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Quantum advantage beyond entanglement in Bayesian game theeory

A. Lowe*
Aston University, Department of Applied Mathematics and Data Science Birmingham B4 7TET, UK
(Dated: December 28, 2023)

Quantum discord has been utilised in order to find quantum advantage in arnextension of ‘the
Clauser, Horne, Shimony, and Holt (CHSH) game. By writing the game explicitly as'a Bayesian
game, the resulting game is modified such the payoft’s are different. Crucially,/restrictions are
imposed on the measurements that Alice and Bob can perform. By imposing these restrictions, it is
found that there exists quantum advantage beyond entanglement for a given quantum state. This is
shown by decomposing the expected payoff into a classical and quantum term. By optimising over
the expected payoff, the classical limit is surpassed for the given state in the restricted measurement
space. This gives an operational framework in order to witness and determine the quantum discord
for specific states, whilst demonstrating the importance of measurementin quant\um advantage.

I. INTRODUCTION

The search for scenarios where quantum correlations can be utilised in order to perform better than
their respective classical counterparts at a given task is labglled quantum advantage. Typically, there
has been particular focus on finding systems where non-locality offers significant quantum advantage' 3.
However, there has been little effort in attempting to use‘other forms of quantum correlations in order
to witness quantum advantage. In particular, quantwm discorded states remain under utilised in the
literature, both in quantum game theory and quantiim networksey Quantum discord was proposed in
tandem by Ollivier and Zurek* and Henderson and Viedral®. Quantum discord proposes that quantum
correlations can exist even when there is n@ entanglement, avhich is often the case for mixed sepa-
rable states. An additional characteristic of quantum diseord is that it is relatively robust against
perturbations® compared to entanglement and non-loeality, which means states that are discorded are
more experimentally practical as they_are more robust against decoherence”®. Therefore, designing
protocols which utilise mixed separable states,which have non-zero quantum discord, allows robust,
practically implementable networks which ean be used for future quantum technologies.

A significant drawback is that quantum discord is difficult to compute analytically as it is NP-hard
to compute? since it is generally andiscrete optimisation problem which scales exponentially with the
dimensionality of the system. Subsequently, various methods have been discussed in an attempt to
approximate it'?. One method i$ to use géemetric discord!'!, which has found to be bounded by Fisher
Information for two qubits'?. However, the benefit of geometric discord is limited as it can increase
under local reversible operations®,»There has been an increased focus in recent years on designing
methods for witnessing quantum discord both theoretically,'* and even experimentally at the Large
Hadron Collider, demonstrating the increasing understanding in quantum discord'®. Therefore, it is of
paramount importanee/that furthertechniques are explored in order to witness quantum correlations
beyond entanglement, where there is particular focus on devising experimentally feasible protocols.

Following a differentrapproachiin order to witness quantum advantage, there has been increasing use
of game theory. This is a branch of mathematics which focuses on optimising players decisions in order
to achieve theirdespective best payoff’s. Game theory was developed in the middle of the 20" century
by Von Neumann and Morgenstern'® and then extended upon by Nash!”. Typically, game theory
allows only /classical correlations between the players. However, it is possible to design a game where
the players'havefaccess to quantum correlations, and thus can use the properties of quantum mechanics
in order.to,achieve a better payoff relative to the respective classical counterpart. This is the origin
of quabtum game theory. It was pioneered by Meyer'®, and then Eisert, Wilkens, and Lewenstein, '
where the first'demonstration of quantum advantage using game-theoretic techniques was proposed.
Since,then, quantum game theory has been implemented in evolutionary models?®?!, and developed
onto quantum protocols?>2? with applications in quantum networks?4. For a more detailed discussion
of quantum game theory, please see recent reviews2%26,

Therefore, it is of significant interest to attempt to unite these two fields and subsequently witness
quantum advantage using game-theoretic techniques. In particular, it is important to attempt to de-
vise a game which can utilise quantum discord in order to create quantum advantage, as this will be of
practical benefit due its robustness against disorder. Subsequently, it will have real-world application
as cooperating interacting parties in a network is an everyday occurrence. This is perhaps best exem-
plified, by two parties sharing a resource across a network, therefore the larger the expected payoff, the
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more of the resource each party acquires. The type of game that will be studied is a Bayesian/game,
which has shown remarkable success in modelling auctions, bargaining, and resource allocation®”2%.
Bayesian games occur in everyday life, as interacting parties are often faced with optimisation,scenar-
ios, with uncertainty in what type of interaction the parties will have. An example could b¢ two people
choosing a route to work, if each person chooses the same route, then their journey will take longer,
however if they take different routes, then their journey will be faster. Given this seenario, what is each
person’s best strategy? This simple example illustrates how often Bayesian games surprisingly arise.
Given the development in quantum technologies, it is imperative to study how quantum, correlations
impact Bayesian games so protocols can be designed for quantum hardware. Currently, Bayesian gane
theory has only witnessed quantum advantage using a non-local quantum correlation. This was first
proposed for the CHSH game?® which allows a witness for violation of Bell’sdnequality3°.

In this paper, an extension of the CHSH game is proposed which utilises the properties of quantum
discord, in order to witness quantum advantage under a specific set of conditions. The fundamental
difference between classical and quantum correlations is found in the differing prebability distributions,
thus it is beneficial to introduce probability in quantum mechanics.

In quantum mechanics, the probability is computed using Born’s/rule; which is defined as

PZ‘ :tl"Hip7 (1)

where P; is the probability, II; is the projective measurement, and pris‘the density matrix. For the
scenario considered in this paper, the systems considered are bi-partite two particle spin systems,
where the density matrix is mixed separable. Given this, the probability to measure the spin of one
qubit up or down (o = +1) along a and another qubiti(e’. ==1) along b (where a and b are Alice

and Bob’s respective detector settings) is given by; S
P(o,0'|a,b),= trIl, 4 ® g, p, (2)
where
1
l'IC,|z,:§[1—i-aa-a]7 (3)

where o is the vector of Pauligmatrices such that o = (0,,0y,0.). It is important to stress that
projective measurements must take place in each subsystem, such that they are separable. If the
projector was not separable, thendt-would entangle the state, and thus any quantum advantage could
be due to entanglement. Subsequently, any. claims about the quantum correlations being inherently
related to quantum discord, would\be redundant. Throughout this paper, the measurements take place
on the Bloch sphere such that a =w(¢os ¢y sin 0,, sin ¢, sin 0, cos0,) with |a| = 1, and the assumption
that ¢, = 0 . Similarly these assumptions are used for a’, b, b’.

II. "QUANTUM DISCORD IN A MODIFIED CHSH GAME

The CHSH game is traditionally a Bayesian game, where the players are cooperative. The Bayesian
nature arises due toreach player having a private prior probability, where the other players are unaware
of this. Thi§ prior probability is used to compute their expected payoff. For this game, the Nash
equilibrium for the gameisthe maximum payoff that the players can achieve, as any unilateral deviation
to their strategy would result in a worse payoff due to the cooperative nature of the game. However,
the game has onlyrbeen studied using either classical states, or non-local states. After outlining the
relevant aspect§iof quantum discord, the modified form of the CHSH game is introduced. From this,
the modified game is shown to yield quantum advantage, when considering a mixed separable state
which has amnon-zero quantum discord in a given measurement space.

A. Quantum discord

Quantum discord for a given state quantifies quantum correlations by taking the difference between
the mutual information between two parties A and B before and after a local projective measurement.
This definition reveals how quantum correlations can persist even in the case of zero entanglement.

Page 2 of 10
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This implies mixed separable states can possess non-zero discord, and therefore non-zerosguantum
correlation. Recall the definition of the mutual information

I(p"?) = S(p™) + S(p”) — S(p™P), (4)

where S(pAB) = —trpAPlogpAB = — 3, Niln\;, pAP is the density matrix of the system, and \;
are the eigenvalues of the density matrix. In order to define the quantum mutual information from
player A’s perspective given a measurement on player B’s subsystem, the sum over all local projective
measurements is taken. Therefore, the density matrix after measurement has the form

1
pAjnE = ;trB(]-@HE)PAB(l@HE)v (5)
m

where II7 = (1/2)(1 + pn.o), p = +1, where n is the Bloch vector. Note, the notétion introduced
here is general to avoid confusion with the rest of this paper. Additionally.

P = tr(1 @ I2)p"". ~ (6)

Note the projector used here only acts in one of the subsystemsgnot both as defined in Eq. (2).
Therefore, quantum discord is defined using local projective measurementsin’ one subsystem. If the
quantum discord was computed using B’s subsystem given measurements on A’s subsystem, then the
projective measurements would take place in A’s subspace. From., these definitions, the conditional
entropy can be computed as

S(A\Hf) = ZpuS(PAmfj)- (7)
“w
Subsequently, the quantum mutual information is /S
Ja(pP) = S(p™Yy —S(AILY). (8)
Therefore, the quantum discord can be defined as
Do(p"®) = minlI(p") = 74(p"8)] Zinin S(AIIE) + S(o7) - 5(5?). (9)
w iz

Note that due to the minimisation over all projective measurements of player B, any quantum corre-
lations which exist must be due to the initial state, and not due to a particular choice of projector.
The only pure states which yield,zero quantum discord take the form

ptP = pt @ ph. (10)
Therefore, generally, states of the form
N
N
PP =" qun @ pp, (11)
pn=0

result in non-zero dis¢ord, where Zﬁjzo qu = 1. Note how Eq. (11) is clearly a mixed separable state
as each subsystem acts in its own space. It is important to clarify mixed separable states can still have
zero discord whenone of, the subsystems is a projector, such that

N
PP =g ®pf, (12)
n=0

and similarly for the projector in the other subsystem. Density matrices of the form in Eq. (11) reveal
that quantum correlations can exist beyond entanglement through the definition of quantum discord
in Eq4(9), as will'be demonstrated in the solution of the game.

There are a few extra comments about this definition. The difficulty in computing discord is due
to_the minimisation in a given subsystem. Generally, this is a discrete task, further complicating the
minimisation.  Whilst discord is difficult to compute, there has been significant progress in calculating
the discord in two qubit states®!32. The definition given in Eq. (9) is the quantum discord for player
A Therefore, the quantum discord for one subsystem is not necessarily the same as for the other
subsystem, which implies that quantum discord is in general not symmetric, i.e. Da(pAB) # Dp(pAB).
However, to derive the definition for player B, a similar procedure is followed, but the projective
measurements will take place in player A’s subspace. Given the introduction of quantum discord in
Eq. (9), the original CHSH game can be introduced to explicitly show how quantum correlations can
be revealed and understood using game-theoretic techniques.
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B. Description of the game

The general operational procedure for the CHSH game can be described as follows: a refereepCharlie
sends bits either 0 or 1 to Alice, and similarly Charlie sends bits either 0 or 1 to Bob. /When Alice
receives bit 0, she sets her detector setting to a and then performs a measurement on hetishared state
with Bob. When Alice receives bit 1, she sets her detector setting to a’ and performs a measurement
on her shared state. When Bob receives bit 0, he sets his detector setting to b§ and performs a
measurement on their shared state, and when Bob receives bit 1, he sets his detector setting to b’
and performs a measurement. Alice and Bob do not communicate what bits they have received, so
they are unaware which game they are playing. It is important to emphasise_thatyAlice and Bob’s
strategies are entirely classical, therefore any quantum advantage that can/be found will be entirely
due to their shared state. Given Alice and Bob’s combined measurements, we can assign a payoff. For
example, if they both receive bit 0, and therefore are in the type of gamergiven by/(a,b), and they
both measure spin up, then they are assigned a payoff of 1, as shown by the-payoff table in Table I.
These payoft’s are specifically for the CHSH game, therefore any deviation{from Table I will result in
a modified version of the original game.

(o, 8)] b b’
T4 A%
a |[1110 410
L0 ¥H0 Ty,
T3¢ O
a {MLo o1
Po 1|1 o

Table I: This table shows the payoff matrix for the traditional CHSH game. Based on what bits they
receive, a,b,a’.b denote how Alice and Bob’s detectors are set up. From this, they then perform
measurements on their shared States and basedhon their results, they are assigned a payoff. Also,
a ={a,a’}, B = {b,b’} and therefore denotes what bits the players receive, either 0 or 1.

—>

The general expected payoff to\player A for an arbitrary state for this type of game is given by

N
va= Z Ui’ﬁya/PA(Oz,ﬂ)P(g, U/|O‘aﬂ)a (13)

a,B,0,0’

where uj’fw/ is a teusor,of payoft’s for player A, Ps(«a, ) is player A’s prior belief of which type of
game they will be ingrand P(o40’|c, 5) represents the conditional probability for measuring a given
spin depending on what type of game the players are in. A similar equation written for player B’s
payoff is given by

ug = Z u%’fLU,PB(a, B)P(o, 0’|, B), (14)
o, f3,0,0'
where u%’ff,a, arerthe payoft’s for player B and Pg(«, §) is player B’s prior belief of which type of game

they will be indFor the traditional CHSH game, the payoft’s assigned to Alice and Bob are the same,
as well as each player’s prior beliefs, therefore w4 = up. Using classical statistics, the best payoff Alice
and Bob can-achieve is 0.75. This can be seen if they choose their detector settings such that they will
always measure spin up, regardless of the type of game they are in. However, if the players know that
they are allowed to share a Bell state, given by

b
V2

then the optimum payoff they can achieve is (1/4)(2 + v/2) ~ 0.85. In both scenarios, the prior
probability is given by P(«, 8) = P(«)P(f5) as Alice and Bob are independent, and they each believe

p =) (¥, |¥) (1) + 1)), (15)
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P(a) = P(B) = 1/2, therefore P(«, ) = 1/4. This is justifiable as they have no prior informatien on
what type of game they will be in, so they can only assume each game will be played uniformlys It is
important to note that strict quantum advantage (i.e. surpassing 0.75) can only be found in the CHSH
game for non-local states. However, this does not necessarily mean there is no quantum advantage
that can be gained from a mixed separable quantum correlated state.

Consider an extension of the game, where the payoff’s are different such that the payoff table is
given in Table II.

Ce) b’

o
_>
- = L=z
e Rl S P
— —
=
e
/

_ = =
<__

a’ [1]-11 21 -1
V1 -1l
. 4

Table II: The numbers denote Alice’s and Bob’s payoff/ As before, based on what bits they receive,
a,b,a’ b’ denote how Alice and Bob’s detectors,are set up. The experimental setup is the same as in
Table I, therefore the only difference between the €HSH game and the modified CHSH game is that
the payoff’s have been modified.

This scenario is similar to the traditional CHSH game, where it is a cooperative game and thus both
players maximising their payoff’s is the Nash equilibrium, as their payoft’s are the same. From this,
it is deduced that if either player deviates their strategy, their expected payoff will be worse. Unlike
the previous CHSH game, a nen-entangled state will be used in order to witness quantum advantage
utilising quantum correlations. The choice of payoft’s affects which measurement space the quantum
advantage can be found for agiven state. It is an interesting problem to find the general relation
between the payoff’s, measurement space, and state. It is established that only certain measurements
surpass the classical bound when using a Bell state, so it is clear that the choice of measurements
are important, when_related to,the payoff’s and state. This implies witnessing quantum advantage,
not only depends/on the state and measurement, but also on the payoff’s. This opens up a potential
avenue for future research, where if a state and measurement are known, are there a set of payoff’s
which can witness quantum advantage using the known information. This topic is extended upon in
the Discussion.

For the game given in Table II, the shared state between Alice and Bob is discorded, where it is
defined‘as

PP (@) = pi = S| 1) (1] + |aw) (wal ], (16)

N =

where |z) = cos(z/2) |1) +sin(z/2) |]). This is a mixed separable state as it can be written in the same
form as Eq. (11), and therefore does not possess any non-locality or entanglement. When numerically
computing the discord, the result is given by Fig. (1).
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D™
i
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Figure 1: This shows the numerical discord for the state in Eq. (16). Itis«lear there is zero quantum
correlation at x = 0, 7. Elsewhere, there is non-zero quantum correlation, with the maximum occurring
around z = nm + 7/2, where n € Z. The minimisation was over #, and ¢ras‘defined in the projectors.
This can only occur for a 2-qubit state, as the parameterisation, for # and ¢ is only valid for a two
particle system. Note, ¢ is included here for the optimisation te eompute the discord, but for the
optimisation in the game, ¢ = 0 to allow analytical tractability.

Since both Alice and Bob know the shared state beforehandthey can tune their respective detector
settings in order to maximise their respective payoft’s. However, this optimisation includes optimising
over each others detector settings. Therefore, each others'maximum payoff depends on what the other
player will do. Fortunately, the cooperative nature of this game yields a solution in which both players
would choose the optimum detector settings which would benefit each other.

C. Selution to the game

At this stage, it is important to emphasisesthat both Alice and Bob have complete knowledge of
each other’s payoff tables, and‘the state which they share. Their only sources of lack of knowledge
arise since they do not know what the value of the parameter x will be, and what type of game they
will end up playing. Also, it is assumed that the prior P(a, 3) = 1/4 as before. This prior is chosen
because the players have no knowledge of what type of game they will play. Additionally, the state
used to compute the conditionaliprobability is given in Eq. (16). Given this knowledge that both Alice
and Bob share, they can compute their expected payoff’s as functions of each other’s choices and the
discord parameter x. These are given by

'LLA :'LLB :f(0a79(1/70b70b/7$)7 (17)

where
1
f(0a,04, 0,00, x) = » 2 cos 9;,1; + 2 cos 9;'17 + 2 cos Q;b/ — 2cos 9;,)57, + cos Ozb + cos Hj,yb a8)
+ cos 92‘71), — ¢0s 0:,717, + COS(@Ib —2z) 4+ cos(@ij —2z) 4+ 005(9:’[7, —2z) — cos(@l‘;yb, —2x)|,

where 9; g = Osn—=105 and 9; g = 0a + 0. This expected payoff can be re-written by adding and
subtracting cos 0;5, + cos @, + cos 9;,71) — cos @, ,, such that Eq. (18) becomes

1
f (04,007,060, ) = _E{Q [cos G;b + cos ‘9;/,17 + cos H;b, — cos 9;,’17, + cos 9;,1; + cos O(j’b
+ cosly,, — cos H:[,)b,] + cos(0F, — 2x) + cos(0], , — 2z) + cos(6,, — 22) — cos(0), ,, —22)  (19)
— Cos Hib — cos HIb, — cos 9;,717 + cos 9:,’57, }

It is important to emphasise that this has not changed the result, but now allows Eq. (19) to be
written into a purely classical term, and a purely quantum term. Finally, the expected payoff can be

Page 6 of 10
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7
written as
J(0as0ar,0y,0u,2) = fci(0a,0a,0p, 0y ) + fo(ba,0a, 0, 0y, x), (20)
where the classical term is given by
fei(0a, 04, 60p,0p) = —% |:COS 0 (cos By, + cos Oy) + cos 0,/ (cos 6, — cos Hb:)} , (21)

and the quantum term has the form
sinz[ . o . . y e
fo(04,04:,0p, 0y, 2) = 5 [sm(@mb — ) +sin(0,, , — z) +sin(b, ,, — )= sin(07 s x)} (22)

Due to the sinz term, Eq. (22) becomes zero at x = 0,7 and non-zerorelsewhere,/ This is a truly
quantum contribution, which can be seen by noting that the quantum correlations for the shared state
vanish when x = 0, 7, seen explicitly in Fig. 1.

Given it is possible to split the expected payoff into two contributiens, coming from classical corre-
lations and quantum correlations, opens up the possibility that there may ‘be some advantage to be
gained from the extra quantum term. By maximising over all ghe variablesywith no restrictions, the
maximum expected payoff is 0.5 which coincides with the largest elassical/payoff. This is expected, as
the state considered is a mixed separable state, and surpas§ing this bound would imply non-locality.
However, by restricting the measurement space available to the players, such that they are only al-
lowed to set their measurement angles from 0 to 7 /2, yields an unexpected quantum advantage for the
players. Numerically maximising Eq. (20), it is found«that

L
fmam((g:;, 2’79;792’7‘%‘*) =0.30178 = f*7 (23)
where 0 = 0; = 7/2, 0%, = 0}, = 0, and crucially 2* =7#/8. The key result is that a non-zero z
gave the maximum for the expected payoff. For comparison, by considering a purely classical scenario
(x = 0), the maximum expected payoff is 0.25. This is‘emphasised in Fig. 2.

fr(x)
0,30
0.25
020
LRES
040

00sF

-0.05F

Figure 2: This plot revealshow there are regions where there is quantum advantage, for given different
values of z, such,that the expected payoff is greater than 0.25. The maxima of this function are found
at 7n/8 and(157 /8, which yields 0.30178.

At this stagey.itis important to highlight the quantum advantage observed is restricted for this
given /state to asgiven measurement space. For clarity, any mixed-separable discorded state will never
surpass.the CHSH bound as it will be local. It is also possible to consider scenarios where the quantum
corréelation,dominates the classical correlation. Defining the ratio between the quantum contribution
and the classical contribution, yields

fQ (0a, 9(1/7 9177 9},/, fE)
fCl(elM ea'a 9b7 eb’)
where the quantum contribution must obey fg (04,04, 0,0y, ) > 0 and similarly the classical part is

constrained such that fo;(04,04,0p,60p) > 0. Therefore, when k > 1, this implies the quantum contri-
bution is larger than the classical contribution, and conversely x < 1 implies the classical contribution

ﬂ(aaaaa’79b70b/ax) = =R, (24)
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is dominating the quantum contribution. When the contributions from both the classical andgguantum
part are equal, then x = 1. Similar ratios could be defined for differing signs, but the absolutewalue
ensures that k > 0. This ratio gives a measure of how much quantum correlation is in a given.quantum
game relative to the classical counterpart. It is important to emphasise, the total correlation may ot
reveal quantum advantage in the particular quantum game. However, it is possible that,the classical
correlation is zero, and there is a non-zero quantum correlation resulting in an andefined k. This is
the case for 0, = 7/2, 6, = 7w/4, and 0, = 0, = 0. Whether it is possible to develop a hierarchy
between classical and quantum correlation below the CHSH bound remains an open question.

D. Relations

There are interesting relations which can be derived from the results.ef the game. These can be
analysed by considering Egs. (21) and (22) individually, which are given by <

_ 4
B (02 = /2,00 = 0,07 = /2,0y = 0) =025 = = (25)
and
) ) ) 0.828
G (05 = m/2.05 = 0,05 = 7/2,0y = 0,2 £ 7 /8~ 0.05178 = — . (26)

which interestingly when combined can be written as

e (NN N S % (4 + 0.828) =’11—6 (2+2v2). (27)
This can be directly compared with the result from the CHSH game using a non-local state, where
the differences are due to the denominator, and anextra factor of 2 in front of v/2. The apparent
connection to the maximum bound for the CHSH inequality of 21/2 was not expected as the state
considered for maximum violation is strictlymen-local. Despite this, it is clear that the extra quantum
term in the game considered here gives riseito an extra contribution which can be utilised for quantum
advantage in this Bayesian game.

When calculating the maximum, expected payoff, it was noted that an interesting relation occurs
between this expected payoff and the,trace of the Hessian matrix. Given the trigonometric nature
of the expected payoff, it is clear that the second derivatives will return the same functions with the
signs changed. The sum of the second derivatives with respect to their corresponding variables is
proportional to the expected payeff such that

trﬁ: _2f(9a79a'79b79b’ax)7 (28)
where H is the Hessian matrix. Sifice

Wi =30 (29
where ¢; are theeigenvalues of the Hessian matrix yields the relation that
1
f(Ba, 80,65, 0, 2) = —§zij¢i. (30)

Therefore, optimising over the eigenvalues of the Hessian matrix is equivalent to optimising over the
expectedypayoff function. It is important to stress, this has only been found for this particular payoff
function, but whether there is an underlying relation between the eigenvalues of the Hessian and the
expected payoff in Bayesian game theory remains an interesting direction for future research.

IIT. DISCUSSION

The proposed game offers a proof of concept result, where quantum correlations beyond entanglement
can yield quantum advantage in Bayesian game theory, highlighting the benefit of uniting quantum

Page 8 of 10
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mechanics and game theory. In order to further demonstrate the practical implementation of this
result, future research could devise algorithms and interactive protocols which can utilise the observed
quantum advantage. Consequently, this work creates the opportunity for further research in_algorithm
design, specifically for quantum correlations beyond entanglement. Moreover, the game suggested here
could be utilised to deduce information about the specific discorded states, but this is beyond the scope
of this paper.

It is important to highlight the difference between this paper, and previous result§looking at local
states in quantum game theory3334. In previous studies on local states, the work assumes.the playexs
apply quantum strategies, often in the form of Hadamard operations. This is significantly different
to this paper, which uses only classical strategies. The key benefit for utilising classical strategies is
that any quantum advantage is entirely due to the state, not due to a non-local unitary operation
on the state which will entangle the state, regardless of what shared correlation the players originally
had.. Furthermore, there is no debate on how to experimentally implement this game, as there is no
discussion about how to physically ‘play’ a non-local unitary operation. /The analysis'considered in this
paper is conceptually analogous to the work of Brunner and Linden®.  In addition, there has been no
previous work on local states in Bayesian game theory, further demonstrating the novel results shown
here.

There are two significant limitations of the analysis performed.in this paper. The main drawback is
that quantum advantage was demonstrated for a specific discorded state, rather than proving quantum
advantage for a general discorded state. However, this paper epenswup the avenue for developing
methodology which can witness quantum advantage using a general discorded state in a quantum
game. Subsequently, this will be a key focus of future research.

Another significant limitation, is due to the restrictions imposed on Alice and Bob’s measurements.
Whilst it is beneficial for witnessing quantum correlations/the maximum classical expected payoff will
always be the upper bound for mixed separable states./ To further generalise the results, ¢, would
also be generally non-zero, similarly for a’, bfand b’. Whether this allows further quantum advantage
would be a significant question to investigate:

It would be interesting to determine if there is a generic relation between the measurement space
and the ability to witness quantum advantage. The same logic could be applied; if given a specific
quantum state, is there a measurement spaceswhich would witness the quantum correlation. This
analysis could be extended to include how'the payoft’s affect the quantum advantage in a Bayesian
game.

From a game-theoretic perspective, it would be interesting to modify this game such that Alice
and Bob are competing, thus noglonger cooperative. Given this change, how would the quantum
correlations affect the Nash equilibrium' compared to the classical solution. Moreover, it should be
investigated if modifying the priors allows jone player to acquire a larger expected payoff at the expense
of the other player. This may offersfurther insight into the benefit of utilising quantum correlations in
game theory. As a further extension of this, this quantum game could be implemented onto a quantum
network, where a quantum ‘protocol could be devised which could offer technological benefit by utilising
quantum technologies:( It is alse.worth studying whether quantum advantage beyond entanglement
can be witnessed in extensive form games, as quantum advantage has already been shown for non-local
states3®.

It was also interesting tosnote the similarities between the maximum expected payoff in the CHSH
game, and the@esult in Eq. (27). Given the discorded state is inherently local, it is intriguing to
see a factor of 24/2 contributing to the quantum advantage. A further unexpected result that arose
from the analysis was.therelation between the spectra of the eigenvalues of the Hessian matrix, and
the expected payoff function. Further investigation is required to determine whether this is a general
relations

IV. CONCLUSION

Quantum advantage is witnessed in a modified version of the CHSH game, where the advantage is
entirely due to quantum correlations beyond entanglement. This proof of concept result was done by
taking a specific discorded state, and imposing measurement restrictions on the players. Using these
constraints, the players were able to surpass the classical limit for the given restrictions, entirely due
to the quantum correlations. By utilising game-theoretic techniques, this protocol could be readily
implemented in experiments, in order to witness and characterise quantum advantage.
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This is the first result using quantum discord for quantum advantage in Bayesian game theory.
Future research arising from this work will extend quantum discord into a wide range of quamtum
games, in order to witness and quantify quantum advantage, with specific focus on the importance of
the measurement space and the relation to the payoft’s in the game.

V. ACKNOWLEDGEMENTS

The author thanks David Lowe for insightful discussions about incomplete infermation games, Igor
Yurkevich for assistance with probability in quantum mechanics and Kazuki Tkeda for discussing the
applications of quantum game theory. This work was supported by the Leverhulme Trust Grant No.
RPG-2019-317.

lowea3@aston.ac.uk

F. Arute et al., Nature 574, 505 (2019).

H. Zhong et al., Science 370, 1460 (2020).

N. Brunner and N. Linden, Nature Communications 4, 2057 (2013).

H. Ollivier and W. H. Zurek, Physical Review Letters 88, 017901 (2001).

L. Henderson and V. Vedral, Journal of Physics A: Mathematical and General 34, 6899 (2001).

T. Werlang, S. Souza, F. F. Fanchini, and C. J. Villas Boas, Phys. Rev. A 80, 024103 (2009).

J.S. Xu, X. Y. Xu, C. F. Li, C. J. Zhang, X. B. Zou, and G:C. Guo, Nature Communications 1, 7 (2010).

R. Auccaise, L. C. Céleri, D. O. Soares-Pinto, E. R. d¢Azevedo, JsMaziero, A. M. Souza, T. J. Bonagamba,

R. S. Sarthour, I. S. Oliveira, and R. M. Serra, Physical Review Letters 107, 140403 (2011).

® Y. Huang, New Journal of Physics 16, 033027(2014).

10 M. A. Hunt, I. V. Lerner, I. V. Yurkevich, and ¥»Gefen, Physical Review A 100, 022321 (2019).

1 B, Dakié¢, V. Vedral, and C. Brukner, Physical Review. Letters 105, 190502 (2010).

12 A. Lowe and I. V. Yurkevich, Low Temperature Physics 48, 396 (2022).

13 1. Chang and S. Luo, Physical Review An87, 062303, (2013).

14 R. Wang, Y. Yao, Z. Yin, and H. Lo, “Quantum Discord Witness with Uncharacterized Devices,” (2023),
arXiv:2303.11167.

15 y. Afik and J. de Nova, Physical Review Lettersil30, 221801 (2023).

16 J. von Neumann and O. Morgenstérn, Theory of games and economic behavior (Princeton University Press,
1947).

7 J. F. Nash, Proc. Natl. Acad. Séi. 36, 48 (1950).

8 D. A. Meyer, Phys. Rev. Lett. 82, 1052 (1999).

19 J. Eisert, M. Wilkens, and MumLewenstein, Physical Review Letters 83, 3077 (1999).

20 A. Igbal and A. H. Toor, Physics Letters A 280, 249 (2000).

21 A. Igbal and A. H. Toor, Phys{Rev.{A 65, 022306 (2002).

22 K. Ikeda and A. Lowe JETQuant. /Comm 4, 218 (2023).

23 Tkeda and S. Aoki, Quantum'Information Processing 21, 27 (2021).

24 L. Pawela, Physica A: Statistical Mechanics and its Applications 458, 179 (2016).

2 S. Khan, N. Selmeyer, R. Balu, and T. S. Humble, Quantum Information Processing 17, 309 (2018).

26 P. Flitney and D. Abbott, Fluctuation and Noise Letters 02, 175 (2002).

2T G. Christodoulou, A. Kovées, and M. Schapira, J. ACM 63, 11 (2016).

28 (. He, M. Debbah,»and E. Altman, EURASIP Journal on Wireless Communications and Networking 2010,
391684 (2010).

29 J. Clauser, M /Horn€, A. Shimony, and R. Holt, Phys. Rev. Lett. 23, 880 (1969).

30 J. Bell, Physics Physique Fizika 1, 195 (1964).

31 D. Girolami and:@. Adesso, Physical Review A 83, 052108 (2011).

32 A. Maldonadg-Trapp, A. Hu, and L. Roa, Quantum Information Processing 14, 1947 (2015).

33 7. Wei and S./Zhang, Information and Computation 256, 174 (2017).

31 @A Melo-Inma, C. E. Susa, A. F. Ducuara, A. Barreiro, and J. H. Reina, Scientific Reports 7, 44730
(2017).

38 K. Ikeda, Quantum Information Processing 22, 66 (2023).

0w N O Ok W N =K

QOFHrRRE >

Page 10 of 10


mailto:lowea3@aston.ac.uk
https://doi.org/10.1038/s41586-019-1666-5
http://dx.doi.org/10.1126/science.abe8770
http://dx.doi.org/10.1038/ncomms3057
https://link.aps.org/doi/10.1103/PhysRevLett.88.017901
https://dx.doi.org/10.1088/0305-4470/34/35/315
http://dx.doi.org/10.1103/PhysRevA.80.024103
https://doi.org/10.1038/ncomms1005
https://link.aps.org/doi/10.1103/PhysRevLett.107.140403
https://doi.org/10.1088/1367-2630/16/3/033027
https://link.aps.org/doi/10.1103/PhysRevA.100.022321
https://link.aps.org/doi/10.1103/PhysRevLett.105.190502
https://doi.org/10.1063/10.0010204
https://link.aps.org/doi/10.1103/PhysRevA.87.062303
https://doi.org/10.48550/arXiv.2303.11167
https://link.aps.org/doi/10.1103/PhysRevLett.130.221801
http://dx.doi.org/10.1073/pnas.36.1.48
http://dx.doi.org/10.1103/PhysRevLett.82.1052
http://dx.doi.org/10.1103/PhysRevLett.83.3077
http://dx.doi.org/10.1016/S0375-9601(01)00082-2
http://dx.doi.org/10.1103/PhysRevA.65.022306
https://doi.org/10.1049/qtc2.12066
http://dx.doi.org/10.1007/s11128-021-03378-5
http://dx.doi.org/https://doi.org/10.1016/j.physa.2016.04.022
https://doi.org/10.1007/s11128-018-2082-8
https://doi.org/10.1142/S0219477502000981
https://doi.org/10.1145/2835172
https://doi.org/10.1155/2010/391684
https://doi.org/10.1155/2010/391684
http://dx.doi.org/ 10.1103/PhysRevLett.23.880
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://link.aps.org/doi/10.1103/PhysRevA.83.052108
https://doi.org/10.1007/s11128-015-0943-y
https://www.sciencedirect.com/science/article/pii/S0890540117301050
https://doi.org/10.1038/srep44730
https://doi.org/10.1038/srep44730
https://doi.org/10.1007/s11128-022-03806-0

