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Nonlocality is a quantum phenomenon that enables many different tech-
nology applications. Full nonlocality, arguably its strongest form, is of par-
ticular interest. However, identifying exactly which states can exhibit this
property remains an open problem. Recent work established a connection be-
tween the phenomenon and antidistinguishability. Building upon that result,
we propose a specific protocol with particular measurement settings in order
to identify states that exhibit full nonlocality extending beyond the maximally
entangled scenario. Consequently, this work derives new conditions for a family
of non-maximally entangled states in d-dimensions narrowing the discussion to
5-dimensional states when considering explicit measurements.
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1 Introduction

The term nonlocality was first introduced in 1964 by John Bell [1] in his response to the
Einstein, Podolsky, and Rosen paper published 29 years prior |2]. Bell demonstrated, using
a thought experiment, that in specific quantum settings, the correlations presented could
not be explained by a theory of local variables. In this case, the setting was described
as nonlocal. Later, in 1969, a way to experimentally demonstrate nonlocality was derived
mathematically via violations of Bell inequalities [3]. Following a 46-year interval, the
first loophole-free experimental proofs were conducted |4, 5|. Since then, nonlocality has
been used in many device-independent technological applications, among them quantum
random number generation [6], self-testing [7, 8], and quantum key distribution [9, 10].

However, while violating a Bell inequality indicates the presence of nonlocality, the
magnitude of that violation does not necessarily quantify it. In fact, in some cases, non-
maximally entangled states, which do not achieve the Tsirelson bound, can show more
nonlocality than maximally entangled states [11]. In order to quantify nonlocality, it is
possible to write the joint probability distribution of measuring two outputs of a bipartite
quantum system as a combination of a local and a nonlocal component. When the local
component has weight zero, the state is said to be fully nonlocal.

Full nonlocality, arguably the strongest form of nonlocality, can surpass other nonlocal
strategies. This is demonstrated through games such as the Peres-Mermin square [12]| or
all-versus-nothing proofs [13]. This effect has been proved for maximally entangled states
of two d-dimensional quantum systems [14]. However, it is not trivial to identify which non-
maximally entangled states can show full nonlocality. The advantage of having states that
exhibit full nonlocality while not being maximally entangled is that they offer alternative
candidates for experimental implementation, which may be significantly easier to prepare
in a laboratory setting.

Another valuable quantum phenomenon is the antidistinguishability of quantum states
[15, 16], which consists of measuring a given set of states and being able to identify which
preparation has not occurred. It has been studied due to its importance to the foundations
of quantum theory, but it also shows advantages in quantum communication protocols [17].

A connection between antidistinguishability and full nonlocality was first established in
[18]; moreover, it was proven that any pure entangled state can exhibit full nonlocality in
the many-copy scenario. In this work, we focus on finding fully nonlocal states at the single
copy level. With this approach, we show the existence of a family of states, extending
beyond the maximally entangled scenario, that can show full nonlocality. This result
establishes new and more general conditions for fully nonlocal states when considering
specific measurements in the Bell scenario.

This work is structured in the following way: Section 2 provides a brief review of
Bell nonlocality, extending the notion to full nonlocality, which is illustrated through the
explanation of the Peres-Mermin square. Section 3 is dedicated to the explanation of
antidistinguishability and its connection to full nonlocality, while Section 4 presents the
same example of the Peres-Mermin square now using the antidistinguishability argument.
Finally, Section 5 summarizes the main results, starting with a concrete example which is
later generalized for d-dimensional systems with arbitrary coefficients. The discussion is
then narrowed to 5-dimensional systems when considering explicit measurement settings.




2 Bell nonlocality

In a so called Bell experiment, illustrated in Fig. 1, two scientists, Alice and Bob, are
spatially separated, and each receive a quantum system of an entangled pair produced
by the same source. They both choose and apply local quantum measurements to their
designated system. Alice measures an observable associated with 2 and obtains an outcome
a, while Bob chooses to measure y and obtains an outcome b. This scenario is typically
considered to be non-signaling, that is, Alice’s measurement choices will not affect Bob’s
probability distribution and vice versa. Mathematically, p(b|zy) = p(bly) and p(a|zy) =

plalz).

X y
Alice 4.....’.0.‘.‘}.]? ..... > Bob
a b

Figure 1: lllustration of the Bell experiment setup. Alice and Bob each receive a correlated quantum

system from the same source. They perform measurements labeled as x and y and obtain results a and
b.

Assuming multiple runs of this same experiment, the data obtained can be used to
estimate a probability distribution p(ab|zy) for the measurements. According to the Born
rule, for a bipartite quantum state,

pa(abley) = Tr[(Ag, ® Byy)pas), (1)

where we denoted Alice’s (Bob’s) measurement by Ay, (By)y)-
The most general quantum measurements are called positive operator valued measure-
ments (POVMs). In order for a set of operators {M;} to define a POVM, it must fulfill

Mi:H—H, M=0, Vi st.> M=1 (2)

If the estimated probability distribution derived by the experiment does not satisfy

p(ablzy) = p(alz)p(bly), (3)

this means that the outcomes of the measurements of Alice and Bob are not independent
from each other. In fact, this result is experimentally verifiable when the two scientists
receive spin 1/2 particles and choose to measure the spin in different directions, say S,
and S, for Alice and (S, + S;)/v2 and (S, — S,.)/v/2 for Bob.

It was believed by Einstein, Podolski and Rosen [2], that this phenomenon was a
consequence of some “hidden variable” A that could account for the correlation between
the two particles. It could be a simple relation derivative from a past interaction, for
example, a feature of the source that distributed the particles. In this case, we should be
able to write

p(ablzy) = p(alz, \)p(bly, A). (4)




Taking into account all possible values of A and their probability distribution g(\), the
following equation should be satisfied:

platley) = [ dra(Np(ala, Vp(bly, V. (5)

This is called the condition of locality.

However, it was proven experimentally that some scenarios in quantum mechanics, such
as the one cited above, do not obey this assumption [1]. This aspect of quantum mechanics
is called Bell nonlocality and can be detected using inequalities, such as the CHSH |3].

2.1 Full nonlocality

Full nonlocality, equivalent to quantum pseudo-telepathy [19], is arguably the strongest
form of nonlocality. Non-local games are one way to illustrate this effect. These scenarios
are said to present quantum pseudo-telepathy if the players can win with certainty using
entanglement, while players who can’t use it don’t always win. It is important to notice
that it does not involve the exchange of information between the parties, in fact, it removes
the need for them to exchange classical information [20, 21|. Differently from other non-
local games, where winning is still bounded by statistics, quantum pseudo-telepathy was
experimentally proved to allow players to win with probability 1 when playing the non-local
version of the Peres-Mermin magic square game [22].

The magic square game was first introduced to simplify the understanding and demon-
stration of Bell’s theorem and has since been extended to demonstrate quantum pseudo-
telepathy [12, 23|. The game is defined by the following rules: Alice and Bob need to fill in
a 3 x 3 square, with each grid element being assigned a value +1. Alice must fill her grid
such that the product of the three values in each row is always +1 and Bob needs to fill
in his grid such that the multiplication of all values of his column is always —1. Charlie,
the referee, chooses for every round of the game a random row to Alice and a random
column to Bob. They have to tell Charlie the chosen values for each grid slot. They win
the round if they both assign the same value for the slot where the designated row and
column overlap. They are allowed to communicate before the game starts, that is, they
can agree on a strategy beforehand, but they cannot communicate after Charlie assigns
the chosen row and columns. Even if they choose the best strategy beforehand, all possible
combinations have at least one conflict.

The proof is as follows: assume the entries for the square are

(6)
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Based on Alice’s rules, (abc)(def)(ghi) = 1, but based on Bob’s rules, (adg)(beh)(cfi) =
—1, which is a contradiction. So, for all possible classical strategies, the best winning
probability is 8/9, as illustrated in Fig. 2. However, they can agree on a quantum strategy
based on measurements beforehand. The perfect strategy is possible if they share entangled
pairs of qubits. For N rounds of the game, they need 2N pairs of entangled qubits.
The idea is that Alice and Bob share a pair of entangled Bell states,
1 1

) = (100) + 1)) ® —=

5 (100) +[11)), (7)
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Figure 2: lllustration of the Peres-Mermin magic square using only classical strategies. Image source:
Wikimedia Commons (CCO 1.0) [24].

and fill each of the squares with products of the Pauli matrices, like shown below

IoZ ZoI ZoZ
Xl IeoX XoX|. (8)
X®Z ZoX YQY

Each player measures according to the corresponding eigenbasis of the operators in the
corresponding row (for Alice) or column (for Bob) [25]. This is further elaborated in
Section 4. Notice that this can only be done because all measurements in a row or column
commute. To see that explicitly, notice how for any Pauli o;, 0; ® 0; always commutes with
0j ® 0j, because the anti commutation happens twice. Using this preestablished strategy,
Alice’s measurements will always multiply to +1 and Bob’s to —1.

One way to quantify these nonlocal correlations is to consider the Bell scenario once
again. Given a shared state pap and a set of local measurements for each party, we
decompose the probability distribution of the data between a local and a nonlocal content,

plablry) = q - pr(abley) + (1 - q) - pyr(ablzy). 9)

The local term, pr,, needs to satisfy Eq. (5), while the nonlocal one, pyr,, does not satisfy
Eq. (5), but must satisfy non-signaling. Identifying which decomposition maximizes g, we
find the local content of p(ablzy). If ¢ = 0, p is said to generate fully nonlocal correlations;
in other words, the initial state is fully nonlocal. Since no local strategy allows the players
to win the Peres-Mermin square game with probability 1, such strategy cannot appear in
the decomposition (9), confirming that the correlations are fully nonlocal.

3 Antidistinguishability

A finite set of states {p; };c|,) is said to be antidistinguishable if there exists a measurement
{M;} jer) such that V j there is at least one p; satisfying Tr(M;p;) = 0 [15]. Considering
rank-one POVM elements M; = |¢;) (¢;| and pure states p; = [1);) (4], this is equivalent
to writing

Te[Mjpi] = Tx[|gs) (#;l1i) (il] = 0. (10)

Evaluating the trace, we get

(B50i) (Wil ) = | (Wildy) I =0, (11)

which is true if, and only if,

(ilj) = 0. (12)




To visualize it consider three states:

o) = (|1> +12)), (13)

Sl

) = (|0> +12), (14)

Sl -

[92) = (|0> +11), (15)

Sl

and the measurement setting,
Mo = [0) (0f; My = [1) (1]; M2 = |2) (2], (16)

such that )
3= (17)

If you receive the outcome My, you cannot know whether the initial state was |1)1) or [1);
however, you know with certainty that it was not |¢)9). In other words, if the outcome
M; occurs, we know for a fact that |¢;) was not prepared. This phenomenon is sometimes
called state exclusion or the weak notion of antidistinguishability [26], depending on the
chosen reference.

In order to identify which set of states could be antidistinguishable, Johnston, Russo
and Sikora [16] proved the following theorem, which is a generalization of the work of
Caves, Fuchs and Schack [27]:

Theorem 1. ([44, Cor. 5.3]). A set of n pure quantum states {|1),|V2), ..., |¢¥n)} is
antidistinguishable if

i=1j=1

IGllp = Jié il < 2 a8)

Here, Gij = (i|1;) is the Gram matriz associated with the states {|1i) }ic[n), and |G||F is its

Frobenius norm. In particular, the set is antidistinguishable if | (1;]1;)| < /(n —2)/(2n — 2)
for all pairs i # j.

Furthermore, it is possible to check computationally if a set of states is antidistinguish-
able when the following semidefinite program yields zero [16]:

{%ir}l Te[Mipi] st. Y M;=1,M; = 0. (19)

3.1 Connecting full nonlocality and antidistinguishability

A proof of the connection between antidistinguishability and full nonlocality is presented
in [18]:

Theorem 2. A bipartite state is fully nonlocal if and only if there exist measurements for
Alice such that all the sets pZ .= {p? .,pf:an|xzn} of post-measurement states

a=aq|z=17""
are antidistinguishable.

It can be explained as follows: Considering a Bell scenario with inputs = € [n] and
y € [n'], and a probability distribution given by Eq. (9), we assume that Alice and Bob




agree on a deterministic local strategy before the start of the experiment. In this case, we
can rewrite the local component of the probability distribution as

r(ablzy) = Zp ab]a:y) (20)

where & = {ay,...,a,} and ,5’ = {p1, ..., By} correspond to the strategy in which Alice
outputs a = o, and Bob outputs b = 3, respectively. Under these circumstances, once
the input is chosen, the output is fixed, with probability being either 0 or 1. For that
reason,

D&g(ablazy) = 5%:7(155%1,. (21)

To illustrate the following steps, we will restrict the argument to n = n’ = 2. Consider
the Popescu-Rolich (PR) Box [28, 29]: Given two inputs, z € {0,1} and y € {0, 1}, the
outputs a € {0,1} and b € {0,1} are such that a ® b = z - y. The probability tables
conditioned on each possible input, ppr(ablzy), are shown below.

[b=0 b=1 [b=0 b=1
ppr(abl0,0) = a=0] 1/2 0 ppr(abl0,1)= a=0] 1/2 0
a=1| 0 1/2 a=1] 0  1/2
[b=0 b=1 [b=0 b=1
ppr(abll,0)= a=0| 1/2 0 ppr(abll,1)= a=0 0 1/2
a=1| 0 1/2 a=1| 1/2 0

That said, Alice and Bob can agree on a deterministic approach: Alice will always output
a = 0 while Bob will output b = y. Now, the probabilities are given by a different set of
tables:

Q

55(ab0,0) = a=0 0 D;5(abl0,1) = a=0
a=1 0 a=1

One can notice that if p(ab|zy) = 0, for some a, b, x and y, then it is necessary that
any local strategy must also satisfy Déﬁ(ablajy) = 0. However, in the PR box scenario, we
have p(a = 0,b = 1|z = 0,y = 1) = 0, nevertheless, D (a—O b=1lz=0,y=1)=1, as




highlighted in red. This means that this specific local strategy could not have been used
to reproduce the correlations of the PR box. Applying the same procedure for all zeroes
in a distribution, if every possible local strategy violates at least one zero condition, then
no local strategy can contribute to the distribution. In this case, the local content is zero
and we know that p(ab|zy) is fully nonlocal.

In order to connect full nonlocality with the concept of antidistinguishability, we go
back to the bipartite state pap shared between the two parties. After Alice performs one
measurement x € [n] on her side, getting the outcome a € [m 4], Bob’s post-measurement
state can be written as

s Tra[(Age ®1)pas]

Pale = Tr[(Am ® 1)pAB] '

Now, we fix Alice’s outcomes for every local measurement, assuming & such that the set

of post-measurement states p? := {pf:m'w:l, e ,paB:an|w:n} is antidistinguishable. In

addition to that, we assume Bob picks a specific measurement setting, labeled as yg, that

can perfectly antidistinguish the states. His POVM elements are denoted as { By, }pe[n-
This means that

(22)

[ o, 1o Bimalys | = 0,52 € [n]. (23)

Rewriting it, it is possible to notice that

T | pE o Bomslye | = Po(b = 2l ys,a = a;) = 0, (24)
where pg indicates a quantum correlation. Using Bayes’ rule,
plablzy) = p(blazy) - plalzy), (25)
and adding the result found above, it is possible to conclude that
pola = oz, b=z|z,y5) =0,z € [n]. (26)

Now, suppose there is a deterministic local strategy D,g in the decomposition of pg.
Under this strategy, if Alice gets x as input, she must always output a = a,. Since Bob’s
measurement choices are defined in order to satisfy antidistinguishability conditions, his
output must be inside the set [n]. Let Bob’s outcome be b = zy. In this case, if z = z9
and y = yz, we have that

Ddg(a = gy, b = zo|lT = 20,95) = 1. (27)

However, this contradicts Eq. (26). There cannot be any local strategy where Daﬁ(a =
az,b = z|z,yz) = 1 in the decomposition of pg. This implies that the shared state pap
has no local content, hence, it is fully nonlocal. The proof of the converse can be found in
[18].

4 Peres-Mermin square using the antidistinguishability argument

Now that the connection between full nonlocality and antidistinguishability has been pre-
sented, the same example of the Peres-Mermin square explained in Section 2.1 can be
reevaluated, now applying the antidistinguishability argument. Using the measurements
introduced in the matrix (8), and the state in Eq. (7), it is possible to calculate the simul-
taneous eigenstates of the observables in each of the rows and columns [25].

10



Once again, Alice and Bob share a pair of entangled Bell states,

1 1
) = ﬁ(\00>+\11>)®ﬁ
= %(|oooo>+\oo11>+|1100>+|1111>). (28)

(100) +[11))

Now we regroup the Hilbert space by pairing the first qubit of each Bell state as subsystem
A, and the second qubit of each Bell state as subsystem B:

la1b1) @ |agbe) = |aiaz) 4 ® [b1b2) g - (29)

Through this ordering,
1
[¥) = 5 (100)4100) g +101) 4 [01) 5 + [10) 4 [10) 5 + [11) 4 [11) p) . (30)
Using the binary identification,
00)=10), [01)=[1), [10)=]2), [11)—=[3), (31)

we obtain

) = %(I00> +[11) + [22) + [33)). (32)

Given this notation, the simultaneous eigenstates of the observables in the three rows
of Matrix (8), that is, Alice’s measurements, are given in Table 1. For simplicity, + was
used to denote the eigenvalue 41 and — to denote —1. Similarly for Bob, the eigenvalues
of the measurements in his three columns can be written explicitly, as shown in Table 2.

Notice that the post-measurement states on Bob’s side are Wﬁ ») = |Aqjz) such that
for every local strategy & of Alice, the corresponding set of post-measurement states can
be antidistinguished by one of Bob’s measurements.

To visualize how this implies full nonlocality, suppose Alice chooses the strategy

d=lar=+++a=—+—,a3=+++] (33)

The corresponding post-measurement states will be |0}, |0) +|1) — |2) —|3) and |0) — |1) —
|2) —|3), which can be antidistinguished by Bob’s measurements B,—,. Considering a1, if
Bob measures his second column (y = 2), the probability of him obtaining the outcome
b=———or b= — 4 + is zero. For any «;, Bob’s measurement will rule out at least one
outcome.

Following this same logic for Alice’s entire local deterministic strategy, we can recon-
struct the reduced probability table for pg, shown in Table 3. By focusing only on the
relevant outcomes, it becomes clear that the local strategy & is forbidden from appearing in
the decomposition of pg. Since the set of post-measurement states corresponding to every
local deterministic strategy of Alice can be antidistinguished by one of Bob’s measurements,
it follows that pg is fully nonlocal.

‘ ‘Aa]x:1> ‘ ‘Aa|x 2> ‘ ’Aalx 3>
a=+++| [0) |0)+[1)+[2)+[3) | [0)—[1) —[2) - [3)
a=+——1 (20 |[0)=[1)+[2)=1[3) | [0)+[1) —[2)+3)
a=—+—| | 0)+]|1)—12)—=1[3) | [0) = 1) +]2)+3)
a=—— 3) 1 10) =11 = [2) +[3) | [0) +[1) +12) = [3)

Table 1: Alice’s simultaneous unnormalized eigenstates |A,,) for each row = and outcome a. The
labels + and — correspond to the eigenvalues +1 and —1.

11



| [Byjy=1) | |Bpjy=2) | |Bpjy=3)
b=———=1[1)=13) | 2)=13) | 1) =2
b=—++ [ [H)+[3) | [2)+13) | [1)+]2)
b=+—+[10)—1[2) | [0) —[1) | |0) —[3)
b=++—110)+(2) | [0)+ 1) | [0) +3)

Table 2: Bob's simultaneous unnormalized eigenstates | By,,) for each column y and outcome b. The
labels + and — correspond to the eigenvalues +1 and —1.

y =2
- -4+ +—-—4+ ++-
r=1 +++ 0 0 X X
r=2 -4+ — X X 0 X
r=3 +++ X X X 0

Table 3: A section of the joint probability table py for Bob’s measurement y = 2, evaluating Alice’s
specific local deterministic strategy & = [+ + +, — + —, + + +]. The zeros demonstrate the forbidden
outcomes that rule out this strategy, while the probabilities marked with x are irrelevant to the
antidistinguishability argument.

5 Results

5.1 Starting example

Most examples of full nonlocality found previously are not explicit for non-maximally
entangled states and remain limited [18]. Because of that, we propose a new approach
starting from a set of states that are known to be antidistinguishable, such as the ones
presented in Tables 1 and 2. From that, our motivation for the subsequent steps start with
one explicit example: Considering a non-maximally entangled bipartite state

[Wam) = 5 100) + 7 [11) + 2 [22) + 1 [38) + 1= 44), (34)

\f f

Alice applies three measurements on her system. That is, (|4;;)(4;;|®1p), where i denotes

the choice of measurement and j labels the round. Since states of the form (|i) % |5))/v/2
appear in the Peres-Mermin square and are known to be antidistinguishable !, we define
the measurements such that the post-measurement states are always of this form. To do
so, we fix the first measurement with the following POVM elements:

= 172000 +/1/2]1),
V1/210) = /1721,
= 1/2[2) +/1/213),

= 1/212) —/1/213)
= 1/212) +4/1/214),
= 1/2[2) /1214, (35)

Due to the symmetry of the Peres-Mermin square, Alice’s post-measurement states can be antidistin-
guished by Bob’s measurements and vice versa. For simplicity, we focus on the form of Bob’s measurements.

)

12



where

Z | Aij1) (Aiji| = 1s. (36)

Similarly, for the second and third measurement settings,

A) = 1/210) +/1/2]2),
Ag) = 1/1/210) — \/1/2]2),
Ag) = 1/2|1) +1/1/213),
Ag) = 1/2]1) —\/1/213),
Asp) = 1/2[1) +1/1/214),
Ag) = 1/2]1) — \/1/2]4); (37)
Ay = 17211 +/1/212),
Ags) = \1/211) = \/1/2]2),
Ags) = 1/210) +1/1/213),
Ags) = 1/210) —\/1/213),
Asis) = 1/210) +/1/214),
Ags) = 1/2]0) — \/1/2]4). (38)

Since each one of the trios of post-measurement states is antidistinguishable, it follows that
the state in Eq. (34) is fully nonlocal, i.e., has zero local content.

More explicitly, each combination of measurements in Alice’s side generates a triple
that can be antidistinguished by one of these 5 bases:

|Bi) = 10),
|Bopp) = 1),
|Bsj1) = [2),
|By1) = 13),
[Bspp) = [4); (39)
[Biz) = 1/2(|0) +[1) + [2) +|3)),
[Byz) = 1/2(|0) +[1) — [2) — |3)),
[B3pz) = 1/2(|0) —[1) +[2) — |3)),
|Bapp) = 1/2(|0) — [1) — |2) +[3)),
|Bsp) = [4); (40)

13



1/2
1/2
1/2
1/2
4) ;

—10) + 1) +12) +3)),
10) = [1) +12) +13)),
10) + 1) = 12) +13)),
0) + 1) +12) = 13)),

~~ I~

(41)

1/2
1/2
1/2
1/2
13);

~~ ~ —~

(42)

1/2
1/2
1/2
1/2
13).

—10) +[1) +12) +4)),
0) = 1) +12) +14)),
0) + 1) = 12) +14)),
10) +[1) +12) = [4)),

—~~ ~ —~

(43)

In conclusion, considering a setting with 3 measurements on Alice’s side and 5 on Bob’s,
since all the 216 possible combinations of states are antidistinguishable by one of the bases
presented, the state given by Eq. (34) is fully nonlocal.

5.2 Generalizing the 5D case

Now, in order to generalize the example presented above and find other fully nonlocal
states, we consider a 5 level bipartite system with arbitrary coefficients \;:

) 5 = VA0 [00) + VA1 [11) 4+ v A2 122) + VA3 [33) + /Ay ]44)

(44)

where Z?:o A; = 1, due to normalization. Again, we consider three settings for Alice. In
order to keep the simplicity and convenience of the post measurement states of the form
(|3) +15))/V/2, the following measurements are proposed for the first setting:

V2X1[0) + V2h0 1) .
V21 [0) — V2h 1)
V223 12) + V222 13),
V22512) — V2A2 13),
V2A4[2) + v/2) |4),
VA1 12) — V2Xg [4); (45)

14



where the constants /2 were added to preserve post measurement state normalization.
Insuring that these measurements fulfill POVM properties,

S A (Anl = 4A1|0) (0] +4X0 1) (1] + 4X3]2) (2|
+4A2 [3) (3] + 44 [2) (2] + 4A2 [4) (4] = 15, (46)
which implies,
1
Ao=A=Xe=7, (47)
and ]

The second and third settings of measurements are defined by

) = V2X2|0) + V2 [2),
) = V2A2(0) — V2X0[2),
) = V2A) + V2N [3),
[Age) = V2A3]1) = V2M1]3),
)= V2 +V2M4),
) )= )

= V20| — V2 |4); (49)

[Ays) = V2X|1) + V2 [2),
[Agis) = V2X|1) — V2A1[2),
|As3) = V2X3[0) +v/2X0]3),
[Ags) = V2X310) — V2X0 [3),
[Azi3) = V2M10) + V20 ]4),
[Agis) = V20 10) — V22X [4); (50)

and give out the same conditions for the arbitrary coeflicients. Since the post measurement
states match those of the previous example, the measurements on Bob’s side required to
antidistinguish them remain identical.

This can be extended to dimension 6 by adding the following elements in the three
rounds, respectively:

| Agps) = v/2X50) — V2o [5) - (51)

Similarly, the conditions for the state to be antidistinguishable, and consequently fully

nonlocal, are

1
Ao=A=Xe=7, (52)
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and 1
)\3+)\4+)\5=Z. (53)

Extending it to more dimensions, using the same procedure presented above, it is possible
to see that every state of the form

d—1

1Wam) = (100) + [11) + [22)) + 3~ i) (54
=3

such that Zf:_; Ai = 1/4, is fully nonlocal. Note that, in this case, it is easy to check that
the post measurement states can be antidistinguishable, however, Bob’s measurements
must be adapted in order to antidistinguish them.

5.3 5D case using the pentagon geometry

With the aim of finding even more general conditions for fully nonlocal states, once again
using arbitrary coefficients \;, with ¢ = {0,1,2, 3,4}, the shared state between Alice and
Bob is of the form

10) a5 = VA0 ]00) + VA1 [11) 4+ v/ A2 [22) 4+ VA3 [33) 4+ /Ay [44) . (55)

Still working on a 5-dimensional system, we start from a pentagon geometry to define
Alice’s measurements in order to maximize symmetry and find a pattern, as illustrated in
Fig. 3. However, we now introduce arbitrary constants IV; to relax the conditions on the
coefficients \;, while ensuring that the post measurement states remain antidistinguishable.

0 0

Figure 3: The left pentagon illustrates the formulation of the first and second rounds of measurements,
where the POVMs are constructed by connecting adjacent vertices. The right pentagon shows the
construction for the third and fourth rounds, which are instead formed by connecting non-consecutive
edges of the pentagon.

By constraining Alice’s post measurement states to the form (|7) + |7))/v/2, in a 5-
dimensional system, we obtain 20 different state vectors. Because a valid POVM requires
its elements to sum to the identity, these vectors can be grouped into two complete measure-
ment settings. However, because any combination of these two post measurement states
fail to be antidistinguishable, we introduce complex phases to generate two additional
measurement settings, expanding the total number of post measurement states.

In this case, we need four measurements to achieve antidistinguishability. The chosen
measurements for the first round are given by the direct connection between the edges of
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the pentagon:

A = (VALI0) + Vo 1)V N,
[Ag) = (VAL]0) = VAo [1)V/ NV,
|Asj) = (VA2 1) + VA1 [2)) v/ N,
[Ag) = (VAs]l) = VA2 [2))VNo,
|As)1) = (VA3 12) + VA2 [3)) v/ N3,
[Aep) = (VAs[2) = VA2[3))V/Ns,
[A71) = (VA1]3) + Vs |4)V/ Ny,
[Asp) = (VAal3) = VA3 [4))V/Ny,
|Agp1) = (VA110) + v/ Ao [4)) /N,
[Ao) = (VA1]0) = VAo [4)V/Ns, (56)

so that the post measurement states are always of the from (|i) + |5))/v/2.
On the second round, with the addition of complex phases, we have the following
POVM elements:

A1) = (VAL]0) + Vi [1))V/ Ny,
[Agp) = (VAL]0) = VAoi 1)) VNV,
|Azje) = (VA2 1) + V11 [2))V/No,
[Aup) = (VA3]1) = VA2i [2))VNe,
[As) = (VA3]2) + Vi [3))V/Ns,
[Ag) = (VA3]2) — VAi[3))V/ N3,
A7) = (VA1 [3) + V/Asi [4)) /N,
[Asp) = (VA4]3) = V/A3i [4))V/ Ny,
|Agj2) = (VA110) + v/ Aoi [4)) /N5,
[Arop) = (VA4]0) = V/Aoi [4))V/Ns. (57)

The coeflicients NV; have to satisfy the same conditions as before.
For the third and fourth rounds, the measurements are defined by the connection of
alternated edges of the pentagon, forming a star shaped graph. The explicit choices are
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and

(VA2 [0) + v/ Ao [2)) /N,
(VA210) = v/ Ao [2)) /N,
(VA4 [2) + VA2 [4) VN7,
(VA4 12) = VA2 [4)) VN7,
(VA1) + VA1 [4))V/ N,
(VA4 [1) = VA1 [4))V/ N,
(VA3 [1) + v/A1[3)) /Ny,
(VAs[1) = /A1 13)) /Ny,
(VA3 10) + v/ A0 [3))v/Nio,
(VA310) = v/ A0 [3))V/Nuo,
(VA2 10) + v/Aoi [2)) /N,
(VA2 10) — v/Aoi [2)) v/ N,
(VA1 12) + v A2i [4)) VN7,
(VA4 ]2) = VA2i [4))V/ N7,
(Vs [1) + v/ Ari[4)) /N,
(VA4 [1) = VA1 [4)) /N,
(VA3 [1) + v/ A1i [3))V/No,
(VA3 1) = V/A1i [3))V/No,
(VA310) + v/Aoi [3)) v/ N,
(VA310) = v/Aoi [3))v/Ni.

(59)

For this choices of measurements, it is possible to prove computationally (19) or an-
alytically (18), that any set of 4 post measurement states, one of each setting, can be
antidistinguished. Furthermore, using the conditions for a valid measurement (2), and
solving for IV, we arrive on the following set of equations:

Again, for the POVM to be valid, the constants N; need to be non-negative.

implies

AM =X+ A3 =M+ XN

4Xp A1 ’
M+ A—A3+ A — X

LSNP ’
A1+ X+ A3 — M+ Ao

4o \g ’
AM—X+ A3+ — XN

43y ’
A t+X—A3+ M+ XN

Aoy

Ao+ A+ A3 > Ao+ Ay,

(60)
(61)
(62)
(63)
(64)
N1 >0

(65)
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which is equivalent to writing
A2 + Ay < 1/2, (66)
due to
4
dAi=1 (67)
i=0
Similarly, using the same condition for the other constants IV;, we obtain

Ao+ A3 <1/2,
AL+ Ay <1/2,
Ao+ A2 < 1/2,
M+ <172 (68)

The second set of measurements, given by Eq. (59), yields the same conditions. From the
third and fourth measurement settings, we obtain the following constraints:

Az + A < 1/2,
Xo+ A < 1/2,
Ao+ A3 < 1/2,
Ao+ Ay <1/2,
A Ao < 1/2. (69)

This means that, for 5-level quantum systems, any state such that the sum of the two
largest Schmidt coefficients is upper bounded by 1/2 is fully nonlocal.

Since there are 10 possible outcomes for each measurement setting, there are going to
be 10? different sets of post-measurement states. By using Theorem 1, it can be verified
that all combinations are in fact antidistinguishable. However, we would like to construct
the antidistinguishing measurements explicitly. This will allow us to reduce the number of
measurement settings for Bob from 10000 to 41. In fact, we note that every combination
of Alice’s post-measurement states can be antidistinguished by the computational basis
measurement unless it involves 4 repetitions of the same component. For example, if we
choose the measurements A1), [A;)2), |A1)3) and [A;)4), the resulting states on Bob’s side
will be (|0) +11))/v/2, (]0) +4[1))/v/2, (|0) +12))/v/2, and (|0) + i |2))/v/2, which we know
are antidistinguishable. Still, they cannot be antidistinguished by the computational basis
since |0) is not orthogonal to any of them. The total number of combinations that repeat
the |0) component in all 4 post-measurement states is 4* = 256. Applying the same logic to
the other components, yields 5 x 256 = 1280 combinations that cannot be antidistinguished
by the computational basis.

In order to find measurements that can antidistinguish the remaining combinations,
we begin with one of the specific cases where the computational basis fails. For instance,
consider:

1) = (|0) +[1))/V2,
[2) (10) +i1))/v2,
[¥3) (10) +12))/v2,
) = (|0)+1[2))/V2. (70)
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However, this set of states can be successfully antidistinguished by the following measure-
ment basis:

) = =10 =) +i]2)+3),
) = —i|0) —[1) —i[2) —i[3),
93) = i]0) —[1) —i[2) +i[3),
) = 10) =) +if2) = 13),
) = 14); (71)

|¢1) is orthogonal to |14), |¢2) is orthogonal to [i2), |¢3) is orthogonal to |1)3), |p4) is
orthogonal to |11) and |¢5) is orthogonal to all |¢;). Furthermore, this basis can be easily
modified through unitary operations in order to adapt to other combinations of states. For
example, given the set

1) = (|0) = |1)/V2,
[2) (10) —i1))/v2,
[¥3) (10) —[2))/v2,
) = (10) —i[2)/V?2, (72)

we simply flip the signs of the components |1) and |2) within the basis. Alternatively, if
we have

[w1) = (10) +14))/v2,
[¥2) (10) +i14))/V2,
|¥3) (10) +13))/v2,
[a) = (10)+1i3))/v2, (73)

we can simply exchange |1) with |4) and |2) with |3).
Adding phases can be similarly helpful. For instance, if the post-measurement states
are

w1 = (10)+1))/v2,
[¥2) (10) = [1))/v2,
[vs) = (10)+12))/v2,
[pa) = (10)—1[2)/v2, (74)

introducing a —i phase in front of |1) and |2) components is equivalent to applying a
unitary transformation to the states in Eq. (70). Consequently, the same unitary can be
applied directly to the basis. This same process can be applied iteratively until all states
are successfully antidistinguished.

By analyzing which bases cover the greatest number of combinations, we can identify
a pattern and significantly reduce the number of required measurements on Bob’s side. In
total, we verified explicitly via an algorithm that each of the 10000 combinations can be
antidistinguished by one out of 41 different measurement setting. Of these 41, one is the
computational basis and the others can be expressed in terms of 8 seed bases (75-82) that
can be transformed by unitary operations, which can be seen as relabeling the vectors of
the computational basis.
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Bun) = 5(10) ~ 1) ~[2) +713))
Bap) = 5(=i10) — 1) + [2) — [3))
Bap) = 5(10) — 1) +12) + 3)

Bup) = 5~ 10) — [1) — [2) — [3))
By = 14 (75)

1
2
Ba) = 5(~i10) — 1)~ i12) — i[3)

[Ba) = 5(010) — 1) — i[2) +4[3))

[Bijz) = 5(=10) = [1) +4[2) +3))

Bu) = 5(10) — [1) +412) — |3))

| Bs|3) = [4) (76)

Bu) = 5(10) — [1) + 12) + 1)
Ba) = 5~ 10) + 1) +12) +13))
Ba) = 5(10) + 1) + [2) — i)
Bag) = 5(10) +11) ~ [2) +713))
Bsa) = 4) (77)

Bur) = (010} +11) — [2) — [3))
Bar) = 5(=i10) i1} — |2) — i[3)
Bar) = (=10 +11) — |2) +4[3)

Bur) = 5(610) ~ [1) ~ [2) + 13))
By = 14) (78)

1
5

’B1|2> =
Bap) = 5~ 10) 1)~ i[2) — i[3)

Ba) = 5~ 10) +i[1) +i12) —[3)

—10) = 1) +12) +[3))

Bu) = 5~ 10) + 1) — [2) +713))
By = 14 (79)

Buja) = 5~ 10)+ 1) +i12) — [3))

1
Byy) = =
| Baja) 5

Bags) = 5~ 10) 411} + [2) + [3))

(=10) =2 [1) = 12) +13))

Bugs) = 5~ 10) — [1) i [2) — [3))
Bay) = 14 (50)

[Bujg) = 010y — [1) +312) +i[3)

[Baje) = (=i 10) + [1) +12) +i[3)
[Baje) = (010} + 1) +i12) —[3)
[Bugg) = 5(i10) +11) —[2) +13)
B = 4) (31)

Bu) = (010} — 11} + 12) — [3))
Ba) = 5~ 10) + 1) i [2) — [3))

Ba) = (10)+ 1) +712) — [3))

Bus) = 5(=i10) — 1) ~[2) ~ [3)
|Bsjs) = [4) (82)

To generate the remaining 32 bases, we use the symmetry of the problem by rotating each
component within the pentagon geometry. More specifically, under this cyclic permutation,
the component |0) is mapped to |1), |1) becomes |2), and so forth. Repeating this process
4 more times allows the complete set of 41 bases to be fully derived.

In summary, we have shown that any state of the form (55), where the coefficients \;
obey the conditions given by the set of Eq. (68) and (69), can show full nonlocality in a
scenario where Alice has 4 measurement settings and Bob 41.




6 Conclusions

In this work, we have analyzed the concept of nonlocality, narrowing our focus to full
nonlocality, which is of special interest in many fields of quantum information. By applying
the proof of the connection between full nonlocality and antidistinguishability presented
in [18], we propose a new approach to finding fully nonlocal states beyond the maximally
entangled scenario.

Working with a 5-dimensional bipartite state and starting from a single explicit example
of a non-maximally entangled state showing full nonlocality, we introduced more general
measurement settings. From that, it was possible to derive conditions under which non-
maximally entangled states can present full nonlocality.

While the proposed protocols can still be improved, these developments are left for
future work. In all scenarios considered here, the post-measurement states were limited
to the specific (|i) & |7))/v/2 and (|i) £ |j))/+/2 forms, which greatly restricts the results.
One future goal is to determine the upper bound for the greater Schmidt coefficient A;,
such that the state continues to exhibit full nonlocality in the single-copy scenario. Other
approaches include finding the optimal number of measurements on Bob’s side required to
antidistinguish a full set of states in d-dimensions.

22



Bibliography

1]

2]

3]

4]

[5]

(6]

7]

8]

9]

[10]

[11]

[12]

John S. Bell. On the einstein podolsky rosen paradox. Physics Physique Fizika, 1:
195-200, Nov 1964. DOI: 10.1103/PhysicsPhysiqueFizika.1.195. URL https://link.
aps.org/doi/10.1103/PhysicsPhysiqueFizika.1.195.

Albert Einstein, Boris Podolsky, and Nathan Rosen. Can quantum-mechanical de-
scription of physical reality be considered complete? Phys. Rev., 47:777-780, May
1935. DOI: 10.1103/PhysRev.47.777. URL https://link.aps.org/doi/10.1103/
PhysRev.47.777.

John F. Clauser, Michael A. Horne, Abner Shimony, and Richard A. Holt. Pro-
posed experiment to test local hidden-variable theories. Phys. Rev. Lett., 23:880-884,
Oct 1969. DOI: 10.1103/PhysRevLett.23.880. URL https://link.aps.org/doi/10.
1103/PhysRevLett.23.880.

Bas Hensen, Hannes Bernien, Anais E. Dréau, Andreas Reiserer, Norbert Kalb,
Machiel S. Blok, Julia Ruitenberg, Raymond F. L. Vermeulen, Raymond N. Schouten,
Carlos Abellan, Waldimar Amaya, Valerio Pruneri, Morgan W. Mitchell, Matthew
Markham, David J. Twitchen, David Elkouss, Stephanie Wehner, Tim H. Taminiau,
and Ronald Hanson. Loophole-free bell inequality violation using electron spins sep-
arated by 1.3 kilometres. Nature, 526(7575):682-686, Oct 2015. DOI: 10.1038 /na-
turel5759. URL https://doi.org/10.1038/naturel5759.

Marissa Giustina, Marijn A. M. Versteegh, Séren Wengerowsky, Johannes Hand-
steiner, Armin Hochrainer, Kevin Phelan, Fabian Steinlechner, Johannes Kofler,
Jan-Ake Larsson, Carlos Abellan, Waldimar Amaya, Valerio Pruneri, Morgan W.
Mitchell, Jorn Beyer, Thomas Gerrits, Adriana E. Lita, Lynden K. Shalm, Sae Woo
Nam, Thomas Scheidl, Rupert Ursin, Bernhard Wittmann, and Anton Zeilinger.
Significant-loophole-free test of bell’s theorem with entangled photons. Phys. Rev.
Lett., 115:250401, Dec 2015. DOI: 10.1103/PhysRevlLett.115.250401. URL https:
//link.aps.org/doi/10.1103/PhysRevlett.115.250401.

Stefano Pironio, Antonio Acin, Serge Massar, A. Boyer de la Giroday, D. N. Matsuke-
vich, P. Maunz, S. Olmschenk, D. Hayes, L. Luo, T. A. Manning, and Christopher
Monroe. Random numbers certified by bell’s theorem. Nature, 464(7291):1021-1024,
April 2010. ISSN 0028-0836. DOI: 10.1038 /nature09008.

Dominic Mayers and Andrew Yao. Self testing quantum apparatus, 2004. URL https:
//arxiv.org/abs/quant-ph/0307205.

Ivan Supic and Joseph Bowles. Self-testing of quantum systems: a review. Quantum,
4:337, September 2020. ISSN 2521-327X. DOI: 10.22331/q-2020-09-30-337. URL
http://dx.doi.org/10.22331/q-2020-09-30-337.

Artur K. Ekert. Quantum cryptography based on bell’s theorem. Phys. Rev. Lett.,
67:661-663, Aug 1991. DOI: 10.1103/PhysRevLett.67.661. URL https://link.aps.
org/doi/10.1103/PhysRevLett.67.661.

Yang Liu, Teng-Yun Chen, Liu-Jun Wang, Hao Liang, Guo-Liang Shentu, Jian Wang,
Ke Cui, Hua-Lei Yin, Nai-Le Liu, Li Li, Xiongfeng Ma, Jason S. Pelc, M. M. Fe-
jer, Cheng-Zhi Peng, Qiang Zhang, and Jian-Wei Pan. Experimental measurement-
device-independent quantum key distribution. Phys. Rev. Lett., 111:130502, Sep 2013.
DOI: 10.1103/PhysRevLett.111.130502. URL https://link.aps.org/doi/10.1103/
PhysRevLett.111.130502.

Allan A. Méthot and Valerio Scarani. An anomaly of non-locality, 2006. URL https:
//arxiv.org/abs/quant-ph/0601210.

N. David Mermin. Simple unified form for the major no-hidden-variables theorems.

23


https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://link.aps.org/doi/10.1103/PhysicsPhysiqueFizika.1.195
https://link.aps.org/doi/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysRev.47.777
https://link.aps.org/doi/10.1103/PhysRev.47.777
https://link.aps.org/doi/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRevLett.23.880
https://link.aps.org/doi/10.1103/PhysRevLett.23.880
https://link.aps.org/doi/10.1103/PhysRevLett.23.880
https://doi.org/10.1038/nature15759
https://doi.org/10.1038/nature15759
https://doi.org/10.1038/nature15759
https://doi.org/10.1103/PhysRevLett.115.250401
https://link.aps.org/doi/10.1103/PhysRevLett.115.250401
https://link.aps.org/doi/10.1103/PhysRevLett.115.250401
https://doi.org/10.1038/nature09008
https://arxiv.org/abs/quant-ph/0307205
https://arxiv.org/abs/quant-ph/0307205
https://doi.org/10.22331/q-2020-09-30-337
http://dx.doi.org/10.22331/q-2020-09-30-337
https://doi.org/10.1103/PhysRevLett.67.661
https://link.aps.org/doi/10.1103/PhysRevLett.67.661
https://link.aps.org/doi/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.111.130502
https://link.aps.org/doi/10.1103/PhysRevLett.111.130502
https://link.aps.org/doi/10.1103/PhysRevLett.111.130502
https://arxiv.org/abs/quant-ph/0601210
https://arxiv.org/abs/quant-ph/0601210

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Phys. Rev. Lett., 65:3373-3376, Dec 1990. DOI: 10.1103/PhysRevLett.65.3373. URL
https://link.aps.org/doi/10.1103/PhysRevLett.65.3373.

Adan Cabello and Pilar Moreno. Bipartite all-versus-nothing proofs of bell’s the-
orem with single-qubit measurements. Phys. Rev. Lett., 99:220402, Nov 2007.
DOI: 10.1103/PhysRevLett.99.220402. URL https://link.aps.org/doi/10.1103/
PhysRevLett.99.220402.

Jonathan Barrett, Adrian Kent, and Stefano Pironio. Maximally nonlocal and
monogamous quantum correlations. Phys. Rev. Lett., 97:170409, Oct 2006.
DOI: 10.1103/PhysRevLett.97.170409. URL https://link.aps.org/doi/10.1103/
PhysRevLett.97.170409.

Teiko Heinosaari and Oskari Kerppo. Antidistinguishability of pure quantum states.
Journal of Physics A: Mathematical and Theoretical, 51(36):365303, July 2018. ISSN
1751-8121. DOI: 10.1088/1751-8121/aadlfc. URL http://dx.doi.org/10.1088/
1751-8121/aad1fc.

Nathaniel Johnston, Vincent Russo, and Jamie Sikora. Tight bounds for antidistin-
guishability and circulant sets of pure quantum states. Quantum, 9:1622, February
2025. ISSN 2521-327X. DOI: 10.22331/q-2025-02-04-1622. URL http://dx.doi.org/
10.22331/9-2025-02-04-1622.

Joonwoo Bae, Kieran Flatt, Teiko Heinosaari, Oskari Kerppo, Karthik Mohan, Andrés
Munoz-Moller, and Ashutosh Rai. Random exclusion codes: Quantum advantages of
single-shot communication. Physical Review Research, 8(1), February 2026. ISSN
2643-1564. DOI: 10.1103/196j-lmzl. URL http://dx.doi.org/10.1103/196j-1mz1.
Martin J. Renner, Edwin Peter Lobo, Arturo Konderak, Remigiusz Augusiak, and
Antonio Acin. All pure entangled states can lead to fully nonlocal correlations, 2026.
URL https://arxiv.org/abs/2604.26605.

Yuan Liu, Ho Yiu Chung, Emmanuel Zambrini Cruzeiro, Junior R. Gonzales-Ureta,
Ravishankar Ramanathan, and Adéan Cabello. Equivalence between face nonsignaling
correlations, full nonlocality, all-versus-nothing proofs, and pseudotelepathy. Physical
Review Research, 6(4), November 2024. ISSN 2643-1564. DOI: 10.1103/physrevre-
search.6.1042035. URL http://dx.doi.org/10.1103/PhysRevResearch.6.L042035.
Nicolas Gisin, Allan A. Méthot, and Valerio Scarani. Pseudo-telepathy: input car-
dinality and bell-type inequalities, 2006. URL https://arxiv.org/abs/quant-ph/
0610175.

Philip Ball. Researchers use quantum ‘telepathy’ to win an ‘impossible’ game. Scien-
tific American, October 25 2022. Edited by Lee Billings.

Jia-Min Xu, Yi-Zheng Zhen, Yu-Xiang Yang, Zi-Mo Cheng, Zhi-Cheng Ren, Kai
Chen, Xi-Lin Wang, and Hui-Tian Wang. Experimental demonstration of quan-
tum pseudotelepathy. Phys. Rev. Lett., 129:050402, Jul 2022. DOI: 10.1103/Phys-
RevLett.129.050402. URL https://link.aps.org/doi/10.1103/PhysRevLett.129.
050402.

Asher Peres. Incompatible results of quantum measurements. Physics Letters
A, 151(3):107-108, 1990. ISSN 0375-9601. DOI: https://doi.org/10.1016/0375-
9601(90)90172-K. URL https://www.sciencedirect.com/science/article/pii/
037596019090172K.

clpol3. Mermin—peres magic square (vector image). Wikimedia Commons, April 2017.
URL https://commons.wikimedia.org/wiki/File:Mermin-Peres_magic_square.
svg. Creative Commons CCO 1.0 Universal Public Domain Dedication.
Padmanabhan K. Aravind. Quantum mysteries revisited again. American Journal of

24


https://doi.org/10.1103/PhysRevLett.65.3373
https://link.aps.org/doi/10.1103/PhysRevLett.65.3373
https://doi.org/10.1103/PhysRevLett.99.220402
https://link.aps.org/doi/10.1103/PhysRevLett.99.220402
https://link.aps.org/doi/10.1103/PhysRevLett.99.220402
https://doi.org/10.1103/PhysRevLett.97.170409
https://link.aps.org/doi/10.1103/PhysRevLett.97.170409
https://link.aps.org/doi/10.1103/PhysRevLett.97.170409
https://doi.org/10.1088/1751-8121/aad1fc
http://dx.doi.org/10.1088/1751-8121/aad1fc
http://dx.doi.org/10.1088/1751-8121/aad1fc
https://doi.org/10.22331/q-2025-02-04-1622
http://dx.doi.org/10.22331/q-2025-02-04-1622
http://dx.doi.org/10.22331/q-2025-02-04-1622
https://doi.org/10.1103/196j-lmzl
http://dx.doi.org/10.1103/196j-lmzl
https://arxiv.org/abs/2604.26605
https://doi.org/10.1103/physrevresearch.6.l042035
https://doi.org/10.1103/physrevresearch.6.l042035
http://dx.doi.org/10.1103/PhysRevResearch.6.L042035
https://arxiv.org/abs/quant-ph/0610175
https://arxiv.org/abs/quant-ph/0610175
https://doi.org/10.1103/PhysRevLett.129.050402
https://doi.org/10.1103/PhysRevLett.129.050402
https://link.aps.org/doi/10.1103/PhysRevLett.129.050402
https://link.aps.org/doi/10.1103/PhysRevLett.129.050402
https://doi.org/https://doi.org/10.1016/0375-9601(90)90172-K
https://doi.org/https://doi.org/10.1016/0375-9601(90)90172-K
https://www.sciencedirect.com/science/article/pii/037596019090172K
https://www.sciencedirect.com/science/article/pii/037596019090172K
https://commons.wikimedia.org/wiki/File:Mermin-Peres_magic_square.svg
https://commons.wikimedia.org/wiki/File:Mermin-Peres_magic_square.svg

[26]

[27]

28]

[29]

Physics, 72(10):1303-1307, 10 2004. ISSN 0002-9505. DOI: 10.1119/1.1773173. URL
https://doi.org/10.1119/1.1773173.

Maiyuren Srikumar, Stephen D. Bartlett, and Angela Karanjai. How contextual-
ity and antidistinguishability are related. Physical Review Letters, 136(8), February
2026. ISSN 1079-7114. DOI: 10.1103/tlhl-xwks. URL http://dx.doi.org/10.1103/
tlhl-xwks.

Carlton M. Caves, Christopher A. Fuchs, and Riidiger Schack. Conditions for com-
patibility of quantum-state assignments. Physical Review A, 66(6), December 2002.
ISSN 1094-1622. DOI: 10.1103/physreva.66.062111. URL http://dx.doi.org/10.
1103/PhysRevA.66.062111.

Sandu Popescu and Daniel Rohrlich. Quantum nonlocality as an axiom. Foundations
of Physics, 24(3):379-385, mar 1994. ISSN 1572-9516. DOI: 10.1007/BF02058098.
URL https://doi.org/10.1007/BF02058098.

Sandu Popescu. Nonlocality beyond quantum mechanics. Nature Physics, 10(4):264—
270, apr 2014. ISSN 1745-2481. DOI: 10.1038 /nphys2916. URL https://doi.org/
10.1038/nphys2916.

25


https://doi.org/10.1119/1.1773173
https://doi.org/10.1119/1.1773173
https://doi.org/10.1103/tlh1-xwks
http://dx.doi.org/10.1103/tlh1-xwks
http://dx.doi.org/10.1103/tlh1-xwks
https://doi.org/10.1103/physreva.66.062111
http://dx.doi.org/10.1103/PhysRevA.66.062111
http://dx.doi.org/10.1103/PhysRevA.66.062111
https://doi.org/10.1007/BF02058098
https://doi.org/10.1007/BF02058098
https://doi.org/10.1038/nphys2916
https://doi.org/10.1038/nphys2916
https://doi.org/10.1038/nphys2916

	Introduction
	Bell nonlocality
	Full nonlocality

	Antidistinguishability
	Connecting full nonlocality and antidistinguishability

	Peres-Mermin square using the antidistinguishability argument
	Results
	Starting example
	Generalizing the 5D case
	5D case using the pentagon geometry

	Conclusions
	Bibliography

