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We provide an interesting two-party parity-oblivious communication game whose success probability is solely
determined by the Bell expression. The parity-oblivious condition in an operational quantum theory implies the
preparation noncontextuality in an ontological model of it. We find that the aforementioned Bell expression has
two upper bounds in an ontological model: the usual local bound and a nontrivial preparation noncontextual
bound arising from the nontrivial parity-oblivious condition, which is smaller that the local bound. We first
demonstrate the communication game when both Alice and Bob perform three measurements of dichotomic
observables in their respective sites. The optimal quantum value of the Bell expression in this scenario enables
us to device-independently self-test the maximally entangled state and trine set of observables, three-outcome
qubit positive-operator-valued measures and 1.58 bits of local randomness. Further, we generalize the above
communication game in that both Alice and Bob perform the same but arbitrary (odd) number (n > 3) of
measurements. Based on the optimal quantum value of the relevant Bell expression for any arbitrary n, we
also demonstrate device-independent self-testing of the state and measurements.
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I. INTRODUCTION

The Bell theorem [1] is at the heart of quantum founda-
tions. This no-go proof asserts that every quantum statistics
cannot be accounted for by any ontological model satisfy-
ing locality. Later, it was found that Bell’s theorem certifies
the nonlocal correlation in a device-independent way in that
no characterization of devices needs to be assumed. Besides
the immense impact of Bell’s theorem on conceptual foun-
dations of quantum theory, the device-independent quantum
certification based on it has led to many potential practical
applications (for a review see [2]) in quantum information
processing tasks.

Another pertinent no-go proof in quantum foundations, the
Kochen-Specker (KS) [3] theorem, proves an inconsistency
between the quantum theory and noncontextual ontological
models. While the demonstration of Bell’s theorem requires
two or more spacelike separated systems, the KS theorem can
also be demonstrated for a single system having dimension of
the Hilbert space d > 3. However, the traditional KS notion
of noncontextuality is merely applicable to the deterministic
ontological models of quantum theory and the ontic states
strictly provide the values corresponding to the sharp projec-
tive measurements only. The notion of KS noncontextuality
was further generalized by Spekkens [4] for positive-operator-
valued measures (POVMs) in any arbitrary operational theory.
He also extended the formulation to the transformation and
preparation noncontextuality. In the present work, the notion
of preparation contextuality plays an important role.
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The communication games [5-27] are widely used tools
for studying the fundamental limiting features of an opera-
tional theory in terms of their ability to process information.
In such a game, two or more parties jointly perform a given
task with the highest possible efficiency despite the amount
and type of communication being constrained by some rules.
In terms of the nature of communication from sender to re-
ceiver, there are two major classes of games: one in which
the dimension of the communicated system in classical or
quantum theory is bounded and another in which the obliv-
iousness condition on the communication is imposed without
any restriction on the dimension of the system and/or on
the amount of communication. There is yet another class of
games using energy constraints [22] and information content
constraints [27]. Both classes of communication games can
be played either in the prepare-and-measure scenario or in
the entanglement-assisted scenario [17-21,23-26]. The well-
known parity-oblivious random access code [17-20,23] is one
such communication game.

In this work, we provide an interesting two-party oblivious
communication game in which the sender (Alice) is allowed
to communicate any amount of information but that should
not reveal the parity information of the inputs to the re-
ceiver (Bob). We demonstrate that the success probability of
this parity-oblivious communication game is solely dependent
on a suitable Bell expression. Note here that obliviousness
in an operational theory can equivalently be represented as
obliviousness at the level of ontic states if the ontological
model of that operational theory is preparation noncontextual
[17]. In this connection, it is also worthwhile to note that,
in two-input—two-output Bell scenario the preparation non-
contextuality assumption in an ontological model of quantum
theory can also be viewed as a locality condition [28,29].
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We call it a trivial preparation noncontextuality condition.
However, in a two-party Bell scenario beyond the two-input—
two-output one there could be certain forms of oblivious
condition which can lead to nontrivial restriction on the
choices of inputs. In such a case the upper bound of the
Bell expression may be reduced from the trivial case (the
local bound), which we term here a nontrivial preparation
noncontextual bound. Thus, for a specific choice of states and
measurements, it is possible that the optimal quantum value
of the Bell expression may not be large enough to exhibit
nonlocality, but the nonclassicality in the form of nontrivial
preparation contextuality may still be revealed. In quantum
theory, the optimal value of the Bell expressions enables one
to self-test the state and measurements.

Specifically, we propose an entanglement-assisted parity-
oblivious communication game in that both Alice and Bob
receive inputs x,y € {1,2,...,n} with odd n > 3 and ac-
cording to which they perform local measurements on their
respective sites. Each of the local measurements produces
dichotomic outputs a, b € {0, 1}. The inputs of Alice satisfy
a parity-oblivious condition and this in turn provides that a
functional relationship between Alice’s observables has to
be satisfied. We show that the success probability of the
communication game is solely determined by the value of a
family of Bell expressions (say, 53,) which has a local bound
and a nontrivial preparation noncontextual bound. We demon-
strate that an optimal quantum value (l’j’,l)g”t enables one to
device-independently self-test the entangled state and a set of
projective measurements.

We first demonstrate the communication game for n = 3,
which allows us to self-test a trine set of observables and
entangled state. We then show that a simple modification of
the aforementioned game can certify the three-outcome qubit
POVMs, which in turn can be used to certify 1.58 bits of
local randomness. Further, we generalize the aforementioned
three-input game to any (odd) arbitrary n input game and
optimal quantum success probability enables the self-testing
of a maximally entangled state and a set of observables. We
further discuss that such a generalization does not enable us
to certify the randomness.

The plan of the paper is the following. In Sec. I we pro-
vide the preliminaries of the oblivious communication game,
the notion of preparation noncontextuality in an ontological
model, the self-testing protocols, and the device-independent
randomness certification. In Sec. III we provide a specific
entanglement-assisted parity-oblivious game in which Alice
and Bob perform three measurements each and optimization
of the success probability of that game. In Sec. IV we provide
the self-testing protocol that certifies the entangled state and
the trine set of observables. The self-testing of three-outcome
POVMs and local randomness is provided in Sec. V. The
generalization of the communication game for any arbitrary
odd n is provided in Sec. VI. We summarize our results in
Sec. VIL

II. PRELIMINARIES

Before presenting the main results, we briefly summarize
the notion of preparation noncontextuality in an ontological

model, the parity-oblivious communication game, the device-
independent self-testing, and certifications randomness.

A. Operational theory and ontological model

We invoke an elegant framework of an ontological model
[4,30] of quantum theory to introduce the notion of noncon-
textuality from a modern perspective. Given a preparation
procedure P and a measurement procedure M, an operational
theory assigns a probability p(k|P, M) of obtaining a partic-
ular outcome k. In quantum theory, a preparation procedure
P produces a density matrix p and a measurement procedure
M (in general described by POVMs E}) provides the proba-
bility of a particular outcome k being given by p(k|P, M) =
Tr[pE}], the Born rule.

In an ontological model of quantum theory, it is assumed
that whenever p is prepared by P, a probability distribu-
tion pup(Alp) in the ontic space A is prepared, satisfying
Sy mp(r|p)dr =1, where A € A. The probability of obtain-
ing an outcome k is given by a response function &y, (k|A, E})
satisfying )", &y (k|A, Ex) = 1, where a measurement oper-
ator Ej is realized through M. A viable ontological model
should reproduce the Born rule, i.e., for all p, E;, and k,
S e 0)er (KA, Ex)dd. = Tr{pEy].

An ontological model of an operational theory can be as-
sumed to be noncontextual in the following way [4]: If two
experimental procedures are equivalent in operational theory,
then they can be represented noncontextually in an ontolog-
ical model. Then an ontological model of quantum theory is
assumed to be preparation noncontextual for all M and k,

pk|P, M) = p(k|P', M) = pp(rlp) = pp(Alp), (1)

where p is prepared by two distinct preparation procedures P
and P’ [4,31,32]. We will shortly see that in a preparation non-
contextual ontological model the parity-oblivious constraint in
a communication game in operational quantum theory implies
an equivalent obliviousness condition at the level of ontic
states.

B. Oblivious communication games

Consider a scenario where two distant parties, Alice and
Bob, collaborate to perform a common task through a one-
way communication [5-10,12-16]. Alice (Bob) receives an
input x € {1,...,n4} (y € {1, ..., ng}) with probability dis-
tribution p4(x) [pp(y)]. Bob’s task is to guess a function of
their interest f(x, y) with the help of Alice’s communication.
For this, he encodes his answer in an output variable, say,
b € {0, 1}. Let p(b|x, y) represent the probability of obtaining
a binary output b given inputs x and y. The input may also
contain the output of Alice. The guessing probability of the
function f(x,y) is a linear function of the observed proba-
bilities {p(b|x, y)}. Thus, any linear figure of merit can be
expressed as

P =Y C paps0pb = f Ny, (2
X,y

where ny), is the payoff function of the game which quantifies
the normalized weightage for guessing the correct f(x,y).
The quantum advantage of a communication game over clas-
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sical resources becomes trivial if Alice is allowed to send her
input x to Bob. However, if some constraints are imposed on
the communication from Alice to Bob, then the supremacy of
quantum resources may be exhibited. One such constraint can
be bounding the dimension of the input. Another one, in which
we are particularly interested here, is the parity-obliviousness
condition [17-21,23-26,33,34]. Such a condition implies that
there is no restriction on the number of communications,
but that should not covey the information about a particular
property of the inputs.

In an operational theory, Alice prepares the inputs x by
the preparation procedures P, and upon receiving the input
v, Bob performs the measurement of M,. Consider that there
are L subsets having the same number of elements of the
input P, C P, withl =1,2,3,..., L. An oblivious condition
demands that an input is not distinguishable whether it has
come from P; C P, or from Py C P, even when Alice’s com-
munication is not restricted. For our purpose it will be enough
to consider the input of Alice as being uniformly distributed
so that pa(x) = 1/|P,|, where |Py| is the cardinality of the set.
Then, for an oblivious game for all /, I, y, and b we can write

> p(Pelb, My) = > p(Pclb, M,). (3)

P.eP PXEP,/

Using the Bayes rule, one can write p(FPl|b, M,) =

p(b|P, My)p(x,y)/p(blM,). By noting that p(x,y)=
pa(x)pp(y), Eq. (3) can be written as
> PP, My) = Y pbIP, My) )

Peepy P.ePy

for all /, I’, y, and b. This means that the two input sets P
and P/ cannot be distinguished by any outcome b and any
measurement M, in an operational theory. This takes the form
of the premise of the notion of preparation noncontextuality
given in Eq. (1). Assuming preparation noncontextuality in
an ontological model of the above operational theory, we can
write

Y uGIP) =Y p(P), ®)

PceP, Py EP[/

where A € A is the ontic state and A is the ontic state space.
Using the Bayes rule once again, it can be shown that

D uPdr)y =Y pPI), 6)

Pep PcePy

which implies that for preparation noncontextual models, the
satisfaction of the obliviousness condition in an operational
theory provides an equivalent representation at the level of
the ontic states. In other words, the obliviousness condition
must be satisfied at the level of ontic states A too for the
preparation noncontextual model. In this work, we consider
a particular obliviousness condition, the parity-obliviousness
one, in which no parity information of the inputs will be
transmitted to Bob due to Alice’s communication. Similarly,
for preparation noncontextual ontological models, the ontic
state A cannot contain any information about the parity.

C. Device-independent self-testing

Self-testing in its traditional form is a device-independent
protocol that aims to uniquely characterize the nature of
the target quantum state and measurements solely from the
correlations. Essentially, this requires finding a suitable Bell
inequality whose maximum violation is achieved uniquely
by the target state and measurements involved. Given the
communication game discussed above, the observed joint
probability in quantum theory can be obtained from the Born
rule and is given by p(ab|x,y) = Tr[pap(Aax ® Bp)y)], where
PaB = |¥ap)(Wag| is an entangled state and {A,} and {By,}
are the sets of local measurements that belong to Alice and
Bob, respectively.

The aim of the self-testing is to find the suitable corre-
lations which can uniquely be realized by the target state
and measurements. The traditional self-testing scenario was
first proposed by Mayers and Yao [35]. Later, McKague and
Mosca [36] used this isometric embedding to develop a gen-
eralized Mayers-Yao test [37]. Since then, many works on
this topic have been reported [38—47]. Related works, such
as certification of binary outcomes, also have been reported
[48]. Another interesting proposal for device-independent
self-testing of Pauli observables was put forwarded in [44,45]
using three Clauser-Horne-Shimony-Holt inequalities. For a
recent review, see Ref. [49].

However, although device-independent scenario uses
minimal assumptions, conclusive experimental certification
are challenging. To circumvent this issue, semi-device-
independent self-testing protocols have been proposed
[50-58] where the entanglement is not required and the di-
mensions of the system are known. Such protocols are claimed
to be more appealing for experimentalists compared to fully
device-independent Bell tests. In this work, based on the opti-
mal quantum success probability of a suitable communication
game, we provide schemes to device-independently self-test
the entangled state, a specific set of projective measurements,
and the three-outcome extremal qubit POVMs.

D. Certification of randomness

Randomness is a powerful resource having a wide field
of applicability ranging from scientific research to daily life.
Classical algorithms, however powerful they may be, can only
produce a pseudorandom number, whose unpredictability re-
lies on the complexity of the generator [59]. In contrast,
quantum theory provides intrinsic randomness through the
unpredictability of the Born rule. Device-independent ran-
domness generation relies on a fundamental relation between
the nonlocality of quantum theory and its random character,
which is usually expressed in terms of a trade-off between
the probability of guessing correctly the outcomes of mea-
surements performed on quantum systems and the amount of
violation of a given Bell inequality [1,2,60].

Such a strategy of certifying device-independent random-
ness was first put forward by Colbeck [61]. Adopting a
strategy similar to that in [62], the relation between random-
ness and violation of Bell’s inequality is established through
nonlocal guessing games. The joint probability P(ablx, y)
can be obtained when Alice and Bob perform measurements
according to the given inputs. In our case, we have inputs
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x,y€1,2,...,nand outputs a, b € {0, 1}. Then there will be
a number 2n> of joint probabilities that can be viewed as a
component of a vector P = {p(a, b|x, y)}, which is referred
to as behavior which characterizes the systems of Alice and
Bob [63]. In our communication game, it is assumed that P is
given, which means it is a promise on the behavior. In the
nonlocal guessing game there is another party, Eve, whose
goal is to guess Alice’s outcome for a certain input (say, x*)
with the highest possible probability. A strategy of Eve can be
that she prepares the quantum state |Wapr) € Ha @ Hp @ He
for Alice and Bob so that [W,5) can be obtained by tracing out
her system. Given inputs x and y, Alice and Bob measure sets
of POVMs {A,;} and {By}, respectively. Thus, P(ablx, y) =
Tr[(Agx ® By ® I)pape]. Given a special input x*, the local
guessing probability can be written as

G= m;’:lXP(Cl, alAy, F) = max Tr[(Age ® I @ Fo)pasel,
@)

where F = {F,} is the POVM of Eve whose measurement
result provides her the best guess of Alice’s outcome. The
min-entropy can be used as a measure of randomness so that
an amount of randomness Hp;,(a|x) = —log, G is generated
by Alice.

Quite a number of works in this direction have been
reported [58,64-70] and verified experimentally [71-73].
Note that the device-independent randomness certification
faces practical challenges that arise with the loophole-free
violation of Bell’s inequality by lowering the bit rate. In
recent times, loophole-free Bell tests have been realized
[74-76] which in turn enable experimental demonstrations
of device-independent random number certification [71,72].
However, such implementation still remains a difficult task
to perform commonly. To tackle this practical issue, the
device-independent self-testing of a random number genera-
tor in a prepare-and-measure scenario was proposed in [77].
Semi-device-independent randomness certification protocols
[78-81] in a prepare-and-measure scenario have also been
proposed where the dimension of the quantum system is
known. Here we demonstrate the device-independent certifi-
cation of randomness using the optimal success probability of
our communication game.

III. PARITY-OBLIVIOUS COMMUNICATION GAME AND
RELEVANT BELL INEQUALITY

Equipped with preliminary ideas about the ontological
model and oblivious communication game, we are now in a
position to introduce a specific parity-oblivious communica-
tion game. We first provide a parity-oblivious communication
game where Alice and Bob have inputs x,y € {1, 2, 3} and
outputs a, b € {0, 1}. These correspond to the measurements
of dichotomic observables of A, and B, by Alice and Bob,
respectively. Using her output, Alice prepares six input states
x' e (x,a) = {10, 11, 20,21, 30, 31}, where i =1,2,...,6.
For our purpose we consider a uniform distribution of in-
puts of Alice and also for Bob, so pa(x) = pp(y) = % The
winning rule of the game is that Bob’s output must be b =
8y.y @2 a. In an operational theory the success probability of

this communication game is

3
1
Py=g ) pb=b, @ 0, ). ®)

x,y=1

When there is no restriction on the inputs, the success proba-
bility can be cast as

1, (B
]P’3_§(1+T), 9)

where
B; =A ® (=B + B, + B3)
+A, ® (Bi — B2+ B3) + A3 ® (B + B, — B3).
(10)

The correlation (A,B,) = Zu,b(—l)“@sz(abu, y). The local
bound of the Bell expression is (B)joca < 5.

We now impose the parity-oblivious restriction on com-
munication. Consider an input set divided into two subsets
having equal numbers of elements; the even parity set P, =
{x' : x ®, a =0} and the odd parity set P, = {x' : x®ra =
1}. The parity-obliviousness condition demands that

> bl y) =" plblx, y). (11)

xep, x'ePy

As already mentioned, the parity obliviousness in an oper-
ational theory implies a similar consequence at the level of
ontic states if the ontological model is preparation noncontex-
tual.

In quantum theory, Alice encodes her input string of x'
into pure quantum states p, prepared by a procedure P.
Bob performs a two-outcome measurement B, for every
y € {1, 2,3} and reports outcome b as his output. If Al-
ice and Bob share an entangled state |45) then Alice can
steer the states x’' to Bob by measuring three dichotomic
observables A, on her particle corresponding to the input
x € {1,2,3). For example, p1; = Tra[(TT} ® Dpap(TT} ®
D1/ Trlpap(T, ® 1)], where T} = (I +A;)/2 is the pro-
jector of Alice’s observable Aj. Also, p1 = Tra[(TT, ®
Dpap(Ty, ® 1)1/ Trlpap(My, ® )] and  p3; = Tra[(TT}, ®
Dpap(TTy, ® 1)1/ Trlpap(IT;, ® T)]. Note that py + px0 =T
with x = 1, 2, 3. The parity-oblivious condition in quantum

theory reads
Yo=Y b (12)

x| x@ra=0 xix@ra=1

This explicitly means that pi; + p20 + p31 = P10 + p21 +
030. [t is straightforward to see that the parity-oblivious condi-
tion given by Eq. (12) provides a nontrivial functional relation
Zi:] A, = 0 between the observables that has to be satisfied
in quantum theory.

Equivalently, in an ontological model of quantum theory,
the preparation noncontextuality assumption provides

Y. u@GIP)= ) uGlPo). (13)

x| x®ra=0 x| x@ra=1

In a preparation noncontextual ontological model the equiv-
alent condition of Zi:le =0 needs to be used to derive
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the upper bound of the Bell expression B;. Imposing this
nontrivial condition in an ontological model, the local bound
of B3 gets reduced to the nontrivial preparation noncontex-
tual bound (B3),,c < 4. Importantly, the choice of Alice’s
observable optimizes the quantum value of (B3)o = 6, which
satisfies the parity-oblivious condition in quantum theory.

In order to derive an optimal quantum value of the Bell
expression 33, we use a sum-of-square (SOS) approach [82]
so that (B3)p < B3 for all possible quantum states and mea-
surement operators A, and By, where B3 is the upper bound
on the quantum value of (B3)¢. This is equivalent to show-
ing that there is a positive-semidefinite operator y; > 0 that
can be expressed as (y3)p = B3 — (B3)g. This can be proved
by considering a set of suitable positive operators L,, which
consists of polynomial functions of A, and B,, so that

3
&
V=3 § w,Lj,Ly, (14)
y=1

where the L, are positive operators. For the Bell expression
given by Eq. (10), we choose the operators L, as

(SN L,
Lly) = w—<2a§'>Ax>|w> ~BJy).  (15)
Y \x=1

where a;” = 1 (—1) when x # y (x = ). Also,

3
oy = | Do ANY) ’ (16)
x=1
where | - || is the Euclidean norm of a vector. Plugging

Eq. (15) into Eq. (14) and by noting that ATA, = B{B, =1
we get

3
(rsdo=~By)o + ) oy, (17)
y=I
which can be rewritten as

3
(Bs)o =) oy — (v3)o. (18)
y=I

In order to maximize (B3)g, we write

3
max[(B3)p] < max (Z wy) + max(—(y3)p). (19)

y=1

We separately derive max(Zf:] wy) and

max(—(y3)o)V¥, Ay, By. To maximize Z;zl wy, We use

the concavity inequality [83] Zizl wy <4/3 Zizl(a)y)z.

From the definition of w, in Eq. (16) we can write
(@1 = (YI(=A1 + Az + A3)°[¥) = 3 + (|(—{A1, A2} +
{A2, A3} — {A1, A3})|¥). The quantities (w7)? and (w3)* can
also be written in a similar manner. Using them, we have

3
Y oy <V30O—(A3)),
y=I

(20)

where the quantity As is explicitly written as

Az = {A1, Ay} + {A2, A3} + (A1, As). 2y

Here {} denotes anticommutation. This means that minimiz-
ing (A3) provides max(Zi=1 wy).

For dichotomic observables satisfying A2 =1, by con-
sidering |¢" = (A; + Ay + A3)|y) (where |v) is a nonzero
vector), we can write

(A3) = =3+ (Y'Iy").

Note that the inner product ('|v) is in general non-negative.
It becomes zero only when |¢/') is a zero vector. The min-
imum value of (Aj3) is obtained when the inner product is
zero; however, since |{) is nonzero then A; +A; + A3 =0
needs to be satisfied. We obtain rnax(Z;=1 wy) = 6. This also
ensures that each of the w, is equal to 2, thereby implying
({Ac, ALYy = —1forx #x'.

We now consider max(—(y3)o)VV¥, Ay, By. Since y3 is a
positive operator, max(—(y3)p) = O for any [). This means
that (yLiLy|y) = 0, and consequently L,|y) = 0, i.e.,

(22)

3
D GYANY) = w,BylY). (23)
x=1

Altogether, from Eq. (19) we thus have the optimal value
(B )Zpt = 6. It can be found from Eq. (23) that Bob’s observ-

ables satisfy the relation By = —A, when x = y. This in turn

provides the success probability (P3 )(ép ‘= % compared to the

nontrivial preparation noncontextual bound (IP3) . = }—3

One of Alice’s choices of observables can even be found
for a qubit system is given by

3 1 3 1
A = 0z, Ay = £O—X — 503z, A3 = _£Ux — 50z,

2 2 2 2
which are the trine-spin axes satisfying a.d,, = —%, for x #

x', where &, is the Bloch vector. As already mentioned, from
Eq. (23) one finds B, = —A, if x = y. This provides (A, ®
By) =—1 (%) when x =y (x # y) and the state required for
obtaining the optimal value is

1

™) = —=(100) 4 |11)).
V2

The optimal quantum value of the Bell expression Bj

enables us to self-test the entangled state and projective mea-

surements of the trine set of observables from the observed

statistics. In the following, we provide the device-independent

self-testing protocols based on B35"".

(24)

IV. SELF-TESTING OF STATE AND TRINE SET OF
OBSERVABLES

As mentioned earlier, for self-testing of the state and mea-
surements, one requires correlations p(ab|x, y) which can be
reproduced uniquely by the state and measurements (up to
a certain equivalence class). Hence the target state and mea-
surements can be certified from the correlation alone. In other
words, the self-testing technique implies the existence of local
unitaries along with axillary systems so that the target state
and measurements can be inferred from the physical state and
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FIG. 1. Circuit based on Bell’s inequality in Eq. (10) for self-
testing a two-qubit maximally entangled state and trine set of
measurements. The operations Z,, Zg, X, and X are defined in
the text and H is the Hadamard gate. A detailed derivation is in
Appendix A.

measurements. In our scenario when Alice and Bob perform
three measurements each, we can find that the measurements
can be expressed using only real numbers. However, we will
see when Alice and Bob perform more than three measure-
ments each, the observables required to achieve a optimum
quantum value of the Bell expressions cannot be expressed
using the real numbers only. In such a case the correla-
tions are invariant under complex conjugation or transposition
[36,45,49]. Since a transpose is not a valid unitary map, the
self-testing protocol needs to be suitably modified in this case
[36,45,49], which is provided in Sec. VI.

Let us first provide the self-testing protocol based on the
optimal value (83)3p '. The measurement can be considered
projective as according to the Naimark dilation theorem any
nonprojective measurement can be considered a projective
measurement over a dilated Hilbert space. For our purpose,
we invoke the SWAP circuit scheme [35-37] to demonstrate
that the optimal quantum value (B3 )3’[ implies the existence of
anisometry ® sothat ® : Hy @ Hp = (Ha @ Ha) @ (Hp ®
Hp) and |Y¥)ap —> |x)ap ® |¢T)ap. Here primed and non-
primed symbols denote the reference and physical systems,
respectively.

In order to find the self-testing properties, let us define
the observables Zy = A, Xy = A3 — A, Zp = —B;,and X =
B, — Bs. Further we define X4 = X, /|| X4l = (A3 — A»)/v/3
and Xz = X3/ Xs|| = (B, — B3)/+/3. We derive the proper-
ties

ZalV)ag = Zpl¥)ap,  Xal¥)ag = Xpl¥)as, (25)

{(Za, Xa YY) ap = {Zg, X} ¥ )ap = 0. (26)

Details of the derivation of Egs. (25) and (26) can be found in
Appendix A.

If [Y)ap € Ha @ Hpisthe state and A, € Hy and B, € Hp
(where x,y = 1, 2, 3) are the observables providing the opti-
mal value of Bs, then from the circuit given in Fig. 1 it can be
proved that there exist a local unitary operation ® and ancilla
state |00) 4 such that

O(|Y)ap ® 100)a5) = 1X)as @ 19 ), 27)

where |x)ap = Hg" |[Y)ap is the so-called junk state. This is

obtained by using the self-testing properties given by Egs. (25)
and (26). Corresponding to the measurements using the SWAP
circuit, one gets

O(By|Y)ap ® [00)45) = |x) ® T ® B )am, (28)

D(AclY)a ® 100)ap) = [x) ® (A, @ D¢ ap,  (29)

D(ABy|Y)ap ® 100)45) = |x) ® (A, ® B¢ )ap.  (30)

Details of the calculation are given in Appendix A. This thus
demonstrates that the self-testing protocol based on the Bell
expression B3 given in Eq. (10) provides the equivalence
between the reference and physical experiments. This in turn
device-independently certifies the maximally entangled state
and trine set of observables.

V. CERTIFYING THREE-OUTCOME POVMS AND
RANDOMNESS

In this section we first argue how a simple modification of
the earlier game and an optimal quantum value in that case
certify a three-outcome extremal qubit POVM and more than
one bit of local randomness. For this we keep the original
game as it is but introduce an additional input x = 4 to Alice.
This can be used to certify the three-outcome POVMs. Let us
first explain the scenario. Alice receives an additional input
x = 4 according to which she performs the measurement of
a three-outcome extremal POVMs, say, As = {Ay4}, where
k =1, 2, 3. This means that each of the Ay, is a projector sat-
isfying 3, Axja = L. Let Alice’s measurement on her system
produce the outcomes with the same probability and having
no pattern. The question is whether such an unpredictability
of the outcomes is genuine or someone (say, an adversary
Eve) may be able to guess Alice’s outcomes. To examine
the presence of Eve, the unpredictability of Alice’s outcomes
has to be certified in a device-independent way. Alice then
performs certain tests for the device-independent certification
of Eve’s guessing probabilities of her outcomes. This in turn
requires the certification of three-outcome POVMs and in that
case the upper bound of Eve’s guessing probability needs to
be % The first test is the maximization of the Bell expression
B3, which has already been shown, and the second test is the
minimization of the probability of other events.

We first show that a modified Bell expression of B3 can be
used to self-test three-outcome POVMs without invoking the
role of Eve. However, while demonstrating the certification
of randomness, we explicitly consider Eve’s role. Following
Acin et al. [68], let us define a modified Bell expression B3} as

3
By=Bs—a) Pk +lx=4,y=k), 3D

k=1
where « is strictly positive. As the last term on the right-hand

side is always negative, both B; and B3 have the same classi-
cal upper bound. Equivalently, (B})y cannot be larger than

(B3)y " = 6 and there is only way to obtain equality when
the probability P(k, +|x =4,y = k) = Tr[(Ay4 ® T3 )poas]
equals zero for every k. Here Hgk is the projector correspond-
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ing to Bob’s observables. This is possible when the POVM
elements {A4} are antialigned with three H;k of Bob. Since

I are certified by the optimal value of (13 )Zzpt = 6 and they
are positive projectors of the trine set of observables, we can
then have Ay = 311, = 3(I — Ay), with k = 1,2, 3. Thus
the modified Bell expression (B;)%" = 6 certifies the three-
outcome POVMs. If Alice performs the POVM A4 = {A4} on
her subsystem, then the probability of each outcome provides
the same probability % and generates the log, 3 bit of local
randomness.

However, in general, in randomness certification protocols
Eve’s role is crucial. Her strategy may be to use a POVM
F = {F;} so that she can model her measurement in a way that
whenever Alice obtains the outcome k Eve perfectly guesses
that outcome. Then Eve’s probability of perfectly guessing
Alice’s outcome is given by [68]

G = max Xk: P(k, k|A3, F). (32)

If Eve’s guessing probability is found to be G = % then
the unpredictability of Alice’s outcomes is certified. In order
to certify this in a device-independent way, in general one can
write a family of qubit POVMs operators Ay = {Ay4} as

Awa = V1 + ylo. + vioy + yio, (33)

where o, 0;, and o, are the Pauli operators. It can be readily

checked that to satisfy Ay = %1‘[/; the coefficients ; with
J=0,1,2, 3 take the form

3
v =PklAw). v =Ep1. vi=Y Ew . (34
j=I
Y = = (Eipa — i)
= —=(Lk3,2 — Lxj3,3)s
k ﬁ | \
where Ey., = Y, kP(k, blx, y).

Let us now consider the action of Eve here. In a nonlo-
cal guessing game, Eve tries to guess Alice’s output with
the highest possible accuracy, as summarized in Sec. II.
Thus the inclusion of Eve’s system modifies the isom-
etry as ® : HaQHp Q Hp — (Ha Q@ Ha) @ (Hp @ Hp) ®
Hg so that ®(|Yape) ® |00)4p) = |x)ase ® [¥+)am. Now,
on the support of Hs ® ’HA/leach element {Ay4} of A4 can be
represented by an operator A4 € Ha @ Ha so that

(35)

3
Ak‘4 = ZAA“ ® Oj, (36)
=0

where op = I and j = 1, 2, 3 correspond to Pauli operators.
From the self-testing relations given by Eq. (28) we have

v = (WlAus ® 1) = (xI1AQ4lx),

v = (WlAus ® Bilv) = (x|A}ulx).

Ve = (VlAus ® (Bi + By + B)IY) = (x|AL4lx),
Ve = (W 1Aks ® ®By — Bslyr) = (xIA7,1x).

Here |Y) = |x)age ® |¥ ) ap. This thus self-tests the three-
outcome extremal qubit POVMs Ay = %H;k with k =
1,2, 3.

(37)

We now proceed to generate the certified randomness of
more than one bit, building upon the work of Acin et al. [68].
This is to show that for a quantum state [y)4pr shared by
Alice, Bob, and Eve and for A and B, (x,y =1, 2, 3) local to
Alice and Bob, respectively, a POVM {F;} is local to Eve. If
the optimal violation of B3 is obtained, this then certifies the
local guessing probability G = % In order to show this, by
assuming a normalized state |¢’/§,) = F|x)//qx and without
loss of generality, by taking Eve’s measurement F; as projec-
tive, we can write

vl = (x|FeAl Felx) (38)

k/
= Z‘Ik’(d’ftl' ‘Aim‘d’fx,’) = qu/ﬂf;k/’ (39)
% kK

where k = 1, 2, 3. This can be interpreted as a convex COIIlbi-
nation of original POVMs {Ay 4} in terms of the POVMs {A;4}

with respective weight gi so that Aga =3, >, qk/ﬂ,{’k/aj;
however, since A4 is extremal, we have ,B]{’k/ = ykj for all k'.

This then implies that ﬂ,?’k = yko = % for all k. We then have
the local guessing probability

G =Y Pk kA, F) = Y _(Y|AaFil )
k

k

- 1
= 2 (XMRlx) = 3 aB = 3 (40)
k k

This then certifies H, = log, 3 bits of randomness from
one entanglement bit. It was proved by D’Ariano et al. [84]
that there exist d> extremal POVMs for d-dimensional space.
Using this fact, Acin et al. [68] argued that at most 2 log, d
(4log, d) bits of local (global) randomness can be certified
from an entangled state of dimension C¢ ® C?. For the case
of a qubit system, Acin et al. [68] demonstrated an interesting
protocol to certify two bits of local randomness based on a
simultaneous maximal quantum violation of three Clauser-
Horne-Shimony-Holt inequalities. They [68] had conjectured
that the maximum quantum violation of Gisin’s elegant Bell
inequality [85] can also be used to certify two bits of ran-
domness in a device-independent way, which was proved by
Andersson et al. [70] by providing the self-testing properties
of elegant Bell inequality [41]. Here we use fewer observables
for Alice and Bob and device-independently certify log, 3 bits
of local randomness.

VI. GENERALIZATION OF THE GAME FOR ANY
ARBITRARY ODD n

We now generalize the parity-oblivious communication
game where Alice and Bob have inputs x,y € {1,2,...,n}
and outputs a, b € {0, 1}. Alice prepares 2n input states x' €
(x,a)={1,2,...,n} x {0, 1} and sends to Bob. We consider
a uniform distribution of inputs of Alice and also for Bob, so
that p4(x) = pp(y) = 1/n. The condition of winning the game
remains the same as before, i.e., b = 8, , @ a. In such a case
the success probability is given by

1 (B

Pnz_ s
24_2112

(41)
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where B3, is the Bell expression given by

n
Z An,x ® Bn,y -

x,y=lxzy

Y Ax®By. (42

x,y=lx=y

In order to find the quantum upper bound of the Bell expres-
sion 3,, we again use the SOS approach. This is equivalent to
showing that there is a positive-semidefinite operator y, > 0,
where

3
1
Yn = 5 Z a)n,yLZ,yLn,ya (43)
y=1

where the L, , are positive operators and polynomial functions
of A, \ and B, ,. For the Bell expression given by Eq. (42), the
operators L, , can be written as

LS A —

I‘L
y x=1

Loyly) =

Buyl¥), (44)

where ozn =1 (=1) when x#y (x=y) and w,, =
| Zx_l o, yA,, MEAR Plugglng Eq. (44) into Eq. (43) and not-
ing that A} A = B,'Ly wy = 1, we get (v)o = —(Byo +
Z;zl wy,y. To obtain a maximum value of (3,)p we can write

max[(B,)o] < max (Z wy) +max(—(y)g).  (45)

y=1

To maximize Y _, w,, we again use the concavity in-
y=1 5y

equality ) | w,, < /nd [ @2, where
n n n
2 2 Ly Xy
E W,y =n"+ E o, An 1, E o YAy x
y=1 y=1 x=2

n
+ {Olrzl'yAn,Za Z a;’yAn,x} +

x#2x=1

n—1
+ {a;;m,,,,,, S oA H > (46)
x=1

which can be written in a simplified form as

Y wp, =n+ (= (A, (47)

y=1

where

An = [An,lv ZAV:,X} + {An,Zs ZAn,x} +
x=2 x=3

+ {An,n72a (An,nfl +An,n)} + {An,nflv An,n}' (48)

By considering (}_"_, A, ,)* = nl + A, for dichotomic ob-
servables that satisfy the parity-oblivious condition, the
optimal quantum value of (A,) = —n. This in turn provides
max(}_\_; @n,y) = 2n.

Since ¥, is a positive operator, max(—(y,)o) = 0 for every
|), provided for all y, L, ,|y/) =0, i.e.,

D e Al ) = wn Byl (49)

x=1

Altogether, from Eq. (45) we have
By = (50)

One of the choices of the observables can be found for the
qubit system,

o;
Ap1 =0y, {Aniti=2,...(ir1)/2 = Vn,iOx — Bu,ioy — " — D’
o
{An _]}j (n+3)/2,..., _vn,jax“‘ﬁn,jay_(n — 1)v
(51)
with v,” + ,3,” (n_l])z = 1. Also, v,; = v, j and B,; = By, ;

when i = (n+1)/2 and j = (n 4 3)/2. In quantum theory,
such choices of observables satisfy

(n—1)/2

n1+ ZAI11+ Z An/—o (52)

j=(n+1)/2

and consequently the corresponding projectors satisfy the re-
lation

(n—1)/2 n
2
(P” )+ Z P >+ Z P;;j)) =1 (53

=(n+1)/2

This in turn satisfies the parity—oblivious condition of the
game. The required state is a maximally entangled state given
by Eq. (24). Using Eq. (49), we can obtain Bob’s choice of
observables for optimal violation. It can be seen that Bob’s
observables satisfy the same condition of Alice as given by
Eq. (52).

Using the parity-oblivious condition given by Eq. (53),
the preparation noncontextuality bound of B, can be derived,
which is (By)pse < 2n — 2, which is violated by quantum
theory. The proof is similar to the case for n = 3, which can be
seen as follows. Substituting the condition given in Eq. (52)
into the generalized Bell expression in Eq. (42), we have
B, =23Y_._ A:B,. Using Eq. (52) again, it is straightfor-
ward to derive the aforementioned upper bound of (B,,)nc in a
preparation noncontextual model. However, there is flexibility
to choose a different form of the observables satisfying the
same condition of Eq. (53). In Appendix B we provide a
self-testing protocol for certifying the maximally entangled
state and observables based on the optimal quantum value of
the generalized Bell expression in Eq. (42).

Now one may be wondering whether it is possible to certify
n-outcome POVMs and log, n bits of randomness for an arbi-
trary (odd) n scenario similar to that for n = 3. We discuss that
this is not the case. Following the n = 3 case, let us consider
the action of the (n 4 1)th measurement A, | of Alice which
is an n-outcome qubit POVM {Ag,+1}. As already used earlier,
a shifted Bell expression of Eq. (42) can be written as

B,=B,—d Y Pk.+lx=n+1y=k, (54
k=1

where «’ is a strictly positive quantity. As the last term on
the right-hand side is always non-negative, the preparation
noncontextual bounds of both 3, and B, remain 2n — 2. Sim-
ilarly, the quantum value of B cannot exceed 2n. There is
only one way to obtain a maximum value of (B)), when
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for every k the probability P(a =k, b=+|x=n+ 1,y =k)
equals zero. This is possible when the POVM elements of the
measurement {Ag,11} is antialigned with n projective mea-
surements of Bob’s side. Such POVM elements can then be
written as Agj,41 = %H;w with % > ii M = 1. We already
have the parity-oblivious condition in Eq. (53) where such a
condition is satisfied for qubit observables.

Note here that every element of the POVMs {Au41} is
effectively a projector. One may expect to certify n outcome
qubit POVMs as in the n = 3 case and consequently log, n
bits of randomness. However, {Ag,+1} is not an extremal set of
POVMs if (odd) n > 3. It is known that the extremal POVMs
for qubit systems have at most four outcomes and nonex-
tremal POVMs can be simulated by convex combination of
extremal POVMs [86]. This indicates that the certification of
unbounded randomness is not possible using our generalized
version of the game for arbitrary n. However, the optimal
quantum success probability for the arbitrary n case enables
device-independent self-testing of the entangled state and
measurements.

VII. CONCLUSION

We have provided an interesting oblivious communication
game played between two parties, Alice and Bob, who re-
ceive an arbitrary (odd) number n of inputs. In particular,
we provided an entanglement-assisted parity-oblivious game
where Alice is allowed to communicate any amount of in-
formation but that should not reveal the parity information
of the inputs to Bob. Such an oblivious condition in an op-
erational theory implies obliviousness at the level of ontic
states for a preparation noncontextual ontological model [17].
We showed that given any arbitrary n the success probability
of our game is solely dependent on a relevant Bell expres-
sion B,. We demonstrated that the upper bound B, can be
reduced from the trivial case (the local bound), which we
termed here a nontrivial preparation noncontextual bound.
The aforementioned Bell expression is optimized using the
SOS approach and it is found that a two-qubit maximally
entangled state and an interesting set of observables in the
qubit system will suffice for the purpose of optimization.
Interestingly, the set of observables leading to the optimal
value satisfies the required parity-oblivious condition of Al-
ice’s inputs. This provides a functional relationship between
Alice’s choice of observables, which in turn reduces the local
bound to the nontrivial preparation noncontextual bound of
B,. Thus, for specific choices of states and measurements,
it is possible that an optimal quantum value of (Bn)(()zp " may
not be enough to exhibit nonlocality, but the nonclassicality
in the form of nontrivial preparation contextuality may be
demonstrated.

Using the optimal quantum value (B3 )(épt =6forthen =3
case, we demonstrated the self-testing of a two-qubit max-
imally entangled state and trine-spin observables. We used
it to certify the three-outcome extremal POVMs, which in
turn enabled us to certify the log, 3 bits of local randomness.
Further, we generalized our scheme for any arbitrary (odd)
number of inputs n of Alice and Bob and demonstrated that
the optimal quantum value of the Bell expression (13, )Oth can
be obtained for a qubit system local to Alice and Bob. One

may intend to examine the possibility of certifying n-outcome
POVMs by using a modified version of the Bell expression
and its optimal quantum value (B,’l)(épt. Since extremal POVMs
for qubit systems have at most four outcomes and nonextremal
POVMs can be simulated by convex combination of extremal
measurements, then the certification of n-outcome POVMs is
not possible. Finally, we may remark that since the general-
ized Bell expression can be optimized for qubit systems, then
the parity-oblivious communication game presented here can
be tested using the existing technologies.

ACKNOWLEDGMENT

The author acknowledges support through Project No.
DST/ICPS/QuEST/Theme 1/2019/4.

APPENDIX A: SELF-TESTING OF STATE AND
MEASUREMENTS BASED ON THE OPTIMAL
VALUE OF B5;

We provide the detailed derivation of self-testing of the
maximally entangled state and trine set of spin observables
for the n = 3 scenario based on the optimal quantum vio-
lation of Bell’s inequality (10). Specifically, we prove here
Egs. (27)—(30) by using the self-testing circuit in Fig. 1. The
self-testing relations given by Egs. (25) and (26) are derived
as follows. We define Zy = Ay, X4 = (A3 — A»)/N/3, Zg =
—By, and Xz = (B, — B3)/+/3. From Eq. (18) the optimal
quantum violation ensures that A\B|¥)ap = AxBa|Y¥)ap =
A3B3|¥r)ap = —|¥)ap. Using [Yap) = —A1B1|¥ap), we have
A1|¥ap) = —Bi|¥ap) and hence

Zul¥)ag = Zpl¥)as. (AD)

Similarly, we can write

XaXpl¥)an = §(A3B2 — AsBs — AsBa + A2B3)|Y)as
= 12+ A3By + A:B5) ¥ )as. (A2)

We prove that (A3B; + AxB3)|V¥)ap = |)ap. Note that the
optimal violation provides A; +A; +A3 =0 to hold for
Alice’s observables and B; + B, + B; = 0 for Bob’s observ-
ables. Then, by considering A;(By + B + B3)|¥)ap = 0,
we get (A1By + A1B3)|V)ap = |¥)ap. Similarly, we get five
more relations as (AxB| + A2B3)|V)ap = |V )ap, (A3B; +
A3B) V) ap = |V )as, (A2By + A3BD)IV)a = |¥)as,
(A1By + A3B2)|¥)ap = [¥)ap, and (A2B3 +A1B3)|V)ap =
|[Y¥)ap. Using these relations, it can be proved that
(A3By + AoB3)|Y)ap = |¥)ap. In fact, it can be proved
that each of A,B,|Y¥)ap is equal to the other for any x not
equal to y.
From Eq. (A2) we then have XAXBW/)AB = | )as, 1.€.,

Xal¥)ap = Xpl¥)ap. (A3)
Using the aforementioned relations, it can be shown that
(ZaXa + XaZ)\V ) an
= 2(A1B3 + A3By —A1By — AB)|Y)ap =0 (A4)
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and We then have

{Za, XYW )an = (Zg, X} |¥)ap = O. (A6)

(ZpXp + XpZp)[V)an Equations (A1), (A3), and (A6) are the self-testing properties
= %(BlB'; + B3Bl — Ble — B2B1)|I/f>AB =0. (AS) provided in Eqs (25) and (26)

J

Using the isometry described in Fig. 1, we can write
S(1Y)ap ©100)a5) = FI(1 + Za)(1 + Zp)[¥)a5l00) + Xp(1 + Za)(1 — Zp)|¥)a5101)
+Xa(1 = Zp)(1 + Zp)|¥) gl 10) + XaXp(1 — Za)(1 — Zp)|¥)asl 11)], (AT)

which can be recast using the self-testing properties given by Egs. (25) and (26) as

1
Q(1Y)as @ 100)am) = 712(1+ Za)[¥)as ® (100) + [11))]

[¥)a8 ® 10T )ap. (A8)
Identifying |x)ap = 'j? |v)ap, we have Eq. (27). This implies the self-testing of a two-qubit maximally entangled state using
the optimal quantum value of the Bell expression in Eq. (10).

Now, for self-testing of measurements, we note that By = —Zg, By = (\/5/2))?3 + %ZB, and B; = —(«/§/2)XB + %ZB.
Similar relations can be written for A, Ay, and Ajz. It is then enough to demonstrate how the local isometry works for Zg,
Xp, X4, and Z4. We thus show the following by using the self-testing circuit:

DXalY)ap ® 100)ap) = FI(1 + Z)Xa(1 + Zp)|¥)a5|00) + Xp(1 + Z)Xa(1 — Zp)|¥)a5/01)

+Xa(1 = Z)Xa (1 + Zp)|¥)apl10) + XaXp(1 — Z)Xa (1 — Zp)|¥)ap11)]. (A9)

The first term (1 + ZA)XA(I + ZB)|¢'>AB|OO> (XA + XAZB + ZAXA + ZAXAZB)|1//‘>|OO> USll’lg ZAhﬁ) ZB|Iﬂ> and
{ZA, XA}W)AB =0, we find (X4 + {Zs, X4} — X)|¥)a5|00) = 0. The second term is given by (XBXA — XgXuZp +
XpZpXa — XpZaXaZp)|¥)al01) = 2 + Za + Zp)|¥)apl01) = 2(1 + Zy)|¥)ap|01). The third term (XaXa 4 XaZsXs —
XAXAZB — XAZAXAZB)“b)ABHO) = 2(1 + ZA)|1//>AB|01> Slmllarly, the fourth term (XAXBXA - XAXBXAZB — XAXBZAXA +
XAXBZAXAZB)|1/f)AB| 1 1) can be written as (X, + XpZpg — X4 Zy — XAXBXA)W)AB| 11) by using Eqgs. (A1) and (A3). Further using
them along with {Zy, X4}|¥/)4p = O from Eq. (A6), we have (X, — {Xz, Zg} — Xa)|¥)ag|11) = 0.

Using those, Eq. (A9) can then be written as

lJrZAW> (]01) + |10))
N NG

DX ¥)ap @ 100)ap) = = 1x)as ® (0, ® DI )ap- (A10)

Following steps similar to those above, we have
D(Xpl¥)ap ® [00)ap) = 3[(1 + Za)(1 + Zg)Xp[1)]00) + Xp(1 + Za)(1 — Zp)Xp|¥)|01)

+Xa(1 = Z)(1 + Zp)Xp|¥) [10) + XaXp(1 — Za)(1 — Zg)Xp|¥)|11)]

=) ap @ I ® 0 )¢ )ap (ATD)

and
D(Za|Y)ap @ 100)ap) = |x)ap ® (0: @ DI )ap, (A12)
D(ZplY)as ® 100)a) = |x)as @ (L @ 0)p™ ) g (A13)

(

Using the results in Eqgs. (A11)—(A13), it is straightforward Similarly, a few more steps are required to show that
to show that

DA ® B |Y) = 1X)ap ® (A, ® B¢ )am. (A16)

DB, ¥)) = [x)as @ 1 ® B)|p")ap, (Al4)
, N We have thus self-tested the measurements and Egs. (A14)—
SANY)) = 1X)ap @ (AL @ D ) ap. (A15)  (A16) are Egs. (28)—(30).
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APPENDIX B: SELF-TESTING FOR THE CASEOF n =5

We note that there are different forms of choices of ob-
servable available that satisfy the oblivious condition given
by Eq. (52). One of the choices is presented in Eq. (51).
We can choose another set of observables by keeping the
parity-oblivious condition and consequently the functional
relation between the observables of Alice and Bob intact. As
already mentioned in the main text, such a functional relation
fixes the optimal quantum value of the Bell expression (42).
We provide the self-testing scheme for n = 5, which can be
straightforwardly generalized for any odd n. The alternative
choices for n = 5 are

0y
Asy =0, Asp=v510;— B510, — T
0z
As3 = —vs 10y — B510y — 1
[efd 0z
As 4 = vs510; + B5,10y — T Ass = —vs5 10, + B510, — R
(B1)

satisfying the parity-oblivious condition ZZZI As, = 0. Here
[Vsal? 4 1Bsnl* + 1z = L.

Following the usual SWAP circuit in Fig. 2, we show that
the maximum violation of Bs implies the existence of an
isometry @ so that @ : Hy Q@ Hp — (Ha ® Ha @ Har) ®
(Hp ® Hp ® Hp) and [)ap — |&)apan @ |¢T)arp. Let us
define the observables Zy = As |, X4 = Asy — As3 +Asg —
A5,5, and Y4 = —A5’2 —A5,3 +A5’4 +A5’5 along with Zp =
—Bs,1, Xp = —Bs> +Bs3—Bs4+Bss, and Yp = —Bs, —
Bs 3 + Bs 4 + Bs s satisfying following properties. The ob-
servables X4, Xp, Y4, and Y3 may not be Hermitian, but one
can define the following Hermitian operators, for example,
X4 = X4/l X4 ||. The self-testing relations are

Zaly) = Zsly), Kaly) =Xpl¥),  Yaly) = —Yaly),
(B2)
(Za, XY W) Fa, X} |Y) = {Za, Val) =0, (B3)
{Zp, X} 1) (Y5, X}|¥) = {Z5, Y5} 1) =0. (B4)
[
[0} 4 Ii, @_ —
S
BF—Tof—= 5
("

FIG. 2. Self-testing scheme based on the optimal quantum value
of Bs which can be obtained by setting n = 5 in Eq. (10). Details of
the SWAP isometry are given in the text.

Using the above relations, we can also have

VaXaly) = YaXply), (B5)
which provides Y, X, Y3Xp|¥/) = —|¥). Using the circuit in
Fig. 2, we demonstrate the self-testing of the two-qubit
maximally entangled state using the isometry ®(|Y)ap ®
100) 45 ® [00)475").

It is already shown in Appendix A that, due to the action of
the first two pairs of Hadamard operations and controlled gate
operations of Zy, X4, Zg, and Xp, the state evolves to

1X)aB ® 19T )as ® 100)arpr, (B6)

where |x)ap = '%A |Yr)ap. After the third pair of Hadamard

gates, the state evolves to |£)43 ® |[¢T)ap @ | + +)arpr and
applying the final set of controlled gates and finally using
Eq. (BS), the state in Eq. (B6) evolves to

1X)as ® |¢ T g ® 211000475 + i¥pXp|01) 475

+iVpXp|10)arp — [11)4rp7]. (B7)

Considering the action of the final pair of Hadamard gates, we
find that the self-testing of the entangled state is given by

O(|Y)a ® 100)ap @ [00)475) = &) aparsr @ ¢ ) ap,
(BY)
where |£)ap47p- 1 the so-called junk state that is given by

&) asarsr = 31x)ap ® (I + i¥4X4)|00) 475"

+ 1x)ap @ (I — iV X1 1) arpr]. (B9)

Now, for the local unitary evolutions provided in Fig. 2 and

using self-testing relations given by Egs. (B2) and (B3), it is
straightforward to demonstrate that

DXalY)as ® [00) 45 & [00)4r57)

= &) apary @ L @ o)l ) ap, (B10)
D(Zalv)ap @ 100) 45 ® [00)47p")

= &) apary @ A @ 0)|d ) aw, (B11)
O (XplY)ap ® 100) 45 @ |00)475)

= |E)aparp @ (0x @ DI ) ap, (B12)
D(Zp|Y)ap @ 100)4p ® |00)4rpr)

= |&E)aparpr @ (0: @D ) up. (B13)

However, for ®(¥4]¥)as ® |00) 45 @ |00)475), the deriva-
tion is a little involved and we provide a modified version of
the derivation. The state just before the final pair of Hadamard
gates can be written as

HIx)ag ® 100)arp + i¥pXp|x )an
®101)arpr + i¥aXalx)ap ® 110) 415

— VXV Xl x)ap ® 1 D)arp 1l )ap.  (Bl4)
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Using Eq. (B5) and after the action of the final pair of
Hadamard gates we finally have

D (Ya|¥)ag ® 00) s ® [00)4757)

5108 ® (I + i¥aX4)00) a5

—1x)as ® (L — iYaX) 1) ap 1 ® (03 @ DT ) ap

= o |E) aparp ® (0, ® D¢ ) p. (B15)

Similarly, following the earlier steps, it can be easily seen that

D(Y31¥)ap ® 00) 4 @ [00)4757)

= 16 apay ® A ®0)I¢T)ap.  (B16)

In order to take care of the conjugation issue involved with o,
the observable O’f” has to be suitably used.

APPENDIX C: SKETCH REGARDING THE
SELF-TESTING FOR THE CASE OF (ODD)n > 5§

Now, for the self-testing purpose in the case of n > 5 it
is convenient to use a different set of observables which also
satisfy the required parity-oblivious condition in Eq. (52). We

choose the following set of observables. When n =41 45
with/ =0,1,2,...,

0.
An,l = O, {An,2+4m} = Vn,mOx — ﬂmmay - n _Z 1’
0
{An3+4m) = =V moy — :Bn,may -
n—1
0
{An,4+4m} = Vn,mOx + ﬁn,may - Tls
0
{An,5+4m} = —Vn,mOx + ﬁn,may - n— 17 (Cl)
where m=0,1,2,...,n—=5 and  |vunl*+ |Buml* +

1/(n—1)>=1. For n =4l +7 along with the above set
of observables, we additionally require

A =a o, — Bloy— %
n,(n—1) n9x n9y P 1’
o,

-, C2
— (€2)
where |/ |> + |8.1> + 1/(n — 1)*> = 1. By suitably summing
and subtracting the observables in Egs. (C1) and (C2) one
obtains Z4, Zg, Xa, Xp, Ya, and Yz, which will provide the

self-testing relations (B2)—(B5).

’ /
App = —0,0x + ﬂno'y -
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