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It is well known that the set of statistics that can be observed in a Bell-type experiment is limited by
quantum theory. Unfortunately, tools are missing to identify the precise boundary of this set. Here, we
propose to study the set of quantum statistics from a dual perspective. By considering all Bell expressions
saturated by a given realization, we show that the Clauser-Horne-Shimony-Holt expression can be
decomposed in terms of extremal Tsirelson inequalities that we identify. This brings novel insight into the
geometry of the quantum set in the (2,2,2) scenario. Furthermore, this allows us to identify all the Bell
expressions that are able to self-test the Tsirelson realization.
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Introduction.—Quantum physics predicts the existence
of statistics in a Bell-type experiment which are nonlocal in
the sense that they can violate a Bell inequality [1]. The
observation of this striking physical property has raised
awareness on the importance of the statistical distributions
that can be observed in a Bell scenario upon measurement
of a quantum system, which form the set of quantum
behaviors—or simply the quantum set Q. By defining
statistics that are experimentally realizable, this set plays a
central role in quantum information science, with applica-
tions ranging from foundational questions to device-inde-
pendent information protocols [2-7]. Indeed, every
quantum realization, consisting of a density matrix and
local measurements on some Hilbert spaces of arbitrary
dimension, generates statistics according to Born’s rule
which belong to the quantum set. Given a statistical
distribution, it is however generally a difficult question
to determine which quantum realization may generate it, or
even whether the distribution belongs to the quantum set in
the first place.

The Navascués-Pironio-Acin hierarchy of semidefinite
programming offers a tool to tackle this question in terms of
a family of statistical sets converging to the quantum set
from the outside [8,9]. However, this construction involves
additional variables whose value is a priori unknown, and
the level of the hierarchy which must be reached in order to
provide a definitive answer is unknown even in the simplest
Bell scenario. Another approach is motivated by the
convexity of the quantum set and involves decomposing
quantum behaviors in terms of extremal points. Despite
much effort, a complete description of extremal quantum
behaviors remains to be discovered [10-12]. Here, we take
a different path, also enabled by Q’s convexity property,
which consists in studying its dual set Q*.

The dual of the quantum set encodes the Tsirelson
bounds of all possible Bell inequalities [13,14].
Describing it is therefore as challenging as finding the
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quantum bound of an arbitrary Bell inequality, but is also as
important, since quantum bounds play a key role in many
quantum information results [15—17]. The duality perspec-
tive already brings insight into the local and no-signaling
sets, which are the two other major sets of interest in Bell-
type experiments. Namely, for Bell scenarios with binary
inputs and outputs it was shown that the local set,
describing statistical distributions compatible with a local
hidden variable model, is dual to the no-signaling set,
whose behaviors are only limited by the condition that the
parties cannot learn each other’s inputs [18]. In other
words, every extremal (or ‘tight’) Bell inequality in this
scenario is in one-to-one correspondence with an extremal
point of the no-signaling polytope.

Unlike its local and no-signaling counterparts, the
quantum set is not a polytope and little is known about
its dual picture. In the simplest Bell scenario exhibiting the
nonlocal property of quantum physics, with 2 parties, 2
inputs, and 2 outputs, the quantum set belongs to a space of
dimension 8. A first result concerns the subset Q. with
uniformly random marginal statistics, corresponding to a
subspace of dimension 4. It was recently shown that this
subset is self-dual, i.e., Q. = QF [18,19]. This striking
property sets the quantum set apart from both the local and
the no-signaling sets. In fact, the analytical descriptions of
Q. and Q; are fully known within this subspace: a first
explicit description of the quantum set in the subspace of
vanishing marginals was provided in [10,13,20]; see also
[19,21,22] for explicit descriptions of its (isomorphic) dual.

Here, we study the dual of the quantum set in the full
eight-dimensional space. Specifically, we determine ana-
lytically all elements of the dual which are related to the
Tsirelson point, the unique quantum point maximally
violating the Clauser-Horne-Shimony-Holt (CHSH)
inequality [23]. This allows us to describe for the first
time a complete face of the dual quantum set Q*’s
boundary. In turn, this provides a tight first order
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description of the quantum set around this maximally
nonlocal point.

Dual of the quantum set.—In a bipartite Bell experiment,
two parties obtain outcomes a and b upon performing
measurements x and y respectively. A behavior P(ab|xy) in
this scenario belongs to the quantum set Q iff there exists
Hilbert spaces H4, Hp, a density matrix p > O with trp = 1
acting on their tensor product H, ® Hp, and POVMs
Ma|x’Nb\y20 with Za Ma\x =1, Zb Nb\y = 1 such that
P(ab|xy) = tr(M,, ® Nyj,p). Since the dimensions of the
Hilbert spaces H, and Hjp are not bounded, any convex
mixture AP; + (1 — A)P, with 2 € |0, 1] of two behaviors P,
and P, in Q can be obtained by combining the two
corresponding realizations into larger Hilbert spaces, and
therefore Q is convex [24].

By taking into account the normalization and no-signal-
ing conditions, the 16 conditional probabilities P(ab|xy)
can be expressed simply in terms of eight linearly inde-
pendent ones [25,26], which can be represented by the
corresponding table of correlators

1 (By) (B1)
P = (Ay) (ABy) (AoB) (1)
(Ay) (A1By) (A\By)

Here, A, = M|, — M, |, and B, = Ny, — Ny, are observ-
ables with £1 eigenvalues. This allows one to define the
dual of the quantum set Q" in R3 as the set of all Bell
expressions f whose quantum maximum is smaller than a
constant, e.g., 1 (see [27], Sec. A]:

Since the double dual of a cone is the closure of the initial

cone, the description of Q* is equivalent to the description

of Q itself, and any insight on Q* is an insight on Q as well.
Note that all elements of Q* with

p-P=1 (3)

for some P € Q are Bell expressions defining supporting
hyperplanes of the quantum set Q. Such inequalities
provide a description of the quantum set around the point
P to first order. More generally, the dual of the quantum set
Q" being convex, admits extremal points, which are of
particular interest. An example of an extremal point of Q*
is the positivity constraint P(ab|xy) > 0. However, this
point is not specific to the quantum dual as it is shared with
every other physically meaningful dual, including the local
and no-signaling duals. In the remainder of this manuscript,
we are going to identify nontrivial extremal points of Q*.

The Tsirelson behavior.—The Tsirelson point is given by
the following table of correlators

0 0
1 1
Pr=0 1 5 Vi - (4)
1 1
Ol 51—

This point is particularly remarkable because it is the only
point in Q that achieves the maximal quantum value of the
CHSH Bell inequality (fcysy) < 2 [29]. Furthermore, this
point is extremal in Q, and it can only be realized by
performing complementary measurements on a maximally
entangled state, i.e., the point P; self-tests the quantum
realization [17]:

1
V2

BO - ZB’

#7) =

CZy (1) Xy
X \/z ’

As shown in Eq. (4), the Tsirelson point has vanishing
marginals, and when considering Q., the quantum set
within the subspace of vanishing marginals, i.e., with
(A,) = (B,) = 0, itis known that this point is only exposed
by the CHSH inequality. In other words, the hyperplane
(Bensu) = 2V/2 is the only linear function of {(A,B,)},,
such that H n Q. = {P7}. Recent numerical results sug-
gest however that this may not be the case outside the
subspace of vanishing marginals [30]. In the following, we
identify all Bell expressions that are maximized by the
Tsirelson point.

Bell expressions for the Tsirelson point.—In general, all
possible Bell expressions can be parametrized by eight real
coefficients a,, by, c,, for x,y€{0,1} and be written in
terms of formal polynomials [21] as

(100) +[11)),

A B]IXB. (5)

B = apAy+ ajA; + byBy + b, B,
+ cooAgBy + ¢10A 1By + co1AgB; + 1A 1By, (6)

In order to find restrictive conditions that ensure that # has
quantum bound 1 and verifies Eq. (3) for the Tsirelson
point Pr, we make use of the variational method [21,31,32]
and consider the Bell operator corresponding to these
polynomials for the choice of measurements of Eq. (5).
In general, this operator is given by

A

S = pi1Za+ p2Xa+ p3Zp + paXp
+ PsZaZp + peXaXp + p1Z4Xp + psXaZp, (7)

where parameters p, are linear combinations of para-
meters da, by, c,y.

For any given state, the value of the Bell inequality is
then given by (|S|y). Since § is a real hermitian operator,
its eigenvalues are real and € Q" imposes that all of its
eigenvalues are smaller than 1. The condition Eq. (3) for Py

then implies that |¢*) is an eigenstate of S of eigenvalue 1,
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ie., S|¢pt) = |¢), which grants the following conditions
on the parameters p,:

Ps+pe =1,
p7—ps=0. (8)

p1+p3=0,
P2+ ps =0,

Taking these equations into account, we can now rewrite a
new parametrization:

o) o )

Ag+A Ag—A
+r2< O\—/'—i lBl+ 0\/§ 130)
A+ A _/I)Ao

V2

where rg, 1, 7, A€ R are the remaining free parameters.
Perturbative restriction.—Now, remember that we
require that no other quantum point gives a value larger
than 1 for this Bell expression. In particular, the function
B-Poab, should admit a local maxima at P, where

+ A

By + (1

1 |cogen, | cooch,
— cogc
Pg’a”“by i ‘Camcby + 5205a, 5b, ’ 97aw,by €R
CQQCGQ ‘
(10)

are the statistics resulting from measuring the two-qubit
state |¢y) = ¢9|00) + sg|11) in the Z—X plane, and
¢, =cos(¢), s,:=sin(p) denote the cosine and sine
functions. This condition gives a set of five linear equa-

tions:

Pg . b, 0Py . b, 0Pyq b,
. — = ﬁ . — = ﬂ . 2

0 =
T da, ob,

(11)

which reduce to

A=1/2, r,=0. (12)

The search space for the Bell inequalities is thus reduced to

Ag+ Ay Ayg— A
ﬂro,rlzro( NG —Bo>+”1< NG - B,

1
+ —=Pcusus ro,r ER, (13)

2V2

where ﬂCHSH = (AO + A1>BO + (AO - AI)BI' As ShOWn in
[27], Sec. C, further order perturbations can be considered
to reduce the range of the parameters r, r{, but it turns out
to be more restrictive at this stage to eliminate parameters
based on the local bound of the Bell expressions. Indeed,

any f3, . with a local bound larger than 1 also admits a
quantum value larger than 1 (and hence larger than the
value provided by measuring the |¢™) state).

Local bounds.—Since the convex combination of two
Bell expressions with a local bound smaller than 1 also has
a local bound smaller than 1, the set of Bell expressions
Br,.r, With a local bound smaller than 1 forms a convex
region of the r(, r; plane. Furthermore, the local maxima of
a Bell expression is reached at one of the 16 extremal points
of the local polytope. These points are given by

1 i J
Lijkl - k lk Jk’ l’.]’ kale{_l’ 1} (14)
1| |

The convex region of expressions of the form Eq. (13) with
a local maxima smaller than 1 is thus given by all points
(rg.ry) satisfying the conditions g, , -L;; < 1. The
intersection of these half planes defines a polytope, namely,
a regular octagon, whose eight summit are given by (see
Fig. 1)

{(1 —%)Réﬁ(l,o),ke [[0,7]]}, (15)

where R(;/4) is the rotation of angle z/4 in the (ry,r)
plane. Any Bell expression outside this octagon has a local
bound larger than 1, and thus is not maximized by Py.
Quantum bounds.—Having excluded a range of Bell
expressions f3, . from their local bound, we need to
compute the Tsirelson bound of the expressions inside
the octagon. To formalize this problem, let us consider the

b3
0.3 A S Br Q
0.2 - S pr S Pr
—~ 0.14
[Sa]
Ml 0.0-34'5T Br
e
<| -0.14
-0.2
S Br ST Br
-0.3 1 S5 By
T T T T T T T T T
-0.4 -03 —-02 -01 00 01 02 03 04
Ao+A;
v~ Bo
FIG. 1. Face of Q* in the two-dimensional affine slice defined

by p,, r, forreal parameters r, ;. The red point in the middle, the
normalized CHSH expression, is non-extremal: it can be decom-
posed in terms of the eight summits of the octagon, which are
extremal Tsirelson inequalities.
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algebra of quantum operators R made of arbitrary products
of A, and B,. The only generating rules of this algebra are
that, for all x, y, A7 = B} = 1 and [A,, B;] = 0. We know
that a sufficient condition to have <1 is that 1 — f# is a sum
of squares (SOS) in R:

1-p=> olo,.

This is known as an SOS relaxation [33,34]. However, the
search space R is of infinite dimension. Since an SOS
decomposition of the form of Eq. (16) where O, are
restricted to a set subspace 7 C R still provides a valid
bound, a common approach to tackle this problem consists
in considering operators O, within a chosen relaxation level
7, such as the set of all polynomials of A, and By, of a given
degree. But even this quickly results in a large problem.

To further reduce the SOS search space, let us identify a
relevant subspace of 7 in which the operators O, should be
chosen. Let us consider the case where a SOS decom-
position exists. For the implementation of the Tsirelson
realization, this would imply

0="> (4710,0,l¢") = Z||ﬁs|¢+>\|2, (17)

A

0,eR. (16)

where O, is the specific implementation of the operator O,
using measurements of Eq. (5). Since all terms on the right-
hand side of the above equation are positive, this implies
that for all s, O,|¢") = 0, i.e., that all O, are nullifying
operators of |¢T) [21,35]. This condition restricts the
operators O; to

Ar = {0eT:0l¢p+) = 0}. (18)

For a finite relaxation 7, let us consider a generating
sequence {N,}, of A and denote by N the vector of
elements N,. All elements in A7 can thus be written as
W - N where W is a real vector. A valid SOS decomposition
in 7 can then be written as

1-p=Y 0lo,=N'Y WiaN=N"-W-N.  (19)

where W = 3, Wi, is a positive matrix. We see that the
problem of obtaining an SOS decomposition, Eq. (16),
reduces to finding whether there exists a positive matrix
W2>0 such that

1-p=N"-W-N. (20)

If such a matrix W can be found, we say it is a certificate of
the inequality fS.

Different relaxations 7 could be considered here. The
first order relaxation 7,4, = {1,A(, A, By, B} only

gives a certificate for the CHSH inequality. The relaxation
at the almost quantum level [36], 7,4, pup =71 U
{ABy,x,y€{0,1}} can also be computed numerically
and gives a certificate for a disk in the (ry, r;) plane of
center (0,0) and radius (1/ 4\/§) cf. [27], Sec. C. The next
relaxation is given by

Tyinvprapiapy = Tieap U{AB,By,y #y'}. (21)

We can show analytically that a certificate can be found for
the inequality f,_, /yap at this level of relaxation [27],

Sec. B. This ensures that the Bell expression
B0> +)BCHSH (22)

() (i)

is maximized by the Tsirelson point. Since we already
concluded that a larger value of ry admits a local value
larger than 1, this bound for r; = 0 is the best we could
have hoped for. One can check that this inequality is an
extremal point of Q*, that it is exposed, in the sense that the
quantum set admits a point which only saturates this
Tsirelson inequality [27], Sec. A, and that it is only
maximized by 3 extremal points of O: Py and two
deterministic realizations [27], Sec. D.

To analyze the rest of the octagon, we make use of some
symmetries of the problem. Both the family of Bell
expressions f3, , and the set Q are preserved by several
discrete symmetries. One of them is described by the
following action:

AO g —Bl,
BO = —Ao,

Al = —Bo,
Bl —>A1.
(23)

St (rour1) = Ry(rou ). {

Because of this symmetry, the quantum bound of any Bell
expression with parameters (ry, r;) € R? can be computed
by looking at the bound of the inequality with parameters
rotated by z/4. This ensures that the quantum bounds of
the eight inequalities S* -, of polar coordinates [1 —
(1/v/2), k(z/4)] for ke [[0,7] are also 1. Therefore, the
octagon is exactly the convex region of quantum bound
equal to 1. This completes the characterization of the slice
Br,.r, (see Fig. 1).

Interestingly, the CHSH inequality lies in the middle of
this dual face. Therefore, the CHSH inequality is not an
extremal Tsirelson inequality. In particular, we can write it
as the convex mixture

1
Pcusu = 5 (Br + S*- Br). (24)

Note that this description is not unique because Scpgy lies
on a face of Q* of dimension 2.
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7 Pr

0.9

BCHSH 0.8

2v/2

0.7

1.0
0.0 05

r =y -0.5
% 0 W — (B 0)

FIG. 2. Three-dimensional projection of the local polytope (in
red) and of the quantum set of correlations (red and blue). The
only point reaching the z value of 1 is the Tsirelson realization.
This point lies on top of an octagonal-based pyramid whose eight
facets correspond to the inequalities S* - ;.

From the point of view of the quantum set, this means
that the Tsirelson point Py is an exposed extremal point of
Q with dimension pair (0,2), i.e., with a face dimension of 0
and a dual dimension of 2 [27], Sec. A. Furthermore, it is
exposed by all the inequalities on the inside of the octagon
(see Fig. 2). In fact, any Bell expression inside the octagon
can be written as a convex combination of the CHSH
expression and an expression S, on the border of the
octagon: f# = pPeusu/2v2 + (1 = p)p,, where p € (0,1].
If a point P verifies - P = 1, then it implies fcysy - P =
2v/2 and the self-testing result of fcpgy implies that
P = P;. From the self-testing point of view, this means
that any inequality inside the octagon self-tests the quantum
realization of Eq. (5) associated to the Tsirelson point. As
far as inequalities on the border of the octagon are
concerned, those are also maximized by local points and
as such cannot provide a self-test of the realization.

Conclusion.—In this Letter, we studied the quantum set
Q from a dual perspective. In particular, we derived
constructively all the Bell expressions that the Tsirelson
point P maximizes. This provides fresh insight on the
geometry of the quantum set. In particular, we show
analytically that Py is an extremal point of Q of dual
dimension 2 that lies at the top of a pyramid. We identify
eight new exposed extremal points of Q*, all of dual
dimension 2 as well, thus fully describing a face of Q* of
dimension 2. In turn, this allows us to describe all the Bell
expressions that are able to self-test the Tsirelson realiza-
tion. It would be interesting to find out whether it is a
generic property of extremal quantum statistics to have a
nonzero dual dimension.

Our work also sheds light on the relation between Q and
Q*. In [18], a map was introduced to prove that £* =~ NS

and it was proven that this map also sends the subset O,
with uniformly random marginals statistics to its dual.
However, since this map sends the extremal point Py onto
Pcush, Which admits the decomposition Eq. (24), it cannot
be used to map Q to Q*. While other maps could be found,
analysis such as ours might help proving that the quantum
set Q is not self-dual, making Q* a set of physical interest
with a possibly very different geometrical structure.

We acknowledge funding by Commissariat a I’Energie
Atomique et aux Energies Alternatives (CEA).

[1] N. Brunner, D. Cavalcanti, S. Pironio, V. Scarani, and S.
Wehner, Rev. Mod. Phys. 86, 419 (2014).

[2] L. Hardy, Phys. Rev. Lett. 71, 1665 (1993).

[3] D. Mayers and A. Yao, arXiv:quant-ph/0307205.

[4] S. Pironio, A. Acin, S. Massar, A. B. de la Giroday, D. N.
Matsukevich, P. Maunz, S. Olmschenk, D. Hayes, L. Luo,
T. A. Manning, and C. Monroe, Nature (London) 464, 1021
(2010).

[5] D.P. Nadlinger, P. Drmota, B. C. Nichol, G. Araneda, D.
Main, R. Srinivas, D. M. Lucas, C.J. Ballance, K. Ivanov,
E.Y.-Z. Tan, P. Sekatski, R.L. Urbanke, R. Renner, N.
Sangouard, and J.-D. Bancal, Nature (London) 607, 682
(2022).

[6] W. Zhang, T. van Leent, K. Redeker, R. Garthoff, R.
Schwonnek, F. Fertig, S. Eppelt, W. Rosenfeld, V.
Scarani, C. C.-W. Lim, and H. Weinfurter, Nature (London)
607, 687 (2022).

[7] W.-Z. Liu, Y.-Z. Zhang, Y.-Z. Zhen, M.-H. L4i, Y. Liu, J. Fan,
F. Xu, Q. Zhang, and J.-W. Pan, Phys. Rev. Lett. 129,
050502 (2022).

[8] M. Navascués, S. Pironio, and A. Acin, Phys. Rev. Lett. 98,
010401 (2007).

[9] M. Navascués, S. Pironio, and A. Acin, New J. Phys. 10,
073013 (2008).

[10] L. Masanes, arXiv:quant-ph/0309137.

[11] S. Ishizaka, Phys. Rev. A 97, 050102(R) (2018).

[12] A. Mikos-Nuszkiewicz and J. Kaniewski, arXiv:2302
.10658.

[13] B.S. Tsirel’son, J. Sov. Math. 36, 557 (1987).

[14] S. Wehner, Phys. Rev. A 73, 022110 (2006).

[15] M. Pawtowski, T. Paterek, D. Kaszlikowski, V. Scarani, A.
Winter, and M. Zukowski, Nature (London) 461, 1101
(2009).

[16] N. Miguel and W. Harald, Proc. R. Soc. A 466, 881-890
(2010).

[17] L §upié and J. Bowles, Quantum 4, 337 (2020).

[18] T. Fritz, J. Math. Phys. (N.Y.) 53, 072202 (2012).

[19] T.P. Le, C. Meroni, B. Sturmfels, R.FE. Werner, and T.
Ziegler, Quantum 7, 947 (2023).

[20] L.J. Landau, Found. Phys. 18, 449 (1988).

[21] V. Barizien, P. Sekatski, and J.-D. Bancal, Quantum 8, 1333
(2024).

[22] L. Wooltorton, P. Brown, and R. Colbeck, arXiv:2309.09650.

[23] J.F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt,
Phys. Rev. Lett. 23, 880 (1969).

010201-5


https://doi.org/10.1103/RevModPhys.86.419
https://doi.org/10.1103/PhysRevLett.71.1665
https://arXiv.org/abs/quant-ph/0307205
https://doi.org/10.1038/nature09008
https://doi.org/10.1038/nature09008
https://doi.org/10.1038/s41586-022-04941-5
https://doi.org/10.1038/s41586-022-04941-5
https://doi.org/10.1038/s41586-022-04891-y
https://doi.org/10.1038/s41586-022-04891-y
https://doi.org/10.1103/PhysRevLett.129.050502
https://doi.org/10.1103/PhysRevLett.129.050502
https://doi.org/10.1103/PhysRevLett.98.010401
https://doi.org/10.1103/PhysRevLett.98.010401
https://doi.org/10.1088/1367-2630/10/7/073013
https://doi.org/10.1088/1367-2630/10/7/073013
https://arXiv.org/abs/quant-ph/0309137
https://doi.org/10.1103/PhysRevA.97.050102
https://arXiv.org/abs/2302.10658
https://arXiv.org/abs/2302.10658
https://doi.org/10.1007/BF01663472
https://doi.org/10.1103/PhysRevA.73.022110
https://doi.org/10.1038/nature08400
https://doi.org/10.1038/nature08400
https://doi.org/10.1098/rspa.2009.0453
https://doi.org/10.1098/rspa.2009.0453
https://doi.org/10.22331/q-2020-09-30-337
https://doi.org/10.1063/1.4734586
https://doi.org/10.22331/q-2023-03-16-947
https://doi.org/10.1007/BF00732549
https://doi.org/10.22331/q-2024-05-02-1333
https://doi.org/10.22331/q-2024-05-02-1333
https://arXiv.org/abs/2309.09650
https://doi.org/10.1103/PhysRevLett.23.880

PHYSICAL REVIEW LETTERS 133, 010201 (2024)

[24] W. Slofstra, Forum Math. Pi 7, el (2019).

[25] D. Collins and N. Gisin, J. Phys. A 37, 1775 (2004).

[26] D. Rosset, Amin Baumeler, J.-D. Bancal, N. Gisin, A.
Martin, M.-O. Renou, and E. Wolfe, arXiv:2004.09405.

[27] See  Supplemental ~Material at  http://link.aps.org/
supplemental/10.1103/PhysRevLett.133.010201, which in-
cludes Ref. [28], for additional information about geomet-
rical notions of convex analysis, and detailed proofs of the
paper’s results.

[28] R. T. Rockafellar, Convex Analysis (Princeton University
Press, Princeton, NJ, 1970).

[29] B. S. Cirel’son, Lett. Math. Phys. 4, 93 (1980).

[30] K. T. Goh, J. Kaniewski, E. Wolfe, T. Vértesi, X. Wu, Y. Cai,
Y.-C. Liang, and V. Scarani, Phys. Rev. A 97, 022104 (2018).

[31] K. F. Pdl, T. Vértesi, and M. Navascués, Phys. Rev. A 90,
042340 (2014).

[32] P. Sekatski, J.-D. Bancal, S. Wagner, and N. Sangouard,
Phys. Rev. Lett. 121, 180505 (2018).

[33] M. Ioannou and D. Rosset, arXiv:2112.10803.

[34] Y.-C. Liang and A.C. Doherty, Phys. Rev. A 75, 042103
(2007).

[35] C. Bamps and S. Pironio, Phys. Rev. A 91, 052111 (2015).

[36] M. Navascués, Y. Guryanova, M. J. Hoban, and A. Acin,
Nat. Commun. 6, 6288 (2015).

010201-6


https://doi.org/10.1017/fmp.2018.3
https://doi.org/10.1088/0305-4470/37/5/021
https://arXiv.org/abs/2004.09405
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.010201
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.010201
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.010201
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.010201
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.010201
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.010201
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.010201
https://doi.org/10.1007/BF00417500
https://doi.org/10.1103/PhysRevA.97.022104
https://doi.org/10.1103/PhysRevA.90.042340
https://doi.org/10.1103/PhysRevA.90.042340
https://doi.org/10.1103/PhysRevLett.121.180505
https://arXiv.org/abs/2112.10803
https://doi.org/10.1103/PhysRevA.75.042103
https://doi.org/10.1103/PhysRevA.75.042103
https://doi.org/10.1103/PhysRevA.91.052111
https://doi.org/10.1038/ncomms7288

