self-test for a pair of an-
ticommuting operators . This mirrors the statement in the two-prover set-
tings [WBMS16].

1.2 Technical Outline

Non-local games and the [KLVY23| compiler. We recall the basic setup of a nonlocal game.
Before the interaction, Alice and Bob prepare a shared and possibly entangled state |¢). Once this
is done, they are separated and cannot communicate. The verifier samples a pair of challenges (z, y)
from a known distribution, and sends x to Alice and y to Bob. The players measure their respective
quantum observables A, and B, on their respective shares of the state |¢), and return outcomes a, b
to the verifier. The verifier decides whether the players win or lose by evaluating a deterministic
predicate V(z,y,a,b) € {0,1}.

The KLVY compiler converts any nonlocal game into an interaction between the verifier and a
single computationally-bounded prover, the latter of which is asked to sequentially play the roles
of Alice and then Bob. The setup of the compiled game is as follows:

1. The prover prepares an initial state |¢)). There is no assumption that this state lives in a bi-
partite Hilbert space. Then the verifier generates a key pair for a quantum fully homomorphic
encryption scheme, and sends the public key to the prover.

2. The verifier samples a pair of challenges (x,y) from a known distribution. It sends the
encryption ¢ = Enc(z) of the first challenge to the prover. The prover, first acting as Alice,
measures the state and returns the outcome «. In the honest case, this measurement is the
homomorphic execution of the observable A,.

3. The verifier sends y to the prover in the clear. The prover, now acting as Bob, measures an
observable By on its residual state and returns the outcome 0. There is no assumption that
this observable commutes with the earlier measurement.

4. The verifier decides if the prover wins based on the predicate V (z,y, Dec(a), b).

It is easy to show that the compiled value is always at least the nonlocal value, as any nonlocal
strategy can be implemented under the homomorphic encryption. It is far less obvious how to
establish upper bounds on the compiled value. This is because all known general techniques for
upper-bounding the value of a nonlocal game make essential use of the spatial separation between
the two provers. Nevertheless, we are able to show that the two specific techniques used by [NZ23]
to analyze the compiled CHSH game both generalize to all compiled XOR games. We believe the
two approaches are complementary and improve our understanding of compiled nonlocal games
from dual perspectives.

The macroscopic locality approach. Our first approach generalizes the “macroscopic locality”
proof of soundness of [NZ23| for the CHSH game, which is based on arguments contained in [Roh14].
One can use the IND-CPA security of the homomorphic encryption to upper-bound the maximum
possible probability with which any efficiently measurable Bob operator can guess the value of
Alice’s question z. Intuitively, this allows us to establish that Bob’s strategy cannot depend, in
any detectable way, on Alice’s question. Applying Jensen’s inequality to Bob’s operator, we can



then bound, up to a negligible function, the bias of every quantum strategy for the compiled XOR
game, by the bias of some wvector strategy for the nonlocal XOR game. These vector strategies
can be thought of as a vector solution to the semidefinite program which computes the bias of the
XOR game. By Tsirelson’s theorem, every such vector strategy gives rise to a quantum strategy for
the nonlocal XOR game, yielding the desired bound on the winning probability for the compiled
game in terms of the optimal nonlocal value of the original XOR game. As a corollary, we obtain
a one-sided rigidity or “self-testing” statement for any compiled XOR game: for any near-optimal
strategy, it must hold that Ag[¢)) ~ >° cayByAg|¢h) for explicit coefficients cgy.

The sum of squares approach. Another (more abstract but much more general) approach to
upper-bounding the quantum value of a nonlocal game is to associate with a game a formal poly-
nomial p, whose variables are identified with the observables A, and By, such that (¢|p(A,, By)|v¥)
is precisely the winning probability of the strategy. (For example, in the case of CHSH, the poly-
nomial is p(Az, By) = % + %(AOBO + AygB; + A1Byg — A1By), and it can be easily checked that
(¢|p(Ag, By)|t) captures the winning probability of the strategy ({Az},{By},|¢)) in CHSH.) To
prove that the (nonlocal) quantum value of a game is at most w, it then suffices to give a sum-
of-squares (SOS) certificate that w — p(Az, By) is a positive operator whenever p is evaluated on
a setting of the variables that corresponds to valid observables. Such a certificate consists of a
decomposition of w — p(A,, By) as a positive operator

w — p(Aza By) = Z%‘(Aza By)*Qi(Am By) + Q(A:z:a By)a

where the ¢;’s and g are polynomials, and ¢ is a polynomial that evaluates to zero whenever the
variables are valid observables. In particular, g lies in the ideal generated by a certain collection of
polynomial constraints on A, and By, including the commutator constraint [A,, B,] = 0 for all z, y,
which formally represents the spatial separation of the players.

The reason why such an SOS certificate suffices to upper bound the game value in the nonlocal
case is that 1) taking the expectation (|w — p(As, By)[t)) maps positive operators to positive
numbers, and 2) (¢|p(Az, By)|¢) is equal to the winning probability of strategy ({4, By}, |¥)).
Property 1 gives that evaluating the expectation on w — p(A,, By) yields a positive number, and
property 2 says that this positive number is equal to w — pyin, Wwhere pyin, is the winning probability
of the strategy ({Az, By}, |¢)). In the nonlocal case, therefore, taking the expectation plays the
role of what is often known as a “pseudo-expectation” in the SOS literature.

In general, an SOS certificate of the aforementioned form does not automatically yield an
upper bound on the compiled value. The reason is that there is no longer an obvious choice of
pseudo-expectation operator which will satisfy the requisite properties. In particular, the game
value can no longer be described by a sum of quantities that look like (|A;By|¢), and also we
no longer have the guarantee [A,, By] = 0 which spatial separation afforded to us before, meaning
that the g polynomial may not evaluate to the zero operator on all “valid” strategies for the
compiled game. In [NZ23|, a choice of pseudo-expectation operator was carefully defined so that
the pseudo-expectation of g(A,, By) was zero by fiat, and (weaker versions of) properties 1 and 2
could be argued by reduction to cryptographic security properties. However, the fact that the
measurement operators used by Alice in the compiled game return encrypted outcomes was an
obstacle to carrying out these cryptographic reductions because cryptographic security only holds
with respect to efficient distinguishers. In [NZ23], this obstacle was sidestepped for the specific case



of the CHSH game, because the SOS certificate for this game has a particularly simple dependence
on the A, operators. Here we show, building on a work of Slofstra [Slo11], that any XOR game has
a “nice” SOS certificate (in which each ¢; has degree 1 and depends on at most one A, variable)
and that SOS certificates of such a nice form yield bounds on the compiled value as well as on the
nonlocal value.

1.3 Further directions

The most immediate question raised by our work is to determine how far our techniques can extend
beyond XOR games: for instance, can we find “nice” SOS decompositions, of higher degree, for all
games? Another more conceptual question is to determine the “correct” notion of rigidity in the
compiled setting: unlike in the nonlocal case, our results are not symmetric between between Alice
and Bob.

1.4 Related work

During the completion of this work, we became aware that the self-testing result for the Magic
Square game was independently obtained separately in unpublished works by Thomas Vidick, and
by Fermi Ma and Alex Lombardi, using similar techniques to ours.

2 Preliminaries

2.1 Cryptography
We adopt many definitions from [NZ23].

Definition 2.1. A QPT (quantum polynomial time) algorithm is a logspace-uniform family of
quantum circuits with size polynomial in the number of input qubits and in the security parameter.
If the circuits are unitary then we call this a (unitary) QPT circuit. A POVM {Mpg} is called QPT-
measurable is there is a QPT circuit such that measuring some output qubits and post-processing
gives rise to the same probabilities as the POVM. A binary observable B is called QP T-measurable
if this is the case for the corresponding projective POVM. This is equivalent (by uncomputation)
to demanding that B interpreted as a unitary can be realized by a QPT circuit.

Here we follow [NZ23] in considering security against uniform adversaries, and indeed all of
our reductions are uniform. We remark that we can also define security against non-uniform
adversaries to obtain a stronger conclusion at the cost of relying on a stronger cryptographic
assumption (specifically, QHE secure against non-uniform adversaries, which is quite standard in
cryptography). We now recall the notion of quantum homomorphic encryption (QHE).

Definition 2.2. A quantum homomorphic encryption scheme QHE = (Gen, Enc, Eval, Dec) for a
class of circuits C is defined as a tuple of algorithms with the following syntax.

e Gen is a PPT algorithm that takes as input the security parameter 1* and returns a secret
key sk.

e Enc is a PPT algorithm that takes as input a secret key sk and a classical input z, and
outputs a classical ciphertext c.



e Eval is a QPT algorithm that takes as input a tuple a classical description of a quantum
circuit C : Hx (C?)®" — (C%)®™, a quantum register with Hilbert space H, and a ciphertext c,
and outputs a ciphertext ¢. If C' has classical output, we require that Eval also has classical
output.

e Dec is a QPT algorithm that takes as input a secret key sk and ciphertext ¢, and outputs a
state [¢). Additionally, if ¢ is a classical ciphertext, the decryption algorithm deterministically
outputs a classical string y.

We require that the scheme satisfies the following properties.

e Correctness with Auziliary Input: For any A € N, any quantum circuit C' : H4 x (C?)®" —
{0,1}* with classical output, any state [1)) 4p € Ha ® Hp, and any message x € {0,1}", the
following experiments output states with negligible trace distance:

— Game 1: Start with (x, 1)) 4g). Apply the circuit C, obtaining the the classical string y.
Return y and register B.

— Game 2: Start with a key sk « Gen(1*), ¢ € Enc(sk, ), and [1)) 45. Apply Eval with
input C, register A, and ciphertext ¢ to obtain é¢. Compute § < Dec(sk, ¢). Return g
and register B.

e CPA Security: For all pairs of messages (x, 1) and any QPT adversary A it holds that

sk < Gen(1?*)
co < Enc(sk, zg

sk + Gen(1?*)

_ Enc(sk,-)
‘Pr [1 Aleo) c1 < Enc(sk, z;

) } —Pr [1 = A(cy)Prelsk) ) ] ‘ < negl(}),

Remark 2.3. In a slight abuse of notation, we often write expressions such as Ec« gne(z) f(Dec(a))
as an abbreviation for an expectation value of the form Eq. Gen(11),ccEnc(sk,z) f (Dec(sk, ).

2.2 Non-Local Games

Definition 2.4. A nonlocal game G is a tuple (I4,Ip,04,0p,7, V) consisting of finite sets I4
and Ip of inputs for Alice and Bob, respectively, finite sets O4 and Op of outputs for Alice and
Bob, respectively, a probability distribution of the inputs 7 : Iy x I — [0,1], and a verification
function V' : Iy x Ip x O4 x Op — {0, 1}.

A nonlocal game is played by a verifier and two provers, Alice and Bob. In the game, the
verifier samples a pair (z,y) < 7 and sends x to Alice and y to Bob. Alice and Bob respond
with a € O4 and b € Op, respectively. They win if V(x,y,a,b) = 1. The players are not allowed
to communicate during the game, but they can agree on a strategy beforehand. Their goal is to
maximize their winning probability. If we do not specify otherwise, the distribution 7 will be the
uniform distribution.

Definition 2.5. A quantum (tensor) strategy S for a nonlocal game G = (Ia,Ip,04,0p,m, V) is a
tuple S = (Ha, "B, [¢), {Aza}, {By}), consisting of finite-dimensionals Hilbert spaces H 4 and Hp,
a bipartite state () € Ha ® Hp, PVMs {A;4}ac0, acting on Hy for each x € I4 for Alice and
PVMs {By}veop, acting on Hp for each y € I for Bob. Often we will drop the Hilbert spaces,
and just write S = (|¢), {Aza}, {Byp})-



Here we restrict without loss of generality to pure states and projective measurements (PVMs).
For a strategy S = (|¢),{Aza},{By}), the probability of Alice and Bob answering a,b when
obtaining x,y is given by p(a,blz,y) = (V|Aza @ Byp|t). Therefore, the winning probability of a
quantum strategy S for the nonlocal game G is given by

wq(S7 g) = Zﬂ(xay) ZV([B,y, a, b)p(a,b\x,y) = ZTI’(.%',:I/) ZV(x,y,a,b)(iﬂ\Aw ® Byb’w>

,y a,b ,y a,b

*

2(G) = supgwy(S,G) to be the supremum
over all quantum tensor strategies compatible with G. A strategy .S is called e-optimal for a game
G, if it holds wy(S,G) > w;(G) — €. In the case of € = 0, i.e. wy(5,G) = wy(G), we usually omit ¢
and call the strategy optimal.

The tensor-product structure is a way of mathematically representing the locality of the players
employing a quantum strategy in a nonlocal game. However, there is a more general way to model
this nonlocality mathematically.

For a nonlocal game G, we define the quantum value w

Definition 2.6. A commuting operator strategy S for a nonlocal game G = (I4,15,04,0p,7,V)
is a tuple S = (H,|v¥), {Aza}, {Bys}), consisting of a Hilbert space H, a state [¢) € H, and two
collections of mutually commuting PVMs {Aq}eco, acting on H for each x € I4 for Alice and
PVMs {By}pco, acting on H for each y € Ip for Bob, ie. [Aze, By = 0 for all a,b,2,y €
O4 x Op x I4 x Ig. Like for quantum strategies, we will often omit the Hilbert space and write
S = (|¥), {Aza}, {Byp}) for a commuting operator strategy.

We can also define the commuting operator (also known as the quantum computing) value
of a nonlocal game w;.(G) = supgwgc(S,G) to be the supremum over all commuting operator
strategies S compatible with G. It is not hard to see that every quantum (tensor) strategy is a
commuting operator strategy. The converse holds if we restrict ou commuting operator strategies
to be finite-dimensional (i.e. # is finite-dimensional). However, there are examples of nonlocal

games G for which wy . (G) > w;(G), see for example [Slo16].

2.3 XOR Games

Definition 2.7. An XOR game is a nonlocal game for which O4 = Op = {0,1} and V(z,y,a,b) =
1+ (—1)9(@¥) (1)) for some function g : I4 x Iz — {0,1}. An XOR game is completely
described by the cost matriv G = (Guy)zelyely, Where Ggy = (—1)9@ W (z, y). We will say
that Geomp is a compiled XOR game if it is a compiled game for an XOR game G.

Given a commuting operator strategy for an XOR game S = (|¢), {Aza}, {Bys}) we can derive
an expression for the commuting operator bias of the strategy [,.(S,G) in terms of +1-valued
observables (i.e. self-adjoint unitaries) as follows:

2w4e(S,G) —1=2 > w(x,y) Y _V(a,b,z,y) (| AzaBypltp) | — 1 (2.1)

| 2y ab

=2 | Crle) 50+ D A B | -1 (22

L z,Y a,b




=> w(z,y) Y ()T EDT AL By ) (2.3)
Y

a,b
=D (e, y) (1) (| (Z(—l)“z‘lm> <Z(_1)bByb> [¥) (2.4)
x,y a b
= Guy (Y| 4:Byl¥) (2.5)
= qu(87g)7 (26)

where A, = Ayo — Ay and B, = Byy — By are the +1-valued (binary) observables for all z,y €
I4 x Ip. Note that this construction is reversible, and thus strategies consisting of these +1-valued
observables are equivalent to commuting operator strategies for G. With this in mind, we define the
optimal commuting operator bias of G to be f;.(G) = 2w;.(G) — 1. Since all quantum strategies are
commuting operator strategies we can similarly define the quantum bias (4(S,G) = 2wy(S,G) — 1.
We define the optimal quantum bias of G to be 57(G) = 2wy (G) — 1.

We shall now present some of the relevant structural properties we will need about XOR games.

Definition 2.8. For an XOR game G, a vector strategy V is a Euclidean space R, and a collection
of real unit vectors {u, : © € I4} € R? and {v, : y € Ig} € R%. The vector bias for G is given by

BI.G) = 3 Gy luslvy). (2.7)

The optimal vector bias is denoted by 37..(G) = supy, B(V,G), and V is an optimal vector strategy
if Bec(V,G) = ;ec(g)'

Definition 2.9. Let S = {|¢)), {A.}, {By}} be a quantum strategy for an XOR game G. We define
the row biases {r; g € R:x € In}, where each

Ty s = Z Gzy<¢’ArBy‘w>
)

We similarly define the column biases {c, s € R:y € Ig}, where each
Cy,S = Z Gay(|AsBylt)).
€T

These bias quantities play an important role in the following theorem:
Theorem 2.10 ([Slolll Tsi87]). For any XOR game G, the following hold:

1. All optimal quantum strategies S have the same bias [,(S), row biases {ry g} and column
biases {cy s}, henceforth denoted B, {ry : v € Ia}, and {cy : y € Ip} respectively. All optimal
row and column biases are positive.

2. In any optimal quantum commuting operator strategy, we have that
. 1
Az|Y) = Belh) = - ZG;tyBy|¢>7
€T
y

forall x € 14.



3. The optimal quantum bias 3;(G) is the solution to the following primal and dual semi-definite
programs:

(P): max Z Gy (ug|vy) (D) : min ! er + %ch :
@ y

d 2
S S {re) les)

[l [|=[loy =1
A(r) —GT
S NOEL

where A(r) is the | 14| x |1 4| diagonal matriz with the values r,, along the diagonal, and likewise
A(c) is the |Ig| x |Ig| diagonal matriz with the values c, along the diagonal. Furthermore,
the optimal row and column biases are the solutions to the dual semi-definite program.

Proof. The first two items are Theorem 3.1 and Corollary 3.2 of [Slol1], together with the fact that

any optimal quantum strategy is an optimal vector strategy, which follows from

The formulation of the primal in (3) is a direct consequence of |Corollary 2.11} and the duality of
the semi-definite programs is shown in the proof of Theorem 3.1 of [Slo11]. O

Corollary 2.11. Let § € [-1,1]. If G is an XOR game, then the following are equivalent:
1. G has an optimal quantum strategy S with B4(S,G) = f.
2. G has an optimal commuting operator strategy S with By.(S,G) = B.

3. G has an optimal vector strategy V with Byec(V,G) = .

2.4 Compiled Games

Definition 2.12. A compiled game Geomp consists of a nonlocal game G and a quantum homo-
morphic encryption scheme QHE = (Gen, Enc, Eval, Dec). However, unlike a standard nonlocal
game, it is played by a verifier and a single prover. The behaviour of the interaction is described
as follows:

1. The verifier samples (x,y) < 7, sk < Gen(1%), and ¢ + Enc(sk, ). The verifier sends ¢ to
the prover.

2. The prover replies with some classical ciphertext «.
3. The verifier sends y (in the clear) to the prover.
4. The prover replies with some classical message b.

5. The verifier computes a := Dec(sk, «) and accepts if and only if a € O, b € Op, and
Via,b,xz,y) = 1.

Definition 2.13. A quantum strategy for a compiled game is a tuple (M, |1), {Aca }, { By }) consist-
ing of a Hilbert space H, an efficiently (in QPT) preparable state |¢)) € H, operators A.q = Ucq Pea
acting on H, where U, is a QPT-measurable unitary and {P.}aca (Where A is the set of out-
comes), is a QPT-measurable PVM for all ¢ € Enc(sk,x), x € I4, as well as QPT-measurable
PVMs {By}sco, acting on H for all y € 14.



For convenience, we let [1)cq) := Acalt)) be the unnormalized post-measurement state after Step 2
in [Definition 2.12, For a strategy for the compiled game S = (|¢), {Aca}, {Byp}), the probability
of Alice and Bob answering a, b after being given x,y is denoted

pla,blz,y) = E > (@A) BpAwlt) = E > (Yool Bypltrea)

c+Enc(x) a;Dec(a)=a c+Enc(x) a;Dec(a)=a

It follows that the winning probability of the quantum strategy S for the compiled game Geomp is
given by

Wq<S7 gcomp) = Z?T(JI,:U)ZV(CU,?],CL, b) E Z <¢ca|Byb’f¢ca>‘ (28)

z,y a,b c+Enc(z) a;Dec(a)=a

Theorem 2.14. ([KLVY23, Theorem 3.2]) If Geomp is a compiled nonlocal game with underlying
nonlocal game G. Then, there exists a compiled quantum strategy S for Geomp and a negligible
function n(\) such that

wq (S, Geomp) = wq(G) — n(A),

where n(\) depends on S.

2.5 Block encodings

Given binary observables that are efficiently measurable, we will also be interested in measuring
their linear combinations and products in order to infer relations. To this end, we use block
encodings as in [NZ23]. See [GSLW19] for a general overview of this notion. We only define it for
square matrices:

Definition 2.15. A block encoding of a matrix H on (C?)®" is a unitary U on (C?)®("+n) for
some m € N such that

*

HE = (0Fm @ NU(|0)*" @ 1),  ie. U:<tH :)

for some ¢t > 0 called the scale factor of the block encoding. (Note that any unitary is trivially
block encodable with m = 0 and ¢ = 1.) A block encoding is called QPT-implementable if U is
implemented by a QPT circuit.

The below lemmas summarize and generalize the discussion in [NZ23] (cf. Lemmas 11-13
therein).

Lemma 2.16. If B = By — B_ is a QPT-measurable binary observable, with projections By,
then B interpreted as a unitary can be implemented by a QPT circuit (in particular, it is a QPT-
implementable block encoding of itself, with scale factor 1).

Lemma 2.17. For any fized x € R¥, the following holds. If Hy, ..., H}, are operators with QPT-
implementable block encodings, each with scale factor ©(1), then H = 25:1 xjH; also has a QPT-
implementable block encoding with scale factor ©(1).

Lemma 2.17|follows from [GSLW19, Lemma 29]. We note that it can be extended to k& = poly(\)
many block encodings (if the vector = can be prepared efficiently).

10



Lemma 2.18. If H and H' are operators with QPT-implementable block encodings, each with
scale factor ©(1), then their product HH' also has a QP T-implementable block encoding with scale
factor ©(1).

In the remainder of this section we will discuss how to get a strong kind of non-signalling
property for strategies of compiled games. We start by recalling two lemmas from [NZ23]:

Lemma 2.19. (Lemma 9 in [NZ25]) Let A € N be a security parameter. For any two efficiently (in
QPT) sampleable distributions Dy, Do over plaintext Alice questions, for any efficiently prepara-
ble state |¢), and for any QPT-measurable POVM {Mg}z with outcomes in [0,1], there exists a
negligible function n'(\) such that

225 Y| Af, MpAcolt)) — E 225 Y[ Af, Mg Acalth) | < 1/ (N).

x<—D1 ceEnc (x) z4—Do ceEnc(:fc

Lemma 2.20. (Lemma 14 in [NZ23]) Suppose we have a QPT—zmplementable block encoding with
scale factor ©(1) for a (not necessarily binary) observable B, and suppose that | B|| < ©(1). Then B

is QPT-measurable up to precision ¢ for every e~1 = poly(\), that is, there exists a QPT-measurable
POVM {Mg}p such that for any state p it holds

> Btr(Mgp) — tr(Bp)| < e.
5

The next lemma is stated more generally than [NZ23, Lemma 15-17], but the proof is essentially
the same.

Lemma 2.21. Let A € N be a security parameter and suppose we have a QPT-implementable block
encoding with scale factor ©(1) for an observable B with ||B|| = O(1). For any two efficiently
(in QPT) sampleable distributions Dy, Dy over plaintext Alice questions and for any efficiently
preparable state |1), there exists a negligible function n'(X) such that it holds

E E Y WALBAu)— B E Y ()ALBAG)| <o

24-D1 c+Enc(z) 24-D2> c+Enc(z)

().

e} «

Proof. We follow the proof of [NZ23, Lemma 15]. Suppose for the sake of contradiction that the
lemma is false. Then there exists some polynomial p(\) such that for infinitely many A, we have

1
] >y 29

Choose () := 100 Toop0y - BY [Lemma 2.20, there exists a POVM {M3} g such that

ZZMA oMAealt) = B B Y (WALBAG)| <o) (210)

D; c+Enc(z) 7

E Z¢|A Bty = B B> (AL BAGY)

zeDl c+Enc(z) 24=D2 c+Enc(z)

9&<—DZ ceEnc (z)

for this choice of €(A) and i € {1,2}. Let M := )5 3Mp. From [Egs. (2.9) and |(2.10), we deduce

1 0.98

E A* MAca - E E AZQMACOC Z —= —2¢ A Z TN

a:eDl c+Enc(x) Z w| |¢> x4 D2 c+Enc(z) Za:<1/}| |w> p()\) ( ) p()\)
for infinitely many A. This contradicts O
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3 The macroscopic locality approach

In this section, we will show that for the well-known class of nonlocal games known as XOR games,
the quantum value coincides with the quantum value of its compiled version. In particular, we
establish the following result:

Theorem 3.1. Let G be any XOR game and Geomp the corresponding compiled game. For every
strategy S for Geomp, there exists a negligible function n(X) such that the following holds:

wq(S, Geomp) < wy(G) +n(N).

As a corollary, we will deduce a self-testing and a parallel repetition theorem for compiled XOR
games. Just as we did for ordinary nonlocal games, we define the quantum bias of a compiled game

as 5(1(5; gcomp) = 2wq<57 gcomp) — 1 and /8:; (gcomp) = 2w;(gcomp) - L

3.1 The quantum value of compiled XOR games

In order to show that the quantum value of a compiled XOR game coincides with the quantum
value of the associated nonlocal game, we need the following lemma.

Lemma 3.2. Let G be an XOR game, with cost matric G = (Gay)eel,,yely, and let V € RIBxIB pe
a positive semidefinite matrix such that Vi, = 1 for ally € Ig. Then there exist unit vectors u,, vy €
R? for some d € N such that, for all x € I,

\/ Z GosGayVsy = Z Gy (uz|vy), (3.1)

s,yelp yelp

Proof. Since the matrix V' € R/B*IB is positive semi-definite, there exists d € N and vectors vy € R4
for y € Ip such that Vs, = (vs|v,) for all s,y € Ip. Each v, is a unit vector, since we have [jv,[|? =
(vylvy) = Vyy = 1 by assumption. Next, for every x € 14, define unit vectors

1

Uy = Gasvs € RY,
x T ZSGIB GsVs|| S;;B zsUs
Then,
1
Z Ga}y<u:c‘vy> = H Z G v H Z stny%y = Z stnyVsyy
yeElp s€lp =T8T s yelp s,y€lp
since || Y er, Gasvs||? = >syelp GosGayVsy. Thus we have established |Eg. (3.1) O

The next lemma is proven in the same way as [NZ23, Lemma 26].

Lemma 3.3. Let Geomp be a compiled XOR game and S = (|¢), {Aca}, {By}) a quantum strategy.
For every x € Iy

E > (=) (4o (Z GmyBy> [Pea)

c+Enc(z) 7

2

2
< E )Z(M (ZnyBy> |ea),
o y

c+Enc(z

where G = (Ggy) is the cost matriz of the underlying XOR game, |eq) = Acalt)) are the post-
measurement states after Step 2 of the protocol, and the B, := Byo—By1 are the (binary) observables
corresponding to the PVMs {By}yp.

12



Proof. Applying Jensen’s inequality to the function ¢ : R — R, 2 +— 2,

inequalities

we obtain the three

(E(X))? <E(X?) for real-valued random variables X, (3.2)
2
<Zpkwk> < Zpsz for x, € R, pr. > 0 and Zpk =1, (3.3)
k k k
((|O))? < (|O*|2h) for quantum states |¢)) and observables O. (3.4)

Define B, = Zy GayBy. From we deduce
2 2
S E (Z( )Dec a </¢)CQ|B |1;Z)coz>> .

c+Enc(x) o

E > ()P Yea|Baltrea)

c+Enc(z) 77

Note that the post-measurement states |t).q) are not normalized and it holds > ||[tca)]|® = 1

Therefore, using we get
2 2
cx Bx cx
E <Z( )Dec o) <wca‘B |wco¢>> :c<_ E o (meca H DeC(a)W>

c+Enc(x) o
2 wca’B ‘wca>>
o S llet® (G

Since % is a quantum state, we finally infer

thea) |12 [[tbearl?
= E Z<¢CO¢‘B§|¢CO¢>

2
Sl (YRl < S e

c+Enc(x)

from [Bq: (3.4) =

We are now ready to prove the main result of this section.

Proof of[Theorem 3.1, Let S = (1), {Aca}, {By}) be an arbitrary quantum strategy for Geomp.
By [Eq. (2.8)| and the definition of the bias, it holds that

Bq(S, Geomp) = ZGW E Y (=1)P (gea| Bylthea)

c+Enc(x) >
= ZC(—Enc m Z )Dec Oé @/}ca‘ (Z nyB > ’wca>-

By we get

4(S, Geomp) < ZJ

2
Z@l’ca’ (Z nyBy> |¢ca>- (3.5)

ceEnc (z)

13



2
Now fix any xg € I4. For each x € I 4, the operator B, = (Z Gy By ) has a QPT-implementable

block encoding with scale factor ©(1) by [Lemmas 2.16to [2.18 Moreover, ||B;| = [|3°, Gy By I? <
o, 7(x,y))? < 1. Then, using [Lemma 2.21| with the distributions D; = §, and Dy = &, over
Alice’s questions, we see that there exists a negligible function 7, (A) > 0 such that

E Z<wca’81‘¢ccx> — E Z<¢ca’81|¢ca>

c+Enc(z) c+Enc(zo) 7

< Ne(N),

and hence we can upper bound [Eq. (3.5)|as follows:

Ba(S, Geomp) < Z > (YealBulthea)

ceEnc(z) p

= \/ E )Z<¢ca|8xo’1/}ca Z Z<wca‘6x|¢ca>

c+Enc(zo oy
< E ca| B ca ca|Be|Vea) + 1z (A
< \/CFEHC(Wgw Bugltea) ; E m)za:“” Bultea) + )
< E Z<¢ca|8m0’¢ca Z Z<wca’8m|¢ca> + Z V 771()\)
c+Enc(zo) 7 . c+— nc(mo) o oy
= Z Zwmwch@ +1'(V), (3.6)
ceEnc (z0) o

where the last inequality is due to v/s + ¢ < /s + v/t, which holds for all s,z > 0, and where we
introduced the negligible function #'(X) == 3, ., /72(}). Finally, we observe that if we define a

matrix V € RIB*I5 with entries V;, = EcEnc(zo) 2o %<wca’BsBy + ByBg|tcq), then there exists
a vector strategy {us, vy} such that, for all z € 14,

\/%EE( )Z<'¢ca|6$‘wca> = ZGmstyV:@y = ZG$y<uI|Uy>' (37)
c+Enc(zo) M P "

This follows from because V € RIB*IB ig positive semidefinite (it is a nonnegative
linear combination of Gram matrices) and also satisfies V,, = 1. As a consequence of this and

Tsirelson’s theorem (Theorem 2.10)), we obtain that
Z E Z<¢ca‘8z|¢ca> - Z Gmy(“x’”y) < ﬁ;(g> (38)
- c+Enc(zo) oy

Thus we have proved that
B4(S, Geomp) < B;(G) +17'(N).

By definition of the biases, we get wy(S, Geomp) < wy(G) + 2n/(A). This finishes the proof. O
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Together, [Theorems 2.14] and imply that the “asymptotic” quantum value of a compiled
XOR game is equal to the quantum value of the underlying XOR game. That is, if S is any quantum
strategy for the compiled game, then

lim sup wy (S, Geomp) < wy(9),
A—00

and conversely, there always exists a strategy such that

lim inf w, (S, Geomp) = w; (G):

3.2 Self-testing results for compiled XOR games

We now give a self-testing type result which allows us to extract partial information about a
quantum strategy if the winning probability is near-optimal.

Let G be an XOR game with cost matrix G. Recall there exist row biases r, > 0 for every
x € I4 such that v, = 3 Gay(us|vy) for every optimal vector strategy {us,vy}. Slofstra showed

that these row (and column) biases are robust in the sense that for an e-optimal vector strategy, it
holds that

2
(m—ZGzywmw) < 2(|L] + 1158 (9)e. (3.9)

see [Slol1l Section 3]. Note that the quantity e refers to the winning probability, whereas in [Slo11],
Section 3|, the notion of e-optimality is defined with respect to the bias.

Slofstra furthermore defined the solution algebra A(G) to be the universal C*-algebra generated
by self-adjoint elements Y, for y € I, subject to the relations:

2

Yy2 =1 forally € Ip and Z GuYy| = 7‘326]1 for all x € 14.
yelp

We will see that in an e-optimal quantum strategy of the compiled XOR game, the Bob operators
fulfill similar relations ((Theorem 3.6]). To this end we make the following definition, which is justified
by the discussion at the end of the preceding section.

Definition 3.4. Let G be an XOR game and Geomp the corresponding compiled game. We say that
a quantum strategy S for Geomp is €-optimal if (for sufficiently large \)

wq(Sa gcomp) > W;(g) —E.

Lemma 3.5. Let G be an XOR game with cost matrix G. If S = (|¢), {Aca}, {By}) is an e-optimal
quantum strategy for Geomp. Then there exists a negligible function n'(X) such that for every z € Ix
it holds that

E 2 <7"zﬂ — (=Pt ZGzyBy) [eal* < 2((I1a] + [Z51) B;(9) +1)¢,

c+Enc(z
)

where ¢’ = 2 +1/(\).
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Proof. Since S is e-optimal, and using|Egs. (3.6)|and|(3.8)[in the proof of[Theorem 3.1| (with zp = 2),
we see that

ﬁ; (g) — 2 < ﬁ(}k(sv gcomp)

= Z Z Dec(a)<¢ca| (Z GIZ/BQ> ’¢ca>

wely c<—Enc(:1:

<Y J E Z Yeal (ZGWB> [Yea)

wely c+Enc(z)

< D Gaylualvy) +9'(V)
IEIA,yEIB

< B3(G) +1'(N), (3.10)

where {u;, vy} is a vector strategy (depending on the choice of z) such that, for all x € 14,

3" Guylualvy) = J E Z Yeal <Z GayB,y ) |Yhea)- (3.11)

velp c+Enc(z)

From this we can draw two conclusions:

First, since the second inequality in [Eq. (3.10)|holds for each x € I4 (by , we obtain
that

2
JC*EEcu)wa(ZGWBy) Veo) = B D (DY <2Gmy3>!%>§e’,
@ Yy

c+Enc(z)

where &’ := 2e 4+ n/(\).
From this, it follows that

ZII(% 1)Pece ZGWB )wu?

c<—Enc (z)

2
=r2-2r, E > (~1)Pe@ wca\<ZnyB)!wm> E()char (ZnyBy) [Pea)

c+Enc(z) +—Enc(z

c+Enc(z) c+Enc(z)

2
< Ti — er\l E ZWJW’ (Z Ga:yBy> |¢co¢ E Z wca| (Z G$yB ) wca> + 27’1»5/
a Y

c+—Enc(z

5 2
< (rx J E ( )Z<¢ca| (Z GzyBy> w@) +2¢/, (3.12)
a y

where we used that r, <1 in the last step.

Second, from [Eq. (3.10)| we see that the vector strategy {us,v,} is ’-optimal. Thus it follows
from [Egs. (3.9)[and |(3.11) that

2 2 5
(”Jwéﬁwzww (ZGwBy) w) = (uZny<ux|vy>> < 2(|La] + TB])B5(G)
(0% Yy y
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for all x € I4. The lemma follows from this and [Eq. (3.12)|for x = z. O

The next theorem shows that in a near-optimal strategy, Bob’s operators nearly satisfy the

relations of the solution algebra A(G) with respect to a certain expectation and state-dependent
norm.

Theorem 3.6. Let G be an XOR game with cost matriz G. If S = (|¢),{Aca}, {Byw}) is an

e-optimal quantum strategy for Geomp, then there exists a negligible function n'(X) such that for
every x € Iy

c<—Enc (z)

Z H 7’2 - (Z GIZJB > |'¢co¢>”2 < 015,7

where €' = 2e +n'(\) and

2
01:4((|1A|+|IB|)6;(Q)+1) m+<Z\Gmy\> SS((!IAHIIBI)B;;(Q)H)
Yy

is a constant that depends only on the XOR game.

Proof. Using the triangle inequality, (z + y)? < 222 + 2y? and ||B,|| < 1, we obtain

2
ZII Tiﬂ—<ZnyBy> [$ea)ll?

ceEnc (z)
<2 E Ty 21 - Dec @, Gy B
c+Enc(x) Z H zy: ’ H
2
I Z ” DeC(CM),rJj Z nyBy — (Z nyBy> ‘¢CQ> H2
o nc(w) y Y
< 2r, rel — (— Dec(a) GryB 2
- ceEnc (z) Z H Z ! H
B N Ca By It = 3 G By I
Yy
! (Z ‘GIZ/O <—EIE ( )Z [rel — (—1)Dec(a) ZnyByH2'
" c+Enc(z) Y

We deduce

2
X rn—(zaxy3> ea I < 2((12] + IT51)5;(G) +1)2 rx+<Zeryr> ¢

from [Lemma. 3.5l

c<—Enc (z)
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The previous theorem recovers the self-test for anticommuting operators in the CHSH game:
Given the CHSH game with a uniform input distribution, we recall

1 2 2
14l = 5] =2, Gay = 3~ 1), 70 = { and B5(CHSH) = ‘Qf

Then, yields
> 11 (BoB1 + B1Bo) [ea) |* < 16(2V2 + 1)(V2 + 1)(2¢ + /I (A)])

c%Enc(w
o

for every e-optimal quantum strategy S = (|¢), {Aca}, {Byp}) for the compiled CHSH game.

3.3 Parallel repetition of XOR games

We show an upper bound on the quantum value of the compiled parallel repetition of XOR games.
Throughout this section, we will treat the number of parallel repetitions n as fixed (in other words,
as a constant in the security parameter). However, we remark that a similar analysis can be used
to establish the soundness of any polynomial number n of parallel repetitions, at the cost of a
sub-exponential security guarantee for the QHE. A similar tradeoff was also shown in [KLVY23].

Definition 3.7. The parallel repetition A?_,G; of n nonlocal games G; = (14,14, 0%, 0%, 7, V;)
is defined as the nonlocal game with input sets I4 = X?:l Iil and Ig = X?Zl I}é, output sets

A= X?:l Of4 and Op = X?:l OiB, probability distribution 7 = ®}'_;7;, and verification function
V(a’7 b7 xz, y) = H?:l ‘/’Z(aia bi: Ly yz)

While the conjunction of XOR games is not an XOR game, we can make the following definition.
We use the notation [n] = {1,...,n}.

Definition 3.8. Let G; be XOR games with cost matrices G; for i € [n], and let M C [n|. Then
the sum (modulo two) ®;eprG; is defined as the XOR game with the cost matrix G = ®;c G, i.e.
Gay = [Liens (Gi)ayy, for © = (2i)ien and y = (yi)iem -

We first discuss the results of [CSUUOQ§| for nonlocal games. Clearly, any quantum strategy S
for A" ,G; determines one for ®;cpG;, for any subset M C [n], as follows: Alice and Bob first
proceed as in strategy S to obtain a,b € {0,1}". They then output &} ;a; and &} ,b;, respectively.
Then one has the following relation between the quantum value of the parallel repetition and the
bias of the sum games:

Lemma 3.9 ([CSUUO8, Lemma 8]). Let G; be XOR games for i € [n]. Then it holds for any
strategy S for NI G; that
w ( lgl - Z ﬁq SMa@zeMgz)
MC[n]

It follows from this and the nontrivial result that the bias of XOR games is multiplicative with
respect to taking sums [CSUUOS, Theorem 1] that one has the upper bound

Wy (N1 Gi) < o Z Bi(@iemGi) = [[wi (G, (3.13)
i=1

MC|n]
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The converse inequality holds for any nonlocal game, since the players can always play optimal
strategies for the individual games G; in parallel. This establishes the parallel repetition theorem
for XOR games [CSUU08, Theorem 2J:

1gz HW gz

We now use a similar argument to obtain a repetition theorem in the compiled setting. As
above, we first argue that any quantum strategy S for the compiled parallel repetition (A?_;G;)comp
determines a quantum strategy Sys for the compile sum games (®ierrGi)comp, for any subset M C
[n]. To this end, we modify step 2 such that if S were to output a, Sy instead applies Eval to «
to compute {0,1}" 3 a — @;cpa; on the encrypted data and returns the new ciphertext o E| We
also modify step 4 such that if S were to output b € {0,1}", Sy, instead outputs @;cprb;. Then
the following lemma can be proved similarly as [CSUUOS, Lemma 8] above:

Lemma 3.10. Let G; be XOR games for i € [n]. Then it holds for any strategy S for (A}1Gi)comp
that

wq(S ( 1gz>comp Z Bq SM7(@7,EMgz)comp)

MC[n]

By combining the preceding with we can deduce the following parallel repetition
for compiled XOR, games.

Theorem 3.11. Let G; be XOR games for i € [n]. Then for any strategy S for (A]-1Gi)comp there
exists a negligible function n(\) such that the following holds:

W;(S ( 1gz comp <HW gz > )

Conversely, there exists a quantum strategy S and a negligible function n(\) such that

w;(S, (A?:lgi)comp) > <Hw;(gl>> - H(A)
=1

Proof. By |[Lemma 3.10] we have
Wq(S( i= 1gz)comp Z ﬁq SM’(@'LEMgz)comp)

MC[n]

Since each ®;cprG; is an XOR game, and remembering the relation between the bias and the
winning probability, we can apply and deduce from it that there exist negligible
functions 7y (A) such that

/Bq(SMv (@iEMgi)comp) < BZ(@@GMQ@) + nM()‘)7

'Here we assume that the QHE scheme allows for more than one homomorphic evaluation, i.e., after given an
evaluated ciphertext one can keep evaluating homomorphically any circuit of one’s choice. This property is satisfied
by all known QHE schemes. We omit a formal definition of this property and we refer the reader to [GHV10] for
details.
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Using this and [Eq. (3.13), we obtain that

a8, (N Geomp) < | 5 3 Brl@iene) | +u(\) = (Hw;@)) (),
i=1

McC|n]

where 7 := 2% > MC[n] TM is a negligible function. This establishes the first claim.
The second follows at once from|Theorem 2.14{and the inequality w; (S, A7_1G;) > [[i2, w; (S, Gi)
which as mentioned above holds for any nonlocal game. O

4 The SOS approach to bounding the compiled value

In this section, we provide an alternative proof of using an SOS approach.

4.1 SOS’s and bounding the value of nonlocal games

We briefly review the sum of squares (SOS) approach to bounding the commuting operator value
w,.(G) for anonlocal game G. The starting point is an abstract characterization of a Bell scenario. In
particular, we model a two-party (non-communicating) measurement scenario with n measurement
settings and m measurement outcomes per party using the abstract scenario algebra A, ., =
ClZz? x 2] From now on we will drop the subscripts, and just write A for the scenario algebraﬂ
If we let a, and b, to be the order m abstract observable generators of A, then the alternative
characterization in terms of abstract projective measurement (PVM) generators aZ and by can be
obtained by setting

m—1 m—1

L1 . 1 _

Aq = E E (w al‘)ka bg = % § :(w bby)k' (41)
k=0 k=0

An element y € A is a hermitian square (or simply a square) if y = z*z for some x € A.
Moreover, we say an element of A is a sum-of-squares (SOS) if it can be written as a sum of
hermitian squares (squares) in A. A linear functional f : A — C is said to be positive if f(z*x) > 0
for all z € A. In this settingﬂ an expectation on A (also called an abstract state) is a linear
functional E : A — C, that is both positive and unital (i.e E(1) = 1). Every commuting operator
strategy S = (|¢), {Asza}, {By}) determines an expectation Es : A — C. The expectation Es is
determined by first applying the x-representation sending a,, — Az, and bé/ — By, where the
inner-product of the resulting operators with the state [¢0) € H is then taken. Conversely, the
GNS theorem for x-algebras [Sch20), [Ozal3] shows that every expectation E : 4 — C gives rise to
a commuting operator strategy S.

Given a nonlocal game G, the associated game polynomial

pg = Y m(x,y)V(x,y,a,b)alby, (4.2)
a,b,z,y

is an element of the scenario algebra .A. Hence, we can realize the commuting operator value w;,.(G)

as the supremum of pg over all expectations on A. Furthermore, if v1 — pg is expressible as an SOS

20ne can define a similar scenario algebra for when Alice and Bob have different sized input and or output sets.

3Here we are viewing the group algebra C[Z;" x Z;?] as a semi-pre-C*-algebra, with the positive cone generated
by sums of squares as described in [Ozal3]. The corresponding universal C* algebra is canonically isomorphic to
C(Z7) @maz C*(Z77).
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then v > wy (G). For all strict upper bounds v > w;.(G) one can find an SOS decomposition for
v—pg [Ozal3]. For the exact value v = w;.(G), it remains uncertain whether an SOS decomposition
always exists [MSZ23].

For some families of nonlocal games, it is more convenient to consider the bias polynomial hg,
rather than the game polynomial. For instance, in the binary output case, the bias polynomial is
expressed in terms of the order 2 observables a, and b,. The supremum over expectations of hg
is the commuting operator bias 5;‘0(9), and obtaining a sum of squares decomposition for 1 — hg
certifies that 8 as an upper bound 8 > ;. > ;. An instance of this will be seen in
where we describe the bias polynomial of an XOR game G and find associated SOS decomposition’s
of 1 — hg.

4.2 Bounding the compiled value using cryptographic pseudo-expectations

The SOS method for establishing an upper-bound on w;,.(G) relies on the correspondence between
commuting operator strategies S and expectations Egs on the scenario algebra A. Despite not
having a correspondence between quantum strategies for compiled games Geomp and expectations,
we will see that certain SOS decompositions for hg can be used to bound the compiled value.

To illustrate this approach suppose we have a sum-of-squares decomposition f1—hg = >, .7 757
and let 7 C A denote the subspace of A that contains 1 and 7}r; for all ¢ € Z. Furthermore, suppose
we have a function E : 7 — C, with the following properties:

(1) E[] is linear,

(2) E[1] =1,

(3) Elhg] = By(S, Geomp), and

(4) For all i € Z, E[rir;] > —6, for some § > 0.
Then,

6 - /Bq(Sy gcomp) [5]1 - hg

ZyTJ:EZM@Mz—um

giving us an upper-bound for 34(S, Geomp)- )
For every strategy for the compiled game S, we can define a “pseudo-expectation” Eg: 7 — C

that satisfies properties (1)-(3) and (4) with negligible §. In we use this approach to
bound the compiled value of all XOR games.

Definition 4.1. Let S = ([¢)), {Aca}, {Byp}) be a quantum strategy for the compiled game. The
(degree 2) pseudo-expectation induced by S, is the function Eg defined on all degree 2 monomials
in A by

- 1, ifx==2
Es lasa:] = {0, otherwise (4:3)
mmm=%mm=%£w2(fmwwcw&mwo (4.4)
Es [bybw] = (1/4( ca) " ByBuwAcal¥), (4.5)

$ ceEnc(m)

for all ,z € I4 and y,w € Ip.
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Remark 4.2. We note that the distribution over z in can be replaced with any efficiently
sampleable distribution and the results below would still hold.

From the definition, we immediately obtain that Eg[] is linear and unital. We next show that
it is non-negative up to some negligible function on certain squares terms.

Theorem 4.3. Let IES[] be the degree 2 pseudo-expectation induced by a strategy for the compiled

game S. Then
2
(Z ’bey> >0,
Yy

where v, € R, and there ewists a negligible function of the security parameter \ such that

(am - Z Vx,yby> > _77()‘)7

where v, , € R. Note that the order of the quantifiers imply the negligible function n may depend
on S.

Proof. Let us fix a strategy for the compiled game S = (1), {Aca}, {By}). To show the non-
negativity of the first family of square terms we write

2
(Z ’bey> = Z 'Yy’)/w]l:: [bybw] (4.6)
Yy y,w

= Z’Yy"}/w E E Z<¢‘(Aca)*BwaAca‘w> (4.7)
y,w [}

T c+Enc(z)

=E E Z<¢‘(Aca)* <Z %/'YwByBW> Acalth) (4.8)

T c+Enc(z)

y,w
B IU@C(—EHEC(@ Z<¢‘ (Aca)* (Z f}/yBy> (Z ’YyBy> Acoz|w> (49)
« Yy Y
- IIEceEnc (z) Z ( (Z ’Yy ) ) ( (Z 73439) ACa) ‘¢> (410)
2
T c<—Enc (z) (Z B ) [Yea)|| 2 0. (4.11)

The proof for the second type of square terms depends on the security of the QHE scheme. Let u,
be the distribution on (a,b) € R? generated by the following procedure:

1. Sample a uniformly random encoding ¢ < Enc(z).

2. Measure [¢)) with the observable A., obtaining outcome « which is then decrypted as a =
(_1)Dec(a).
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3. Measure the post-measurement state with the observable B, = Zy Vz,y By, obtaining some
outcome b € R.

Let B, = > bB,;, be the spectral decomposition of B,. The expectation of (a — b)% over i, is
then given by

E [(a B b)z] - c<—EnC(:E) Z Z ¥l(Aea) AbeCO‘W)) (a — b)2
= 3 _ o(__1\Dec(a) 2
_ceEnC x)ZZ w’ ca beca‘lb>(1 2( 1) b+b )
=1-2 B S Wl B} Db+ B S (0l(Aee) B e )1
ab a,b
=1-2 E Dec(a) o *B:cAca - *BiAca .
e ? 1)) (] (Aca) 9+ ) 2 WI(A) )

Note that B, and B2 have QPT-implementable block encodings with scale factor ©(1) by
mas 2.16|to [2.18] So by [Lemma 2.21] there exists a negligible function 7(\) such that

Z<w|< ca) B2 Aca|) — Z<w|< va) B2 Agal)| < n(N). (4.12)

c<—Enc(m) c’<—Enc(m

Now, if we expand

+ Z’VZ?J’YMU o , Z<¢’( c a)*BwaAc’a|'¢}>
yw <—Enc(x )
=1-2 E S0P w|(dw)’ (Z %,yBy) Acalt)
@ Y

2
z/ ¢/<Enc(z’) Z<¢|(A6/a)* <Z VIZJBZ/> Ac’a’w>
Y

—1-2 E (=1)Pe@ ()] (Aca)* Be Aca|h)

c+Enc(z) =

+E )Z(@Z}K ca)*BgAC’a‘qm

x’ c<—Enc(z

ZEKa—wﬂ—nﬁ)
n(A),

where the second to last inequality follows from [Eq. (4.12), completing the proof. O

Y
|
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Definition 4.4. We call a sum-of-squares decomposition nice if it is a non-negative linear combi-
nation of terms of the form given in [Theorem 4.3

Corollary 4.5. Suppose that nonlocal game G has a nice sum-of-squares decomposition for f1—hg,
then for any strategy for the compiled game S there exists a negligible function n(\) of the security
parameter such that

Bq(Sa gcomp) S ,8 + 77()\)

4.3 A nice SOS certificate for any XOR game

In this section, we exhibit a nice SOS decomposition for 8;(G)1 — hg for every XOR game G, where
By (G) is the optimal quantum bias for G and hg is the bias polynomial associated with G. This, in
a sense, is the dual view of Tsirelson’s theorem.

Recall that an XOR game G is described by its cost matrix G = (Guy)eera,yerz- The bias
polynomial is expressed as

hg= > Gayazby € A,

z€lpy€lp

Theorem 4.6. For any XOR game G and any quantum strategy S for the compiled game,

Es[hg] = B4(S, Geomp)-

Proof. Fix a quantum strategy S = (|¢), {Aca}, {By}), then

INES [hg] = Z GwaS [aa:by]
x€lzyelp
= Y Gy E (1P E|(Aw) ByAcald)
c+Enc(x)
z€la,yelp o
= Z GWZ eE]E (@) Z (_1)a+b<¢|(Aca)*BybAca‘w>
z€lp,yeElp a,b ¢ nelr a;Dec(a)=a
= Z W(x7y) Zcxy(_l)a+b EE Z <¢’(Aca)*BybAca’w>
z€layelp ab c+Enc(x) a;Dec(a)=a

= 2wq(S, Geomp) — 1.
O
Let 3] (G) be the optimal quantum bias for G. By [Theorem 2.10| for any optimal quantum

strategy S for the XOR game G the corresponding row and column biases 7, g and ¢, g will be the
same, which we simply denote as r, and ¢,. For each x € I4 we then define the following element

of the scenario algebra,
A 1
by == — Gayby.
, Z y%

T yelp

We begin by expanding the following expression

I R P I

x€lp x€lp x€lp
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:BIH—% > e (52—1) - 2. Guab

z€lg x€la,y€lp
1 .
:ﬁﬂ+§ Z’I“x<bi—]l> — hg.
€l

If we show that the negative of % Y oze I (l;i — ]1) has a sum-of-squares decomposition, then we
would be done. Towards this,

- Z T (13926 - ]l) =p1 — Z b2 = Z cybz - Z b2 (4.13)

€l p x€lp yelp €l p

Now, let b and b be the column vectors of {b, 1y € Ip} and {Bz :x € T4}, respectively. Similarly,
we let r and ¢ denote the vectors of {r;} and {c,}, respectively. With this, we can write

> bl =bTA(r)b

€l g
— (A(x)"'Gb) " A(r) (A(r)"'Gb)
=b'GTA(r)"'Gb.
Putting this all together we obtain,
Yo=Y b2 =bTA()b-b G AR 'Gb=b" (A(c) - GTA(r)’1G> b.
yelp x€lp

By [I'heorem 2.10

(5 )=

In addition, the matrix A(r) is invertible since each r, is strictly positive. Hence, by the Schur
complement condition for positivity, we obtain

M :=A(c) - GTA(r)" G = 0.

Lastly, taking the spectral decomposition M = >
position

.
yely \yVyVy gives us the sum-of-squares decom-

2

Z cybz - Z rzlai = Z Ay Z Vywbw |

yelp x€ly yelp welp
where b'v,vib = (3, Vywby)?, for each y € Ig. We summarize with the following theorem:

Theorem 4.7. For any XOR game G, there is a sum-of-squares certificate for the optimal quantum
bias B of the form

2

51—@:27”; (ax—b)2+z% 3 vgubu | (4.14)

€l g yelp welp

where each vy, € R and A, are non-negative for all y,w € Ip.
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allows us to upper-bound any strategy for the compiled game for any XOR game in
terms of the optimal quantum bias and the security parameter of the compilation scheme. Hence,

we obtain our second proof of stated in
Proof of [Theorem 3.1 From [Corollary 4.5 and [Theorem 4.7], we obtain the desired result. O

5 Magic square game

Consider the following set of equations

1 +axa+ax3=0 (r), r1+xs+x7=0 (c1),
T4+ x5 +26 =0 (7"2), To+ x5 +xg3 =0 (02), (5.1)
x7+x8+T9g =0 (7"3), T3+ x5+ 29 =1 (03).

In the nonlocal magic square game Gyis, the referee sends the index i € [6] of one of the six equations
to Alice, and the index j € S; of one of three variables in Alice’s equation to Bob. Here, S; C [9]
denotes the index of the variables that appear in the ith equation. That is, S; = {s1, s2, s3} if the
ith equation contains variables xs, , s,, Ts,. Alice answers with {0, 1}-assignment a = (as,, s, , Gs3)
and Bob answers with an {0, 1}-assignment b to his variable z;. The players win the game, Alice’s
assignments satisfy her equation and if two players’ assignments coincide in the common variable x;.

The magic square game has a perfect quantum strategy, that is, w;(QMS) = 1. Hence the same

is true for the compiled game by

Corollary 5.1. There exists a quantum strategy S for the compiled game (Gums)comp and a negligible
function n(X\) such that

Wq(& (gMS)COmp) >1- 77()\)

In the remainder of this section, we want to prove that in any almost perfect quantum strategy
for the compiled magic square game, we can find almost anticommuting Bob operators. We first
make a definition.

Definition 5.2. We call a quantum strategy S for (Gus)comp €-perfect if (for sufficiently large \)

wf](sv (gMS)COmp) >1-—e.

Note that for any e-perfect quantum strategy S = (|¢), {Aca}, {Bjs}) of the compiled magic
square game, it holds

> p(a,bli,j) < 18e,
a,b,i,5;
V(a7b7l7j):0

where p(a,b|i, j) denotes the probability that the prover returns (an encryption of) a and b when
given as questions (the encryption of) ¢ and j. That is, if the ith equation be of the form xg, +
ZTsy + sy = d;. Then, we have

Z E (Z Z HBj(ajEBl)|¢ca>H2

o« Ene(i) JES; a5 a;Dec(a)=a
Qsqt+asytasg =d;
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+ > Wmﬂgm, (5.2)

a; a;Dec(a)=a
asq +(I52 +CL53 #dz ( )

since V(a,a; ® 1,4,5) =0 and V(a,b,4,j) = 0 for all b if a,, + as, + as, # d;.
We now prove a number of technical lemmas. Define B; := Bjo — Bj1.

Lemma 5.3. Let S = (|¢), {Aca}, {Bjs}) be a quantum strategy for the compiled magic square
game. Then

1(B; = (=1)°5) [hea) 1> = 41| Bj(Dec(a, 01 [ea) |-
Proof. Using [tca) = (Bjo + Bj1)|tca), we have
1(Bj = (=1)P@)[ghea) [ = [|(1 = (=1)P) Bjo + (=1 = (=1)P*l)) By hea) ||?
= 4||Bj(Dec(a)jEBl)|wca>”2'
O

Lemma 5.4. Let x5, + x5, + Ts; = d; be the ith equation in the magic square game and let S =
(1), {Aca}; {Bjp}) be an e-perfect quantum strategy for the compiled magic square game. Then,

B ()Z ”(351352 B (_1>di383)‘wca>H2 < 216e.

cEnc(i
Proof. For o with Dec(a) = a, as, + as, + as; = d;, we compute
1(Bay Bsy = (=1)" By [thea) |* = | (Bsy By + (=(=1)"2 By, + (=1)""2 By,

(DD 4+ (1) (1)) = (<)% Byl I

< ([[(Bsy Bsy = (=1)%2 Bs, ) [tca) |
+[[((=1)*2 By, — (=1)% (=1)"3) [thca)|
(D)% (1) — (=1)% By, ) [¢eea)I)?

< ([[Bsy (Bsy = (=1)*2)[¢hea) || + [[(Bsy = (=1)*1)[tbcal) |
(1) = Byy)[thea)ll)?

< 3)|By, [IP1(Bsy — (=1)%2) [thca) [I* + 3[[(Bsy — (=1)%1) [ea) |I”
+3[[((=1)% = Bay)[¢oea) |1

=12 Z 1 Bj(Dec(a) 1) [Yea) I,

JES;

by using (—1)% (=1)%s = (=1)%1(=1)%2, (z +y + 2)? < 322 + 3y? + 322 (by the Cauchy-Schwarz
inequality) and For a with Dec(a) = a, as, + as, + as; # d;, it holds

1(Bsy Bsy, = (=1)% By )[ea) I < 4l [¢2ea)|?,

since || Bs, Bs, — (—1)% By, || < || Bs, || Bsy |l + || Bss|| < 2. Therefore, we obtain

E )Z I(Bsy Bs, = (=1)% By ) [thea) I

c+Enc(z
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i <12 )DINED SRS DI T
c(—Enc

jE€S; a;Dec(a)=a
J Asq +a52 +as3 7d ( )

4 > |||wm>u?) (5.3)
)=a

a; a;Dec(a)=
asq +a52 "1‘053 #dz (

< 216¢

by [Eq- (2] O

Lemma 5.5. Let x5, + x5, + Ts; = d; be the ith equation in the magic square game and let S =
(1), {Acat, {Bjp}) be an e-perfect strategy for the compiled magic square game. Let t € Sy. Then,
there exists a negligible function n(\) such that

Z [(Bs; Bsy — _1)di383)Bt|¢ca>H2 <322+ 2n(A).

c<—Enc
Proof. Using (x + y)? < 222 4 232, it holds

E ZH 351352 -\ ) iB83>Btha>”2

c+Enc(k

<2 E ZH 51Bsy — (=1 By ) [P[1(Be — (=) ") [thca) |1

c+Enc(k

+2 E ZH s1Bsy = (=1)% By ) [ea) |-

c+Enc(k

By [Lemma 5.3| and [Eq. (5.2), we have

E ZH (Bsy Bsy — (—1)% By [P (B — (1)) rea) |

c+Enc(k

<4 E ZII (Be = (=) [gha) |2

c+Enc(k
=16 B
ceEnC(k Z H H(Dec(a)e+1) WJCCM)H
=16 E Z Z ||Bt(DeC(oc)t+1)’wca>”2
c+Enc(k) a; a;Dec(a)=a
sy +a32 +(1S3:di '
+ 16 E Z Z ||Bt(Dec(a)t+l)‘wCOé> ”2
c+Enc(k) a; a;Dec(a)=a
asq +a52 +as3 #dl '
<16 E > Y 1Bupectayesn e I?
c+Enc(k) a; ao;Dec(a)=a

Gsq +a52 +CL33 =d;

+16 E 3 > leal?

c«Ene(k) a; a;Dec(a)=a
Asq +(132 +a33 #d;

< 288e.
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Now, note that (B, Bs, — (—1)% By,)? has a QPT-implementable block encoding with scale factor
©(1) by [Lemmas 2.17 and [2.18] Furthermore [|(Bs, Bs, — (—1)% By, )?|| < 4. Using [Lemma 2.21
and then [Eq. (5.3)|in the proof of [Lemma 5.4} we get

E ZII By, By, — (—1)% Byy)[¢ea) |

c+Enc(k

< E ZH By = (=1)% Byy)|tea) I + n(N)

c+Enc(7)

= ceEnC(z <12 Z Z Z ”Bj(aj‘*'l)‘wmwz

JES; a;Dec(a)=a
Asq +a92+a93—d ( )

4 ) > Icha>!2> + ().

a; a;Dec(a)=a
Asq +a52 +a33 #dl ( )

Summarizing, we obtain

E ZH 2 Bay — (1% By,) ByJthea) |> < 576¢ + 2n(\)

c+Enc(k

from [Eq. (52] O

Lemma 5.6. Let xg, + x5, + sy = d; and x4, + x4, + 24, = dj be the ith equation and jth equation
in the magic square game, respectively. Furthermore, let S = (|¢), {Aca}, {Bjp}) be an e-perfect
strategy for the compiled magic square game. Then, there exists a negligible function n(\) such that

E Z H Bs, By, — l)di+ijS2Bsth2Bt3)’w0a>H2 < 1584¢ + 4770‘)'

c+Enc(j

Proof. We have

E S I(Bey By, — (—1)%+% By, By, By, By, thea) |
[0

c+Enc(j)

<2 E Z H B, By, — 1)di382Bsth1)‘wca>”2

c+Enc(j

+2 E Z H BS2BS3BL‘1 ( 1)ijS2BS3Btth3)|¢ca>H2'

c+Enc(j

[Cermma 5.3 yields

E D (B By = (1) By, By, By, ) [thea) I < 5762 + 20(N).
c+Enc(j)
Furthermore, using and ||Bs, || <1, we get

E Z H Bs,Bs; By, — ( 1)ij$2B83Btth3>‘¢CO<>H2
«

c+Enc(j)

< E ) Z ”382”2H353H2H(Bt1 - (_1)ijt2Bt3)‘wca>”2
«—Enc(j) .

C
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< E ZH JBtl +Bt23t3)|¢ca>H2

c+Enc(j

< 216e.

This yields the assertion.

O

We are now ready to prove the main theorem of this section. Note that the operators By and By
are chosen purely for convenience and can be changed to other Bob observables, due to symmetry

of the magic square game.

Theorem 5.7. Let S = (|¢), {Aca}, {Bjb}) be an e-perfect strategy of the compiled magic square

game. Then, there exists a negligible function n(\) such that

E Z |(BaBa + BaBa)[thea)||* < 17280e + 5217(X)

c+Enc()
for all i € [6].
Proof. Let r;,c¢; be as in [Eq. (5.1)l We start by computing

> (B2Bi+B1 By Bs)|thca)|

ceEnc(rg) o

<2 Z | (B2Bs — BIBSBGB5)Wca>H

c(—Enc (r2)

+2 Z | B1l1?1(Bs Bs + Bo) Bs|thca) ||

c(—Enc(

< 4320e + 1277(/\)
by using (z + y)? < 2% + 2y?, and Similarly, we obtain

> [(BaBy=B1ByBs)[toca) ||

c<—Enc(cg) o

<2 Z |(B4By — B1B:BsBs)|thea) |2

c<—Enc (c2) o

+2  E > |IBil*Il(BrBs — By)Bslvea)ll?

c+Enc(ca

< 4320 + 121()).

[0}

(5.5)

Note that (B4Bs — B1ByBs)? has a QPT-implementable block encoding with scale factor ©(1) by
[Lemmas 2.17 and [2.18| and ||(B4Bs — B1BgBs)?|| < 4. Thus, again using (z + y)? < 222 + 2y? and

we get

E ZH (BaBy+ByBs)|tea) ||

c+Enc(z)

<2 Z H B2B4 + BlBQBS)WJcaH

c(—Enc (r2) o

+2 Z |(BaBz — B1ByBs)|tea) || + 4n(X).

c<—Enc(cg)

30



Then, by [Egs. (5.4) and [(5.5), we obtain

E > [[(B2Bi+BiBy)|thea) || < 17280 + 52n(N).

c+Enc(i) 7
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