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Nonlocal games yield an unusual perspective on entangled quantum states. The defining property of such
games is that a set of players in joint possession of an entangled state can win the game with higher probability
than is allowed by classical physics. Here we construct a nonlocal game that can be won with certainty by 2N
players if they have access to the ground state of the toric code on as many qubits. By contrast, the game cannot
be won by classical players more than half the time in the large N limit. Our game differs from previous examples
because it arranges the players on a lattice and allows them to carry out quantum operations in teams, whose
composition is dynamically specified. This is natural when seeking to characterize the degree of quantumness
of nontrivial many-body states, which potentially include states in much more varied phases of matter than the
toric code. We present generalizations of the toric code game to states with Z,, topological order.
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I. INTRODUCTION

Quantum pseudotelepathy refers to the notion that players
who are allowed to share entangled quantum states can win
certain cooperative games with higher probability than a set
of purely classical players [1]. Games that exhibit quantum
pseudotelepathy are called nonlocal games; some well-known
examples are the magic square game [2,3] and the parity
game [4,5]. Optimal quantum strategies for nonlocal games
typically involve a specific choice of quantum state tailored
to the rules of the game. Conversely, if quantum players are
able to win a nonlocal game with high probability and without
communicating classically with one another, this can impose
strong constraints on the state that they are using to play the
game. A prominent recent application of this idea was the
demonstration of so-called “device-independent self-testing”
for the two-singlet state [6—10].

The advantage that quantum mechanics provides for non-
local games ultimately arises from the feature of entangled
quantum states known as contextuality [11,12], or the impos-
sibility of reproducing the statistical ensemble of outcomes
of a quantum mechanical experiment from a set of local,
classical hidden variables. Thus, nonlocal games provide
an appealingly intuitive method for capturing the degree of
“quantumness” of a given physical state. Among such games,
the parity game has the unusual property that it is scalable
[1]; for any N > 3, it is possible to define a parity game on N
players that exhibits quantum pseudotelepathy and can be won
with certainty if the players share an N-qubit Greenberger-
Horne-Zeilinger (GHZ) state before playing the game. This
scalability property mimics the scaling behavior of extensive
many-body quantum systems, and therefore suggests a natu-
ral point of departure towards condensed matter physics. In
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particular, the question arises of whether nonlocal games can
be used to verify contextuality of the ground states of realistic
physical systems.

This question is of basic theoretical interest, in part because
of recent evidence that contextuality is the resource that allows
for universal quantum computation [13], rather than entangle-
ment [14]. At the same time, the vast majority of studies of the
information-theoretic aspects of many-body quantum states
have focused on their entanglement structure rather than their
contextuality properties [15], with some notable exceptions
[16-24].

Here we report some concrete progress on verifying con-
textuality in many-body systems, in the form of a nonlocal
game that can be won with certainty if the players share the
ground state of a toric code Hamiltonian [25]. This game is
based on the parity game, but differs from previous examples
of nonlocal games in some important respects. For example,
in this game the players reside on the bonds of a lattice,
and may be organized dynamically in “teams” whose spatial
arrangement inherits the geometry of the lattice. The multiple
possibilities for organizing the players in teams reflect the
extensively large number of generators of the stabilizer group
of the toric code, and endow the rules of our “toric code game”
with a similarly large degree of flexibility, which is ultimately
a consequence of the model’s Z; topological order.

In our analysis, we shall focus solely on ground states
of the ideal toric code Hamiltonian, rather than the gapped
topological phase that arises when the toric code Hamiltonian
is perturbed [25,26]. More generally, one might ask how far
quantum pseudotelepathy can arise within entire phases of
quantum matter, rather than at isolated points within these
phases. We note that the latter question has previously been
explored for the Z, x Z, symmetry-protected topological
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phase [23]. In a companion paper [27], we study this question
systematically for both conventional symmetry-breaking or-
der, as in the ferromagnetic phase of the quantum Ising model,
and for more exotic kinds of order, such as the topological
order under scrutiny below.

The paper is structured as follows. We begin by describing
the rules of the toric code game for 2N players arranged on
a square lattice, and present a perfect quantum strategy that
always wins this game. We next prove a uniqueness theorem
for the toric code game, to the effect that a perfect quantum
strategy for the toric code game can be used to uniquely
determine ground states of the toric code Hamiltonian. The
full details of this proof are provided in Appendix. Finally, we
exhibit a generalization of the toric code game to toric code
states with Z,, topological order, based on Boyer’s modulo M
game [28].

II. THE TORIC CODE GAME

The toric code game is a 2N player game, with one player
for every bond of a square lattice £ and N > 3. We assume
periodic boundary conditions in the vertical and horizontal
directions, so that £ lies on the surface of a torus. The game is
supervised by a referee, who we will call a “verifier” by anal-
ogy with the theory of interactive proof systems in computer
science [8]. From this point of view the players are “proving”
to the verifier that they are in joint possession of a toric code
ground state; we will return to this idea later on.

Before the toric code game is played, any given player does
not know in advance whether they will participate in the game.
At the beginning of the game, the verifier assigns a subset
of the players to 7 nonintersecting vertical loops of the torus
{I";}L_,, with one player per bond. They assign another subset
of players to each bond of a horizontal dual loop T, which
intersects each of the vertical loops {I';}Z_; in a single bond
t;. The players on the bonds of a given vertical loop I'; form

a “team,” and may communicate freely with one another, but
may not communicate classically outside their team. Also, the
players on the bonds of the dual loop r may not communicate
classically with one another. See Fig. 1 for one example of an
allowed configuration of active players.

The verifier gives each team a bit a; € {0, 1}, with the
promise that Y"1 a; is even. In order to win the game, each
player on a bond of the dual loop T must return a bit yp to the
verifier such that

mod 2. (1)

th

bel

We emphasize that once the underlying square lattice £ is
fixed, the verifier may choose the vertical loops I';, the number
of teams 7', and the dual loop I' arbitrarily, subject to the
constraints described above. For all such choices, there is a
perfect quantum strategy that uses the same ground state of
the toric code Hamiltonian on £. We now describe this perfect
quantum strategy.

We define plaquette and star operators A » =1 1pes » 7, and

By = [],., X in the usual fashion, in terms of which the toric

I'' Ty ... I'p

FIG. 1. One valid arrangement of players for the toric code game.
The vertical loops I'j, I, ..., I'r correspond to “teams” of players
who may communicate classically with one another, but may not
communicate between teams. Another subset of players is assigned
to the dual loop T, and there are no doubly occupied bonds, i..,
exactly one player sits on each bond of the union (UL rHu T.
Players on distinct bonds of r may not communicate classwally with
one another.

code Hamiltonian is given by [25,26]
1=-KY A, —K' ) B, )
p s
where K, K’ > 0. The state
00y = N1 + B9 R) 12, = 1). 3)
s b

where N is a normalization constant, and is a ground state of
the toric code Hamiltonian on any closed manifold, since it is
an eigenstate with eigenvalue 1 for any A or B,.

However, on the torus, this ground state is not unique. To
label the full set of degenerate ground states of H, we de-
fine Wilson loop operators W, sy = [lper " 7, and dual Wilson

loop operators Vx/y = Hbel"x/y X, as depicted in Fig. 2. The
topologically degenerate ground states | jk), j, k = 0, 1 of the
model can be labeled by the eigenvalues

Weljk) = (=1)/1jk),  Wyljk) = (=D jk), @

Fm _ p3
Fac p1

Ly r,

FIG. 2. Labelling conventions for Wilson loop operators on the
square lattice (leff) and plaquettes and stars in the Z,, toric code
(right).
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of the Wilson loops, and are obtained from the zero-flux
ground state by acting with dual Wilson loop operators | jk) =
(V) (V,)¥]00). A perfect quantum strategy then proceeds as
follows:
(1) Before playing the game, all players share the “topo-
logical cat” state
1
V) 7

(2) Team i acts with a power Wl
Wi = [Tper, 7, on the shared state [/).

(3) The players on the bonds of the dual loop T each
measure their qubit in the X or Hadamard basis and return
its value y;, € {0, 1}.

To be explicit, the square root of the Wilson loop operator
W; in Step 2 is defined by the eigenspace projection Wia’/ 2=
(%) + i""(%). Note that this branch of the square root is
nonlocal, i.e., Wil/z #+ Hber, Z;/Z.

Let us now verify that this quantum strategy always wins
the toric code game. After Step 2, the players’ shared state is
given by

(100) + [O1)). &)

/2 of their Wilson loop

1
V2
Step 3 is equivalent to the players on the dual loop T collec-
tively measuring the dual Wilson loop operator Vi = [, X»

on their shared state to yield an eigenvalue (—1)X»<i > But the
shared state after Step 2 is an eigenstate of Vi with eigenvalue

(-1 )ZA'T:l ai/2 Tt follows that
(— D& = (==, @)

1Y) = —(100) + (—1)Zm @/2|01)). )

which implies the winning condition Eq. (1) and therefore that
the players have won the game. Thus we have shown that the
topological cat state Eq. (5) yields a perfect quantum strategy
for the toric code game for any choice of teams and dual loop
consistent with the geometry depicted in Fig. 1.

To prove that this defines a genuine nonlocal game, we
must check that the best possible classical strategy wins with
probability less than 1. In fact, the condition of no classical
communication between the players on the bonds of I" implies
[29] that the optimal classical strategy is achieved if the play-
ers at the intersecting bonds {t;} = I'; N T" apply an optimal
classical strategy for the 7' qubit parity game, as tabulated by
Brassard-Broadbent-Tapp [5], while the remaining players on
bonds b € I'\ UL, {#;} return y, = 0. Thus the best classical
strategy for the toric code game with 7 teams wins with
probability | |

Pa =5+ 5e ®)
and the toric code game is a genuine nonlocal game whenever
the number of teams 7" > 3. Since it is possible for the verifier
to assign up to T = O(+/N) teams in an instance of the toric
code game, the “most quantum” instance of the game has
classical probability of winning tending to 1/2 as the number
of players tends to infinity,

1 1

Pa= 5% om
and always defines a nonlocal game provided the lattice £ is
more than three qubits wide.

—>§, N — oo, C))

Finally, we note that the version of the toric code game
described above explicitly pairs a set of teams with a single
generator of the fundamental group of the torus, in the sense
that all the teams in Fig. 1 lie along vertical loops. More gen-
erally, one can define analogous nonlocal games on surfaces
of arbitrary genus, with arbitrary allowed lattice geometries
such as honeycomb lattices [30], and assign a set of teams
to any generator of the fundamental group. Furthermore, the
game can be played simultaneously by multiple sets of teams
who are each assigned to independent generators of the fun-
damental group. One could also consider reducing the number
of fundamental group generators and playing the toric code
game with a single logical qubit, for example on the surface
of a cylinder or on a patch of the surface code with appropriate
boundary conditions [31].

For each of these generalizations, there is a perfect quan-
tum strategy that uses the appropriate topological cat state.
For example, in one simple generalization of the genus g = 1
square lattice toric code game described above, the verifier
assigns players to horizontal teams and a vertical dual loop;
then the perfect quantum strategy is a spatial reflection of
the strategy described above, and involves the players sharing
the topological cat state [¢r) = (|00) 4 |10))/ V2 before play-
ing the game. Moreover, the operations carried out by these
reflected teams commute with the operations of the original
teams, such that the two sets of teams can play simultaneously
and both sets can win with certainty.

III. UNIQUENESS THEOREM FOR THE
TORIC CODE GAME

We now prove that a perfect quantum strategy for the toric
code game can be used to uniquely determine ground states
of the toric code Hamiltonian. We first adapt some definitions
from a companion paper [27] to the present context. We define
a quantum strategy S = (), P) for an instance of the toric
code game to consist of

(1) a2N-qubit pure state |y), which is shared by all play-
ers before the game begins.

(2) a protocol P, which is a set of quantum gates and
measurements that each team or player applies to their qubits.

We define a perfect quantum strategy for an instance of
the toric code game to be any quantum strategy S that always
wins that game for all allowed inputs [5]. For concreteness, we
will follow the conventions for the toric code game defined in
Se. IT and in Fig. 1, and let Prc denote the quantum protocol
described in that section. By an “instance” of the toric code
game, we mean a specific choice of the number of teams T >
3, vertical loops {I" j},T':l and a horizontal dual loop I'.

Our uniqueness theorem relies upon the following Lemma,
whose proof we defer to the Appendix:

Lemma 1. Let |Y) be a 2N-qubit pure state. Then for a
given instance of the toric code game, the quantum strategy
S = (), Prc) wins the toric code game with probability

pqu(|¥)) —1/2

- ¥

{5 €(0,1)2V:W;15)=15))

1
(WPt @) = [(Wlex @),

(10)
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where the summation is over all computational basis states
16) = ), lop) that satisfy W;|o) = |5) for j=1,2,...,T,
and the states
1 N
|05 (3)) = —=(1 £ Vp)l5). (n
(01- ﬁ r

This Lemma allows us to prove the following result.
Theorem 1. Let S = (|¢¥), Prc) be a perfect quantum

strategy for all instances of the toric code game. Then |¢)
is a ground state of the toric code with

1 1
V2 V2

Proof. Suppose S = (|y), Prc) is a perfect quantum strat-
egy for all instances of the toric code game. We assume that
the state |y) is unit normalized. By Lemma 1, it follows that

IW)GSpaH{ (100) + [01)), (|10>+|11))}. (12)

1 .
|[v) € ﬂ span{{ﬁ(l + Vio)lg) : ¢ € {0, 1}2N’
(T.Ar)7_,.T)
W;lG) = |5), j=1,2,...,T”. (13)

Thus for any horizontal dual Wilson loop V;, it must be true
that

1 \
= —{+Vl|e), 14
1¥) ﬁ( + Vo)lg) (14)
where |¢) is some state for which
Wlg) = 19). (15)

for any vertical Wilson loop Wy that intersects V, in a single
bond. Note that unit normalization of |/) implies

L= (YY) = (@1 + V))Ip) = (dl}). (16)

since V, changes the W) quantum number of |¢). Now let B,
be any star operator and choose horizontal dual loops V; and
V5 such that V|V, = B;. It follows that
1 N 1 N
—= A+ VDlg1) = —=A+WV)l¢n), (A7)
N A
for some |¢1), |¢2) on which any allowed W) =1, with
(d11¢1) = (¢2]1¢2) = 1. Normalization of |y) can be written
as

V) =

o1+ Vi + Vo + ViWhgn) = 1. (18)

Since V; and V5 individually change the W quantum number
of |¢,), we deduce that

(@11¢2) + (D11Bs1¢p2) = 2. 19)

But this equality requires both terms to attain their maximum
possible values consistent with the Cauchy-Schwartz inequal-
ity, so that (¢]¢,) = 1 and (¢;|B;|¢,) = 1. The first relation
implies that

p2) = |1), (20)

proving that the state |¢) in Eq. (14) is independent of the
choice of horizontal dual loop V, while the second relation
implies that

Bilg) = 19). 2D

We next let A » be any plaquette operator and choose vertical
Wilson loops Wi and W5 such that W W, = A,,. Note that it
is always possible to choose Wi, W5, and a dual loop V; that
intersects both W; and W, in a single bond, so that [¢) =
%(1 + V)|¢) with Wy |¢) = Walg) = |¢). It follows that

Aylp) = Wihlp) = |). (22)

Equations (21) and (22) guarantee that |¢) is locally a ground
state of the toric code Hamiltonian. Equation (15) then fixes
the quantum number of vertical Wilson loops, so that

|¢) € span{|00), |10)}. (23)

The result follows by Eq. (14). |

We note that an analogous result holds for the doubled
semion state [30]. To be precise, just as a quantum winning
strategy using the Wilson loops of the toric code serves to
determine toric code ground states, the analogous quantum
winning strategy using Wilson loops of the doubled semion
model can be used to determine doubled semion ground states.

IV. Zy TORIC CODE GAMES

In this section, we introduce nonlocal games that can be
won with certainty if the players share a ground state of the
toric code with Zj, topological order (M > 2) before play-
ing the game. These games are based on Boyer’s modulo
M divisor M generalizations of the parity game [28]. At the
level of assigning players to bonds and teams, the rules of
this Zj, toric code game are identical to those of the toric
code game described in Sec. II. However, in the Z,; toric
code game, the verifier provides each team with a number
a; € {0, 1, ..., M — 1}, rather than a single bit. Similarly, to
win the game, the players at each bond of I' must return
numbers y, € {0, 1, ..., M — 1} to the verifier such that

T
3= % mod M. (24)
bel

An example of a valid arrangement of players is depicted in
Fig. 1. This recovers the toric code game in the case M = 2.

To define the Z,, toric code Hamiltonian, let wy, = ¢27/M
denote an Mth root of unity and define Z,, “clock” and “shift”
operators

1 0 0 0 0 1
A 0 o 0 N 1 0 0

¢= v . §= ,
0 0 0 0 1 0
0 0 ! 0 0 0

(25)

which satisfy the commutation relations €8 = wSC.

We next label plaquettes and stars as shown in Fig. 2 and
define plaquette and star operators A p= %(C‘ZIC‘ZZCP3CP4 +
H.c.) and B, = 1(§] 37 §,,5,, + H.c.), which mutually com-
mute thanks to the labeling convention. In terms of
these operators, the Hamiltonian of the Z,, toric code is
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given by [25]

M-1 M—1
A=K S Ay K Y By, 26
14 Jj=0 N j=0

with K, K’ > 0.

The zero-flux ground state can be obtained by projecting a
Cp = 1 product state into a B; = 1 state, and we can write it
as

1 M—1 o N )
00) =N 2BV QIG=1). @D
s j=0 b=1

To label all M? ground states of H, we introduce clock
Wilson loop operators Wy, = Hbel“,/v C, and their dual shift

Wilson loop operators V,/, = ]_[befm Sy, with labeling con-

ventions for loops and dual loops as in Fig. 2. The degenerate
ground states | jk) can be labeled by the eigenvalues

Wil jk) = wl k), Wyljk) = byl jk), (28)

of the clock loops, and are obtained from the zero-flux ground
state by repeated action of the shift loops, namely |jk) =
(V,)! (V)4100).

Then the following quantum strategy always wins:

(1) Before playing the game, all players share the state

1
NI

(2) Team i acts with an Mth root Wl
Wilson loop W; = nbeI‘; C.

(3) The players on the bonds of the dual loop ' each
measure their qudit in the shift basis and return its value yj.

Let us briefly verify that this always yields a perfect quan-
tum strategy for the Z, toric code game. After Step 2, the new
state is

V) = (100) 4 101) + - --|0M — 1)). (29)

—aiM of their clock

M—1
’ 1 kYL aim
W) = —= )y == 10k), (30)
i &5

by definition of the ground states |jk). This is an eigen-
state of the shift Wilson loop Vi =[], S, with eigenvalue

T .
a),%":' “M Step 3 yields numbers y, € {0, 1, ..., M — 1} with

the property that w,%”ff'w’ is the eigenvalue of the shift Wilson

loop \71: acting on the final state. But since the state |’) was

already an eigenstate of that shift Wilson loop, it follows that
T .

— wZi:I“t/M (31)

D beF Vb
Wy M )

which implies the winning condition Eq. (1).

Our observation in Sec. II that the optimal classical strategy
on the intersecting bonds #; induces an optimal classical strat-
egy for the toric code game applies equally to the Z,, case,
and demonstrates that the Z,, toric code game is a nonlocal
game for a lattice £ that is more than three qubits wide. This
is because the 7' qudit modulo M divisor M game is a nonlocal
game [28] for T > 3 qudits. For the “most quantum” instance
of the Z,, toric code game with 7' = O(\/IV ) teams, it also
follows [27] that the probability of winning for the optimal

classical strategy
Pa— 1/M, N — oo, (32)

with corrections that are exponentially small in /N.

Similarly, the Z,, toric code game has all the freedom of
the toric code game described in Sec. II: it can be played on
any surface of genus greater than one, on any lattice geometry,
with teams assigned according to any generator of the fun-
damental group, or even with multiple sets of teams that are
associated with different fundamental group generators and
play simultaneously.

V. CONCLUSION

We have proposed a nonlocal game that can be won
with certainty if the players share ground states of the toric
code before playing the game. This game has several fea-
tures that distinguish it from previous examples of nonlocal
games, including the spatial arrangement of the players on
a lattice, the dynamical organization of players into “teams”
and the topological invariance of quantum winning strate-
gies under continuous deformations of these teams. We have
further shown that a perfect quantum strategy for the toric
code game can be used to uniquely determine toric code
states (see Theorem 1), and exhibited generalizations of the
toric code game to toric code states with Z,, topological
order.

The former result can be seen as a first step towards device-
independent self-testing [6—10] or certification of nontrivial
ground states of condensed matter Hamiltonians. A desirable
goal would be to extend Theorem 1 to a full “rigidity” result
of the type proved for the two-singlet state [9], whereby the
rules of the toric code game alone could suffice to determine
the toric code ground state, up to local unitary operations.
We emphasize that the latter ambiguity cannot be removed;
for example, if a set of quantum players share a toric code
eigenstate containing some number of electric and magnetic
excitations, they can always win the toric code game with
certainty by applying suitably chosen unitaries [26] at their
bonds to remove these excitations, before applying the perfect
quantum strategy described in Sec. II.

More broadly, the possibility of using quantum games to
certify ground states of realistic physical systems up to lo-
cal unitary operations suggests a novel information-theoretic
approach to the problem of classifying phases of matter. A
natural question related to this idea is whether games can be
used to characterize states with non-Abelian global symme-
tries, such as Pfaffian quantum Hall states, beyond the Abelian
examples studied in this paper.
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APPENDIX: PROOF OF LEMMA 1

In this Appendix, we prove Lemma 1 of the main text.
Proof. First fix an input to the game, a; € {0, 1} with
ZJT-:1 a; even. Write the (normalized) state |v) as

ly) = Z czlojoy ...

5e{0,1)2V

o), (AT)

in the computational basis. After Step 2, we have
T o
= Z c(;izle“fwf(")|alaz ..
5¢e{0,1}2N

aj/

- ON), (A2)

where to fix the correct branch of W
{0, 1} by

, we define w;(G) €
w;(3)= Y o,mod2. (A3)

bel;

Before performing Step 3, it will be useful to work in the
X basis at every bond and write |y,) = |X, = (—1)"). This
yields

1 . T L. 2N
W= Y |gv X ePERen @R e |y yw). (A4)
yefo,12V Gef0,1)2V
Then the probability of winning the game with the state |y/) given the input d is given by
2
1 . T L N
p = YT | Yl PR @t iiionie (AS)
yefo, 12V Gefo,112V
Zbef Yo=r mod 2
where r = ZLI a;/2. We can write this as
" 1 ; T (w6 )—w; (G i S (gi—ol)y;
p(ly), @) = o Z C_C;el(ﬂﬂ)zle aj(w;(3)—w;(G") Z ™ X j=1(0i=0)y; (A6)
3,6'€{0,1}2N ye(0, 1}V
> pei yp=rmod 2
Then
. 2N ’ : ’ . ’
Z T Xm0y Z & 2o (0 =0}y Z & e (Op=0})yp (A7)
el Fe(0.1pVIF - se(o.1)"!
bel* Yo=11MO bt Yp=rmod 2
By the identity
M 1 (M
X g =3{ oo+ lo-m) a9
y: Z/ 1 yj=rmod 2} J=1
we have
3 T — NN TT s, (A9)
il h’
ye(0. 1211 bl
and
Z P Db (Ob—0p)ye ITI-1 1_[ 80,),5[; +(=1) l_[(SUbal_U[; (A10)
efo, )T bel bel
> pei yp=rmod 2
Thus
; 2N o o)y _
Z & 2j=1(0j=0))y; _ 92N—1 l_[ oo+ (=1 1_[8% abl_[5abl b
ye{0,12Y beT bel’
Zbef‘ Vb=r mod 2
which implies that
o1 ; T w3 (G
ply @)= | 1+ (=17 30 epepe ™D a@@m @5, o [ T80, (AlD)

5,5'€{0,1)2N

beT bel
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In the second term, we note that since w; € {0, 1} by definition,

wi(@) =D op+1-20, | mod2=1-w;@), (A12)
bel';
so that
wj(G) —wj(a) =1—2w;(@). (A13)
Thus
DL ajwi@)=wiG) — (1 y+ L ajw@) (Al4)
which finally yields
p(y),a) = % 1+ Z (=D ”f‘”-"(‘ﬁ’)c;,ﬁaf,.C}*_;,F_aﬁ, : (A15)
5€{0,1}2N

We now average uniformly over allowed inputs a; to yield the quantum winning probability

1 N 1 1 * T aw; G
pa¥D = D P D =S+ Y e DL (CDEEONO

aef0.1y” Fel0. 1PN aef0.1y”
Z/T:I ajeven Zle ajeven
By Eq. (A8),
T T
HZmaw@ — 2T TTs 8 Al6
Z (=)= @B = H w,»(&),0+1—[ w;@)1 |- (A16)
ae(0.1)" j=1 j=1

Z‘;:l ajeven
Then, imposing the Kronecker delta constraints above, we find that

1 1
=5ty 2

{6€{0,1}*N:w;(5)=0}

Pau(|¥)) (A17)

* *
(CUF,UF( Cf,aﬁ,gﬁ, + S . C&fﬁfe)'

The physical interpretation of this result is a summation over fidelities to “topological cat states.” To be explicit, we define the
22N pairs of GHZ-like states

1
|¢§(8)>=ﬁ Qo) = @ 11— o) | X low). (A18)

bel’ bel’ bel
Defining the dual Wilson line VF = [ [, Xp and writing |5) = ), |03), these states can be written as
1
V2

In terms of these states, the quantum winning probability is given by

9 (3)) = —=(1 £ V§)[5). (A19)

1
paul¥) = S| 1+ > (W led (GNP = (¥le= (@)

(5€(0,1)2V:W;15)=15))

[1] G. Brassard, A. Broadbent, and A. Tapp, Found. Phys. 35, 1877
(2005).

[2] N. D. Mermin, Phys. Rev. Lett. 65, 3373 (1990).

[3] A. Peres, Phys. Lett. A 151, 107 (1990).

[4] N. D. Mermin, Phys. Rev. Lett. 65, 1838 (1990).

[5] G. Brassard, A. Broadbent, and A. Tapp, arXiv:quant-
ph/0408052 [quant-ph].

[6] D. Mayers and A. Yao, Self testing quantum apparatus
(2003).

[71 A. Acin, N. Brunner, N. Gisin, S. Massar, S.
Pironio, and V. Scarani, Phys. Rev. Lett. 98, 230501
(2007).

[8] B. W. Reichardt, F. Unger, and U. Vazirani, Nature (London)
496, 456 (2013).

035409-7


https://doi.org/10.1007/s10701-005-7353-4
https://doi.org/10.1103/PhysRevLett.65.3373
https://doi.org/10.1016/0375-9601(90)90172-K
https://doi.org/10.1103/PhysRevLett.65.1838
http://arxiv.org/abs/arXiv:quant-ph/0408052
https://doi.org/10.1103/PhysRevLett.98.230501
https://doi.org/10.1038/nature12035

BULCHANDANI, BURNELL, AND SONDHI

PHYSICAL REVIEW B 107, 035409 (2023)

[9] X. Wu, J.-D. Bancal, M. McKague, and V. Scarani, Phys. Rev.

A 93, 062121 (2016).

[10] A. B. Grilo, A simple protocol for verifiable delegation of
quantum computation in one round (2017).

[11] R. W. Spekkens, Phys. Rev. Lett. 101, 020401 (2008).

[12] S. Abramsky and A. Brandenburger, New J. Phys. 13, 113036
(2011).

[13] M. Howard, J. Wallman, V. Veitch, and J. Emerson, Nature
(London) 510, 351 (2014).

[14] M. Van den Nest, Phys. Rev. Lett. 110, 060504 (2013).

[15] G. D. Chiara and A. Sanpera, Rep. Prog. Phys. 81, 074002
(2018).

[16] J. Barrett, C. M. Caves, B. Eastin, M. B. Elliott, and S. Pironio,
Phys. Rev. A 75, 012103 (2007).

[17] D.-L. Deng, C. Wu, J.-L. Chen, S.-J. Gu, S. Yu, and C. H. Oh,
Phys. Rev. A 86, 032305 (2012).

[18] J. Tura, R. Augusiak, A. B. Sainz, T. Vértesi, M. Lewenstein,
and A. Acin, Science 344, 1256 (2014).

[19] R. Schmied, J.-D. Bancal, B. Allard, M. Fadel, V. Scarani, P.
Treutlein, and N. Sangouard, Science 352, 441 (2016).

[20] S. Pelisson, L. Pezze, and A. Smerzi, Phys. Rev. A 93, 022115
(2016).

[21] J. Tura, G. De las Cuevas, R. Augusiak, M. Lewenstein, A.
Acin, and J. I. Cirac, Phys. Rev. X 7, 021005 (2017).

[22] S. Bravyi, D. Gosset, and R. Konig, Science 362, 308 (2018).

[23] A. K. Daniel and A. Miyake, Phys. Rev. Lett. 126, 090505
(2021).

[24] M. Sheffer, D. Azses, and E. G. D. Torre, Adv. Quantum
Technol. 5, 2100081 (2022).

[25] A. Kitaev, Ann. Phys. 303, 2 (2003).

[26] A. Kitaev and C. Laumann, Topological phases and quantum
computation (2009).

[27] V. B. Bulchandani, F. J. Burnell, and S. L. Sondhi,
arXiv:2206.11252.

[28] M. Boyer, arXiv:quant-ph/0408090.

[29] This follows by analogous arguments for the parity game [5].

[30] M. A. Levin and X.-G. Wen, Phys. Rev. B 71, 045110
(2005).

[31] A. G. Fowler, M. Mariantoni, J. M. Martinis, and A. N. Cleland,
Phys. Rev. A 86, 032324 (2012).

035409-8


https://doi.org/10.1103/PhysRevA.93.062121
https://doi.org/10.1103/PhysRevLett.101.020401
https://doi.org/10.1088/1367-2630/13/11/113036
https://doi.org/10.1038/nature13460
https://doi.org/10.1103/PhysRevLett.110.060504
https://doi.org/10.1088/1361-6633/aabf61
https://doi.org/10.1103/PhysRevA.75.012103
https://doi.org/10.1103/PhysRevA.86.032305
https://doi.org/10.1126/science.1247715
https://doi.org/10.1126/science.aad8665
https://doi.org/10.1103/PhysRevA.93.022115
https://doi.org/10.1103/PhysRevX.7.021005
https://doi.org/10.1126/science.aar3106
https://doi.org/10.1103/PhysRevLett.126.090505
https://doi.org/10.1002/qute.202100081
https://doi.org/10.1016/S0003-4916(02)00018-0
http://arxiv.org/abs/arXiv:2206.11252
http://arxiv.org/abs/arXiv:quant-ph/0408090
https://doi.org/10.1103/PhysRevB.71.045110
https://doi.org/10.1103/PhysRevA.86.032324

