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Abstract

We introduce a single general representation incorporating in a unique manner
all Bell-type inequalities for a multipartite correlation scenario with an arbitrary
number of settings and any spectral type of outcomes at each site. Specifying
this general representation for correlation functions, we prove that the form
of any correlation Bell-type inequality does not depend on spectral types of
outcomes, in particular, on their numbers at different sites, and is determined
only by extremal values of outcomes at each site. We also specify the general
form of bounds in Bell-type inequalities on joint probabilities. Our approach
to the derivation of Bell-type inequalities is universal, concise and can be
applied to a multipartite correlation experiment with outcomes of any spectral
type, discrete or continuous. We, in particular, prove that, for an N-partite
quantum state, possibly, infinite dimensional, admitting the 2 x ... x 2-setting

N
LHYV description, the Mermin—Klyshko inequality holds for any two bounded
quantum observables per site, not necessarily dichotomic.

PACS numbers: 03.65.Ud, 03.67.—a

1. Introduction

A Bell-type inequality represents a tight' linear probabilistic constraint on correlation functions
or joint probabilities that holds under any multipartite correlation experiment admitting a local
hidden variable (LHV) description and may be violated otherwise. Proposed first [1-3] as
tests on the probabilistic description of quantum measurements, these inequalities are now

! In the present paper, the term a fight LHV constraint means that, in the LHV frame, the bounds established by this
constraint cannot be improved. On the difference between the terms a tight linear LHV constraint and an extreme
linear LHV constraint, see the end of section 2.1.
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widely used in many quantum information schemes and have been intensively discussed in
the literature.

Nevertheless, the most analysed versions [4—18] of Bell-type inequalities refer to either
a multipartite case with two settings and two outcomes per site or a bipartite case with small
numbers of settings and outcomes and we still know a little about Bell-type inequalities for
an arbitrary multipartite correlation experiment. Note, however, that a generalized quantum
measurement on even a qubit may have infinitely many outcomes.

In the literature on quantum information, finding Bell-type inequalities for larger numbers
of settings and outcomes per site is considered to be a computationally hard problem. This
is really the case in the frame of the generally accepted polytope approach [19] where the
construction of a complete set of extreme Bell-type inequalities is associated with finding of all
faces of a highly dimensional polytope. However, many of these faces correspond to trivial®
probabilistic constraints while others can be subdivided into only a few classes, each describing
extreme Bell-type inequalities of the same form. It was also shown [17] computationally that
increasing numbers of settings and outcomes per site, resulting in the appearance of a huge
amount of new faces, leads to only a few (or possibly, no any) new forms of extreme Bell-type
inequalities for joint probabilities. Moreover, in the case of an inifinite number of outcomes
per site, the polytope approach cannot be, in principle, used for the construction of Bell-type
inequalities on joint probabilities of arbitrary events, not necessarily of the product form.

The problem is also complicated by the fact that Bell-type inequalities for correlation
functions and Bell-type inequalities for joint probabilities are usually considered separately
and a general link between the forms of these inequalities in an arbitrary multipartite case has
not been analysed in the literature?.

In the present paper, which is a sequel to* [20], we make a step in this direction by
introducing a single general representation (theorem 1, section 2), incorporating in a unique
manner all tight linear LHV constraints on either correlation functions or joint probabilities
arising under an §; x - - - x Sy-setting N-partite correlation experiment with outcomes of any
spectral type, discrete or continuous.

Specifying this general representation for correlation functions, we prove (corollaries 1, 2,
section 2.1) that the form of any correlation Bell-type inequality does not depend on a spectral
type of outcomes observed at different sites and is determined only by extremal values of
outcomes at each site.

The general form of bounds in the tight linear LHV constraints on joint probabilities is
specified by corollaries 3, 4 in section 2.2.

All Bell-type inequalities that have been introduced in the literature [4—18] constitute
particular cases of this single general representation. We explicitly demonstrate (section 3) this
for: (a) the Clauser—Horne—Shimony—Holt (CHSH) inequality [2] for correlation functions; (b)
the Clauser—Horne (CH) inequalities [3] for joint probabilities; (c) the Mermin—Klyshko (MK)
inequality [6—8] for correlation functions; (d) the Bell-type inequalities for joint probabilities
found computationally by Collins and Gisin [17]; (e) the Zohren—Gill inequality [18] for joint
probabilities.

Our approach to the derivation of Bell-type inequalities is universal, concise and allows
us to extend the applicability ranges of even the well-known Bell-type inequalities. Applying,

2 In the sense that these constraints hold under any multipartite correlation experiment, not necessarily admitting an
LHYV description.

3 In a2 x 2-setting case, this link was considered by Fine [4] for two outcomes per site and by Masanes [15] for
d > 2 discrete outcomes at each site.

4 In [20], we have consistently formalized the probabilistic description of a multipartite correlation experiment,
performed on systems of any nature and with outcomes of any spectral type, discrete or continuous.
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for example, this appoach to an N-partite correlation experiment, with two settings and any
spectral type of outcomes at each site, we derive the Bell-type inequality (section 3.3) that,
being specified for a quantum case, takes the form of the Mermin—Klyshko (MK) inequality [6—
8] for spin measurements on N qubits. This proves that, for a quantum state p on H; Q- - -QHy,
admitting the 2 x - - x 2-setting LHV description, the MK inequality holds for any two bounded

N
quantum observables per site, not necessarily dichotomic. If a Hilbert space H,,, corresponding
to the nth site, is infinite dimensional then bounded quantum observables measured at this site
may be of any spectral type, discrete or continuous.

2. Linear LHYV constraints

Consider an N-partite correlation experiment where an nth party performs S, > 1
measurements, each specified by a positive integer s, € {1,...,S,} and with outcomes
A6 e Al of any spectral type, discrete or continuous, not necessarily real numbers.

This correlation experiment is described by the S; x - - - x Sy-setting family?

SZ{(Sl,...,SN) |S1 = 1,...,51,...,SN = 1,...,SN} (1)

of N-partite joint measurements with joint probability distributions
£
P (dASY x - x dafY), si=1...,8,...,sy=1,..., Sy, )
where each distribution P((Sg] )___ sy) may, in general, depend not only on settings of the
corresponding joint measurement (si,...,sy) but also on a structure of the whole
experiment £.
For an N-partite joint measurement (s, ..., sy) € £, let us denote by"

(S, AGY)) = f v AP

(51,00

szv)(d)\(lSl) X X dkx}v)) (3)
the expected (mean) value of a bounded measurable real-valued function W. In particular,

0107 o o G = [G) ()R (0 < )

.....

“)
means the expectation of the product of bounded measurable real-valued functions
¢>1()\§‘”)), ...,¢N(k§;§N)). If outcomes observed at sites: 1 < n; < --- < ny < N, are

real-valued and bounded then, for any 2 < M < N, the expectation of the product of
outcomes observed at these sites, that is,

($ny) (Snp) (Sny) (Snp) (€
(A7 e )=fxm‘ e PO (A e x dagY), (5)
is referred to as a correlation function. For M = N, this correlation function is called full.
If an N-partite joint measurement (sy, ..., sy) € & is EPR local’ then its probability

distribution and all marginals of this distribution depend only on settings of the corresponding
measurements at the corresponding sites, that is, P(if) ) = P,
($nq—1)
ni—1

[

) (Sinpy)
= P, nM)(d)L,” Koo X dknYMM )’ ©

X d)»,(fl"‘) X e X dkff;’”) ) AT s A;GN))

ny+1

P(Sly--~qSN)(A§XI) X e X A

5 For details of notation, see sections 2, 3 of [20].

© For an integral taken over all values of variables, the domain of integration is not usually specified.

7 That is, local in the sense meant originally by Einstein, Podolsky and Rosen in [21]. For details, see section 3 of
[20].
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forany 1 <n; <--- <ny < Nandany 1 < M < N.In an EPR local case, the probability
distribution of outcomes observed by the nth party under the s,th measurement depends only
on a setting of this measurement and we denote it by

PP (M) = Py (AT 5 AT AR s AT s ARY). @
The main ‘qualitative’ statements on a simulation of an §; X --- x Sy-setting N-partite

correlation experiment in terms of a local hidden variable (LHV) model® are introduced in
[20]. Below, we specify a single general representation for all linear constraints, on either
correlation functions or joint probabilities, arising in the LHV frame. Particular cases of this
general representation are further considered in corollaries 1-4.

We stress that the EPR locality does not necessarily imply the existence for a multipartite
correlation experiment of an LHV model.

Theorem 1. Let an S| X - - - X Sy-setting N-partite correlation experiment (1), with outcomes
)Lﬁf") € Aff"), sp = 1,...,8,n = 1,..., N, of any spectral type, discrete or continuous,
admit an LHV model, conditional or unconditional. Then the tight9 linear unconditional LHV
constraint on expectations:

MEAL,..., ANEAN

S1
< sp Y W () ®)
AEAL,..., )\NGANS1

holds for any collection {\Il(s] ______ s N)} of bounded measurable real-valued functions, where
si=1,....8,....,sy=1,...,Sy,and \, .= ()»fll),...,)ufls")),A,, = Af,l) X oor X Af,s").
In particular, the tight linear LHV constraint on product expectations

) (s1) (4 (s1) (Sn) [ (s3)
F < Ao A
beo M o Fv Gl ) § Voo (@1 (A1) o (5) )iy
< sup FYEL . EN) ©9)

is valid for any bounded measurable real-valued functions ¢ (Aff")), Vs,, VY n, and any real

coefficients ys,,...sy)- Here,
F]i]y)(gl’ e, %_N) — Z y(s] ’’’’’ SN)gl(S]) ..... 1(\;N) (10)
Slyeeey SN
is an N-linear form of real vectors
£, = (5", ...,E5)) e RS, n=1,...,N, (11)
and, foranyn € {1, ..., N},
@, ={& e R [ =l (00), 287 € AP s, =1,...,8,} CR™ (12)

is the range of the bounded vector-valued function with components ¢ (Aﬁls")).

Proof. In view of (3),

Z (“I"(u ..... SN)(AEX‘)’ . ’)LE\SIN)»

= > f\ym _____ o (A AP (dASY e x daY). (13)
s SN

8 For the definition of an LHV model, see section 4 of [20].
9 The meaning of the term right is specified in footnote 1. On the difference between the terms tight and extreme
with respect to a linear LHV correlation constraint, see the end of section 2.1.
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Let family (1) admit an LHV model. Then, by statement (c) of theorem 1 in [20], there exists
a joint probability measure

e (A s -ox dal®) xx dxﬁv“ X -ee X d/\(SN)) (14)

corresponding marginal. Taking this property into account in relatlon (13) we have

Z (Wi sN)()L(fI)’ e ’)‘RY’N)»LHV

SlaesSN

/ i Z Wi (75 A0) T e (dhy - x diy), (15)

where, for short, we denote A, = (A{", ..., A8)) and A, = A” x - -+ x A{S). Considering
the least upper bound of the second line in (15), we derive

D (W A AN S sup Z o (A ANY). (16)
S1reSN rEAL,..., ANEAN S1rornss

The left-hand side bound of (8) is proved quite similarly.

In order to prove (9), let us specify (8) with functions W, ., of the product form,

,,,,,

qj(vl ...... s N)()\(M)v ey )‘f(AN)) = Visi,....s N)¢(bl)( (M)) Tt ;\jN)()‘g\iN))' (17)
For these functions,
sup Z Wiy (A A0

A EAL,..., ANEAN 1,

_ sup Z Versm @ (AE0) o g0 (2.50). (18)

MEAL,...,.ANEAN 51

,,,,,,,

Denoting £ = ¢ (1) and taking into account (10)—(12), we have

SUp Y V@ () 0 ) = sup R G E).
MEAL,..., ANEAN §1€Py,....Enedy
(19)
The left-hand side of (9) is proved quite similarly. (|
If an §; x .-+ x Sy-setting N-partite correlation experiment (1) admits a conditional

LHV model then linear combinations of expectations satisfy not only unconditional LHV
constraints (8), (9) but also their conditional versions—with the corresponding conditional
supremums and infimums. The LHV model considered by Bell in [1] represents an example
of a conditional LHV model.

Depending on a choice of functions, standing in (9), this constraint reduces to either
a general representation for all LHV constraints on correlation functions or a general
representation for all LHV constraints on joint probabilities.

2.1. Constraints on correlation functions

Consider an S x - - - x Sy-setting N-partite correlation experiment with real-valued outcomes
)Lﬁls") € Aflsu) C [—1, 1] of any spectral type, discrete or continuous, such that
sup Al =1, inf AU = —1, Vs, Vn. (20)

Note that the description of any multipartite correlation experiment, with at least two outcomes
at each site, can be reduced to this case.



J. Phys. A: Math. Theor. 41 (2008) 445304 E R Loubenets

For this correlation experiment, let us specify the LHV constraint (9) with functions
@8 (WD) = A6 4 o), Vs, Vn, 1)
where each z) is an arbitrary real number. We derive:

2 Voresnl® (A1) - 8V AR = D Vorsoz 2y
51

Slyeeny SN Sy SN

DY D Hismsg P a”), 22)

I<ny<--<ny <N, Snysees Sny

where!?
y(snl ..... Snpg) = VYisi,..., sN)SM,N + (1 - 8M,N) Z Yisi,..., SireeerSN) l_[ Zflsn) . (23)
Sn, VY n#ny,..., ny n#ny,..., ny
For the N-linear form (10), consider the change of variables: &, = n, + z,,Vn €

{1,..., N}, where z,, := (z,(ll), e, zfls”)) € R% is the real vector with components given by
real numbers in (21). We have

F[E/y)(glv o, SN) — Z Yistons N)Z(lsl) e ZxN)
STyeeey SN
($ny) (Snp)
+ Z Z Visny e sr,M)nnS]1 """ rln;,,M . (24)
I<ny<--<ny <N, Sppsees Snyg
M=l1,..., N
From (12), (21) it follows that
%.n € d, N M € Ay = Afll) N, A;Su) c[-1, I]S", (25)

where, due to (20), closure A, of the bounded set A, satisfies the relation {—1, 1}* C A, C
[—1,1]%.
Substituting (22), (24) into (9) and taking into account (25), we derive
inf Z F}t}/)(nnlv-~'snnM)

MEAL,...INEAN
1<ny<--<ny <N,

M=1,...,.N
(Sny) (O
< Z Z Visuyoemns ,,M)(kn]l D i )LHV
1<n <<y <N, Supoeees Sy
=1,..., N
< sup Z F/E,}/)(T)m,-..,r)nM)’ 26)

where

) (Sny) (Snyy)
FA/}/ (77"1 LR ] r)nM) = Z V(Snl,n..,XnM)nﬂl MR nnMM (27)

is an M-linear form of real vectors

n = (ngl),...,ngs‘)) ERS‘,...,nN = (n;}),...,nj\f’v)) e RS,

For a further simplification of constraint (26), we need the following property proved in
the appendix.

10 Here, Sy y = 1if M = N and Sy vy =0if M # N.
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Lemma 1. Let, for each bounded set A, € [—1,11%,n € {1, ..., N}, its closure A, satisfy
the relation,
(=1, 1}% € A, C[-1, 115, Vn=1,...,N. (28)
Then
sup > F (Mg -5 Thnyy)
meh,...,nveAy 1<ny <-<ny <N,
M=1,...N
= max Z F;}/)(nnl,...,nnM), 29)

—1,1}51,..., —1,1)5~
me{-1,1} nve{—11} 1<y <<y <N,

.....

with a similar expression for infimum.
Substituting (29) into constraint (26), we derive the following corollary of theorem 1.

Corollary 1. Letan S x - - - x Sy-setting N-partite correlation experiment (1), with real-valued
outcomes

A8 e A C -1, 1], sup Al =1, inf AU = —1, Vs,, Vn, (30)
of any spectral type, discrete or continuous, admit an LHV model. Then the tight linear LHV
constraint on correlation functions,

min Z F/E}/)(’lnpn-”?nm)

—1,1}51,..., —1,1)5~%
me{=L1P1,.gye{-1.1} 1<y <omeny <N,
M=1,...N

s Z Z Visu, ~~~~~,SnM)()V£ls,”l) ..... )‘ilsﬂlxllM))LHv

I<np<--<ny <N, Sppsees Sny
M=1,...N

< max Z F,f,}/)(nn,,.--,nn,v,)y (3D

1<ny<<ny <N,
M=1,...N

.....

holds for any collection {y(s”l S"M)} of real coefficients. Here, F}f}/) is an M-linear

form diﬁneci by (257) aigd extremums are taken over all 257 +5% vertices of hypercube
[_1’ 1] 1++Sy C R 1+t N

From the definition of a Bell-type inequality, given in the introduction, and corollary 1
it follows that the form of any correlation Bell-type inequality does not depend on a spectral
type of outcomes observed at each site, in particular, on their number and is determined only
by extremal values of these outcomes.

If, in particular, Visnyrooinyy) = SN MYs,....sy)» then (31) reduces to the tight linear LHV
constraint on the full correlation functions,

min F (o) < Z Vistromsm iy oo A gy
M15e-ny)e{—1,1}¢ —
< max  FY O, ..onn), (32)

1s-w)e{=1,1}4
where d := §; + - - - + Sy. Noting that

FU0 e oonn) = =F s s = o), (33)

and points

(s eees Ty s y) € RY, (s ooy =Ny oo s y) € RY (34)
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belong to hypercube [—1, 1] € R? simultaneously, we derive

— min Flf,y)(m,...,r)N): max F;,V)(m,...,mv)
(1,-onw)e{—1,1}4 1,y e{—1,1}
= max R0, )] 39)

@1 my)E{=1,1)4

Substituting (35) into (32), we come to the following corollary of theorem 1.

Corollary 2. Let an S| X --- x Sy-setting N-partite correlation experiment (1), with real-
valued outcomes A € AP C [—1,1],sup A = 1,inf A" = —1,Vs,,Vn, of any

spectral type, discrete or continuous, admit an LHV model. Then the full correlation functions
satisfy the tight linear LHV constraint

y )
Z V(sl,.“,s,v)ptiﬂ) ..... kg‘jN))LHV < max iFNy M1y ..., 1N)
me{—11}51,..,
nve{—1,1}5N

, (36)

Slyeeey SN
Sfor any real coefficients y(, .. sy)-

If a correlation experiment admits a conditional LHV model then, in addition to (31),
(36), the correlation functions satisfy also the conditional versions of these constraints—with
the corresponding conditional extremums. The original Bell inequality, derived by Bell in
[1] in the frame of the conditional LHV model, represents an example of a conditional LHV
constraint on the full correlation functions.

We stress that, in corollaries 1, 2, the term a tight linear LHV constraint does not mean
an extreme linear LHV constraint. The difference between these two terms is clearly seen due
to the geometric interpretation of, say, constraint (36) in terms of the polytope approach [19].

Namely, for any choice of coefficients y(, .. s,) in constraint (36) represented otherwise

as

( ) L k
- max |FY (o) | < E VoM™ - I
(M) E{=1,1}¢ —

F,(vy)(m,...,mv)

< max , (37)

@) (=11}
the right-hand-side (or the left-hand-side) inequality describes the half-space, defined by the
hyperplane passing outside of the corresponding polytope via at least one of its vertices. A
tight linear LHV inequality becomes an extreme one whenever this hyperplane describes a
face of the corresponding polytope.

2.2. Constraints on joint probabilities

For an §; x --- x Sy-setting N-partite correlation, with at least Q,, + 1 (possibly, infinitely
many) outcomes at each site, let us specify constraint (9) with functions'!

¢£’S”) ()\’}(1511)) — Z {IyES"’q”)XDI(f“"/") ()\ELW)) + Z’(lsn 2qn) }’ (38)

gn=1,....0n
where 7, and z\"""" are arbitrary real numbers and D\ c A, DS £ @, q, €
{1,..., Q,}, are any mutually disjoint subsets: DY) D,(f’“q") = @,Vq, # q,, observed

under the s,,th measurement at the nth site and such that U,, DS £ A9

' Here, xp(X), A € A, is an indicator function of a subset D C A, defined by relations: xp(A) = 1if A € D and
xp(A) =0ifx ¢ D.

8
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Substituting these functions into the LHV constraint (9), making transformations similar
to those in section 2.1 and renaming coefficients, we come to the following corollary of
theorem 1.

Corollary 3. Let an S; x - - - x Sy-setting N-partite correlation experiment (1), satisfying the
EPR locality’ 2 and with at least (Q, + 1) outcomes at each nth site, admit an LHV model.
Then the tight linear LHV constraint on joint probabilities

. )
_min E Fy (nnl,...,nnM)
Mmesy,..., NNEEN
1<ny,..., ny <N
=1,...,.N
(Gnyseeesnpy) (Sny +Gny) (Snpy Gy )
< 2 : 2 : VisngssSugy) P, ... snM)(Dnl X+ X Dy, )
1< < -<ny KN, SnypseeoSnyys
M=1,....N Anyseees Gny
)
< _max _ E Fy (nnl,...,nnM) 39)
NIEE],..ny NNEEN

Gnyseees an)}

holds for an arbitrary collection {y(s of real coefficients and any events Dy ¢

Al pLman) #+ B,q, = 1,..., Qn, observed under the s,th measurement at the nth site,
such that, for any Q, > 2, these events are mutually incompatible: D,(f"’q”) N D,(f”'qn) =

@,V q, # q,, and satisfy the relation

Ugo=1.... 0, D’Squn) £ A}(qsn). (40)
In (39),
F(y) . (Gnyseeslngg)  (SnyoGny) (Snpg+Gnpy) 41
M (77"1’ R nnM) = Z y(ynl ,,,,,, Sipg) /LT Mny 41)
SnyseesSupgs
qnyseees npy
is an M-linear form of real vectors n, € R%%"  with components n(s” ) and
By=4m (0. )% Y gl e (0,1}, Vs, =1.....8, . (42)

foranyn=1,...,N.

For an S| x $,-setting bipartite correlation experiment, the LHV constraint (39) takes the
form

min _ {F" (g1, ) + FV (n) + F2 (1)}

nMeB|,meE,
(q1,92) (s1,91) (52,92) (51,91) p(s1) ( y(s1.q1)
§ : V(s,l,xz; P(Sl,~Yz)(Dll Y x Dyt ) + E iV1 PP (D1l 1 )

81,52, S1.91
41,
+ Z (s2, t]z)P(?z) D(52 .q2) )
52,42
< max _ {E (i, m) + FV ) + FYP () 43)

MEE,MmEE

where: (i) y = (y((g‘;z’f)) is a real matrix of dimension $;Q; X $>Q>; (i) y1 € R 9, €

R%:2 are any real vectors with components """, % (iii) F;” is a bilinear form and

12 See condition (6) and notation (7).
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F", F" are 1-linear forms, given by:

B (um) = )y ™ s> = o, vy,

51,52,
q1:92
) =Y "™ = (o), (44)
S1,41
F™ () = Z V2P = (. ).
$2,42

Here, (-, -) denotes the scalar product on the corresponding space R5.
Finally, let us specify the general form of tight LHV constraints on joint probabilities of
arbitrary events, not necessarily of the product form. Taking in constraint (8) functions

W (A, AWY) =D e (A LAY, (45)

4s
where Dﬁq‘) C A(,‘Y‘) X oo X A%N), gs = 1,..., Qy, are any events observed under a joint
measurement s := (s{,...,sy), and XD(W(AES‘), R ASN)) is an indicator function’® of a

subset D.gq"'), we derive the following corollary of theorem 1.

Corollary 4. Let an S; x - - - x Sy-setting N-partite correlation experiment (1) admit an LHV
model. Then the tight linear LHV constraint on joint probabilities:

. ) 1) (5w) \ :
)\IEA],I.I:IE\NEAN qZ; )/s(q )XDE%) ()\’1YI LR )Ll\;N ) < qZ; ys(q )PS(ng ))

< sup Z Y& oo (A AR (46)
MEAL,..., ANEAN 5.8
: (45) (g5) (s1) (sn) _
holds for any real coefficients y;="" and any events Dg™" C A7V x---x A", g, =1,..., Oy,
observed under an N-partite joint measurement s := (s, ..., Sy) in family (1).

If, for example, we take in (46) coefficients, singling out only one joint measurement:

yfq;) = 8,7, Y g5, and events DY) ¢ A?‘) X oo X Agj’v), that are incompatible and satisfy the

s

relation quD.gql) = Agsl) X e X A%N ) then (46) reduces to the relation > . PS(DAS‘“)) =1,
fulfilled under any measurement.

3. Examples

The general representation (8) and its specifications in corollaries 1—4 incorporate as particular
cases all Bell-type inequalities'# for either correlation functions or joint probabilities that have
been introduced in the literature.

In this section, we explicitly demonstrate this for the most known Bell-type inequalities.
Namely, for: (1) the Clauser—Horne—Shimony—Holt (CHSH) inequality [2] for correlation
functions; (2) the Clauser—Horne (CH) inequalities [3] for joint probabilities; (3) the Mermin—
Klyshko (MK) inequality [6—8] for correlation functions; (4) the Bell-type inequalities for joint
probabilities found computationally [17] by Collins and Gisin; (5) the Bell-type inequality for
joint probabilities introduced recently by Zohren and Gill [18].

13 See footnote 11.
14 For the definition of a Bell-type inequality, see the beginning of Introduction.
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Specifying constraint (46) for appropriate coefficients and events, it is also easy to derive
all Bell-type inequalities derived by Collins, Gisin, Linden, Massar and Popescu in [13].

We stress that our approach allows us to derive all these inequalities in a new unified
manner and also to extend the applicability ranges of even the well-known Bell-type
inequalities.

3.1. The Clauser—Horne—Shimony—Holt (CHSH) inequality

For a 2 x 2-setting bipartite correlation experiment, with real-valued outcomes in [—1, 1] of
any spectral type, discrete or continuous, let us specify the tight LHV constraint (36) with
coefficients y(y, s,y of the CHSH form [2]

1 1
CHSH
(y(sl,xz)) =+ (1 _1) ’ 47

where the minus sign may equivalently stand in any matrix cell.

Note that, in a bipartite case, two parties are traditionally named as Alice and Bob and
their measurements are usually specified by parameters a; and by. Therefore, in the case of
a bipartite correlation experiment, we further replace our general notations of section 2 for
coefficients, outcomes and events by the following ones:

y B oy A S, A S =L S, k=18, )
DU AV p L B0 =1, 01, I=1,...,0,.

Here, for concreteness, we refer site ‘1’ to Alice and site ‘2’ to Bob. For matrix
y = (yi(,;”l)) = (yij) of dimension S;Q1 x $,0,, the double indices (i, j) and (k,[)
numerate, correspondingly, rows and columns in the order,

(1, 1),(1,2)...,(1, Q]),...,(S],l),...,(S], Ql);

(49)
(1,D,(1,2) ..., (1,02, ..., ($2, 1), ..., (S, 02),

respectively, and the element yi(kj ) stands in y at the intersection of row (i, j) and column

(k, D).
For the CHSH coefficients (47), the maximum of the absolute value of the bilinear form

1 1 1 2 2 1 2) (2
Fy"0 ) = (0" ny” + i ns? + Py — mny”) (50)
over g1 = (nf", n?) € (=1, 1%, m = (05", ) € {~1,1)*is equal to

max |Fy S my, m)| = 2. (51)
(n.m)e{—1,1}*
Substituting (51) into (36), we come to the following tight LHV constraint on correlation
functions:
b b b b
’<)"(1a]))‘é I)> + ()“gal))\é 2)) + <)\‘(lﬂ2))‘é I)> _ <)“§a2))\‘(2 2))

oy <2 (52

where minus sign may equivalently stand before any of four terms. This constraint
holds for outcomes in [—1, 1] of any spectral type, discrete or continuous, and constitutes
the Clauser—Horne—Shimony—Holt (CHSH) inequality, derived originally in [2] for two
+1-valued outcomes per site and further proved [5] by Bell to hold for any outcomes
|0 AP < Lk = 1,2,

s

11
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3.2. The Clauser—Horne (CH) inequalities

For a 2 x 2-setting bipartite correlation experiment, let us specify constraint (9) with the CHSH
coefficients (47) and 41-valued functions

gi)()\(la,-)) =2xa, ()L(la,-)) 1, i=12 -
o7 (W) =25, (W) - 1, k=12,

where A; C Ai“") and By C Agz) are any events observed by Alice and Bob under the
corresponding measurements.
For these functions, the product expectations take the form,

(@2 () () = 1+ 4P 1 (Ai X Bi) — 2P oy (A x ASY)
— 2P 5o (A x By, (54)
and ranges (12) satisfy the relation: &, ®, C {—1, 1}2. The latter implies,

max  FyPHE £) < max  FHEL g),

£1€®,5ed) (&1.6)e{—1,1}* (55)
min  FHE £)>  min FOSHE &),
gein B 1, 6) 2> o (¢1,%2)
Taking into account (35), (51), we have:
max  FyUNE L &)=~ min FyNE &)
(&1,.&)e{-1,1}* (&1,62)e(—1,1}*
= max |F;PE g
(E1,6)e{—1,1}*
=2. (56)

Substituting (54)—(56) into (9) and noting that, for EPR local measurements of Alice and Bob,

the marginal probabilities in (54) have the form'’
Pl (A x A3) = PIV(AD, Plso (A" x By = P (B, (57)

we come to the following LHV constraint on joint probabilities:
—1 < Piay ) (A1 X B1) + Piay 1) (A1 X B2) + Piay 5,y (A2 X By)

i (58)
— Pay.oy (Ay x By) — PYV(Ay) — PPV (By) < 0.

This LHV constraint is valid for any events A; C A(la"), B, C Ag"'), observed by Alice and
Bob under measurements a;,i = 1,2, and by, k = 1, 2, respectively, and corresponds to the
Clauser—Horne (CH) inequalities [3] on joint probabilities.

We stress that, in (58), outcome events may be arbitrary, in particular, certain:
A = Ag“"), B, = Agbk), or impossible: A; = &, By = &. This implies that, in the form
(58), the CH inequalities incorporate as particular cases all positive probability relations
considered in the literature'® usually separately. If, for example, A, = B; = & then (58)
reduces to the positive probability relation —1 < P, 5,)(A1 X By) — Pl(“‘)(Al) < 0, fulfilled
under any bipartite joint measurement.

Note also that the CH inequalities (58) are equivalent!” to the CHSH inequality (52) only
in the case of two +1-valued outcomes at each site and the choice in (58) of uncertain possible
events, say A; = {1}, By = {1}, forany i, k € {1, 2}.

15 See condition (6) and notation (7).

16 See, for example, in [4].

17In the sense that the validity of the CHSH inequality on correlation functions implies the validity of the CH
inequalities on joint probabilities and vice versa.

12
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3.3. The Mermin—Klyshko (MK) inequality

For a 2x ... x2-setting N-partite correlation experiment, with outcomes in [—1, 1] of any
s
N
spectral type, discrete or continuous, let us specify constraint (36) with coefficients y(,, .. sy)
defined by the recursion
Vistrosnotssn) = Yistrnsoy) T 8,1 — 85, 2) V1, 57)» 3<n <N, (59)
where (y(s],sz)) = (y(?flil){) = (1 _11) and 5, is the element of set {1, 2}\{s,}.
In order to find the maximum of the absolute value of the N-linear form
F](\ly) (n17 e, 77N) — Z V(Sl ..... SN)nEM) ..... n;\;N) (60)

S1yeeSN=1,2

over vectors 11 € {—1, 12, ..., n, € {—1, 112, let us introduce n-linear forms, corresponding
to the nth step in the recursion (59)
EP .o = j{: Visron %>n$” ..... e,
Sy sp=1,2 (61)
—=) E S
Fn )= ) Yamsm e g
StyeeenSy=1,2

Substituting (59) into (61), we have
EX o) = (0 +0@)E O o)

—=()
+ (" = n@)VF,” (1, ), n>3, (62)

where

1)_(1) (1), (2) 2 (1) 2, (2)
1

Fz(y)(ﬂh’?z):’? TN ANy N Ny

(63)
=) H_( D@ 2) 2) (2
Fy (nomo) = —m"ns” + nfn? + 0P nl + piPnf?.
Taking into account (51), (62), we prove by induction in n the following relation:
max \E ()| =281 N> 2. (64)
@, E(=1, 1)V

Substituting (64) into (36), we come to the following 2 x - .. x 2-setting tight LHV constraint

on the full correlation functions:

Z V(XI,---,SN)O‘(ISI) """ )”E\;N)>LHV S 2N_1’ (65)

where coefficients y(,
inequality (52).
Let us now specify constraint (65) for a 2 x ... x 2-setting correlation experiment, with
X xg

N
outcomes in [—1, 1] of any spectral type, discrete or continuous, performed on a quantum

state p on a complex separable Hilbert space H; & - - - ® Hy, possibly infinite dimensional.

In the quantum case'®,
0 i), = [ A8 M ) 8- M )]
=ufpX" @ - xX3)], (66)

18 Here, Mﬁf”)(d}nff”)) is a positive operator-valued (POV) measure describing the s,th measurement at the nth site,
see, for example, section 3.1 in [20].

13
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where
X’(lsn) — \/\)\”(‘ISH)M’(’lsrl)(d)\"(‘lsn)) (67)

is a bounded quantum observable on H,,, observed under the s,th measurement at the nth site
and with the operator norm | X" | < 1. If a Hilbert space H,, corresponding to the nth site,
is infinite dimensional then observables X "), s, = 1,2, may be of any spectral type, discrete
or continuous.

From (66), (59) it follows that, in the quantum case,

Z Yisi,..s N)<)\§Sl) Tt )‘g\S/N))p = tr[pBN]’ (68)

Slyeees SN

where By is the bounded quantum observable'” on H; ® - - - ® Hy, defined by the recursion
B, = (X" +X?) @By + (X — XP) @ B, 1, 2<n<N,

where gn results from B, by interchanging all X,E&k) to X,ﬁm, sr=1,2k=1,..n.
Substituting (68) into (65), we come to the quantum version

e[ pBy]lny < 2V (70)

of the tight LHV constraint (65). By its form, this quantum LHV constraint coincides with
the Mermin—Klyshko (MK) inequality, derived originally?’ [6-8] for the LHV description of
spin measurements on /N qubits and still discussed in the literature (see, for example, in [10])
only for a N-partite case with two dichotomic observables per site.

Our derivation of (70) shows that, for an N-partite quantum state p on H; ® - -- ® Hy,
possibly infinite dimensional, admitting the 2 x ... x 2-setting LHV description®!, the MK

N
inequality holds for arbitrary two quantum observables per site, not necessarily dichotomic.
If H,, is infinite dimensional then the quantum observables measured at the nth site may be of
any spectral type, discrete or continuous.

3.4. The Collins—Gisin inequalities

Let us now demonstrate that the tight LHV constraint (43) on joint probabilities incorporates
as particular cases the extreme bipartite Bell-type inequalities found by Collins and Gisin [17]
computationally. For short, we consider here the derivation of only two inequalities reported
in [17].

For a 4 x 4-setting bipartite correlation experiment, with at least fwo outcomes per site,
let us specify (43) with O = O, = 1, matrix

1 1 1 1
1 1 1 -1

y=0=1, | _| o (71)
1 -1 O 0

19 By represents a generalization of the so-called Bell operator for spin measurements on N qubits.

20 Mermin’s inequality [6] and the similar inequality of Ardehali [7] distinguish between even and odd values of N.
For an odd N, the magnitude of the maximal violation of Mermin’s inequality in a quantum case is higher than that of
Ardehali. For an even N, the situation is opposite. Belinskii and Klyshko [8] proposed the single inequality, which
is maximally violated, in comparison with those in [6, 7], for any N, even or odd. This inequality is usually referred
to as the Mermin—Klyshko inequality.

21 See section 5 of [20].
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and vectors

J/l = (_1707 05 0)5 )/2 = (_35 _27_170)' (72)
In this case, sets (42) take the form, E; = 8, = {0, 1}*, and maximum
max {1, yn2) + (1, v + (02, »2)} =0, (73)

mef0,1}*,12€{0,1}*
achieved at, for example, n; = (1,1, 1, 1), n, = (1, 1, 1, 1). Substituting (71)—(73) into the
right-hand-side inequality of (43), we come to the tight LHV constraint:

> ik Py (Ai x By) — P (A) = 3P (By) — 2P (By) — P (B3) <0, (74)
ik
corresponding to the extreme Bell-type inequality sz < O , introduced in [17,
equation (38)], and valid for any events: A; C Ag“’), A; # 9, B, C Ag’k), By # &, observed
by Alice and Bob under the corresponding measurements.
For a 2 x 2-setting bipartite correlation experiment, with at least three outcomes per site,
let us also specify (43) with Q; = O, = 2, vectors

Vi="= (_19 _1507 0) (75)
and matrix
1 1 0 1
G.h 1 0 1 1
y=0u =10 1 o -1l (76)
1 1 -1 -1

where the element y(j D stands?? in y at the intersection of row (i, j) and column (k, [).
In this case, sets (42) are given by:

Br=1mel0 1 Y nefo1)i=12¢,
j=12 (77)
Ez=:772€{0 S i e 11k =1.2
=12
and
max__ {(ni, yn2) + (m, y1) + (2, y2)} = 0, (78)

MEE|,MEE,

achieved at, for example, n; = (1,0, 0, 1) and n, = (1, 0, 0, 0).

Substituting (76)—(78) into the right-hand-side inequality of (43), we derive the tight LHV
constraint
Z Vz(] )P(a, bk) A(J) Blil)) _ Pl(al)(A(ll)) _ Pl(tln)(A(]2)) _ P;b')(Bfl)) _ Pz(bl)(Bl(Z)) <0,
i,j,k,l

(79)

corresponding to the extreme Bell-type inequality Ip33 < 0, introduced analytically in
[13, 14] and further confirmed computationally in [17, equation (39)]. This inequality is
valid for any two incompatible events

AV A AP 2o, j=12 AVNAP =2, AVUAP £ AW, (80)
observed by Alice under measurement a;, i = 1, 2, and any two incompatible events
BUcA®. BU %o 1=12 B'nB?=o. BYUB®£AY., @)

observed by Bob under measurement by, k = 1, 2.

22 See also (49).
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3.5. The Zohren—Gill inequality

Finally, consider a 2 x 2-setting bipartite correlation experiment with K real-valued outcomes
per site: AE‘”), Aé‘”) e A={l,...,K}, where 2 < K < 0.

For this case, let us specify the tight linear LHV constraint (46) with v, ) = 1, @(s,.5) =
1,Vsy, s, € {1, 2}, and events:

Dioy = {157 > MV CAX A, if si=sme(l,2), )
Doy = {0V > 257} € A x A, if s # s €{1,2).
We have
Ko G727 =008 ). s=mea
)\‘(3‘1) )»(SZ) -0 )\’(Sl) _)\'@2) if 1.2 (83)
XD<;1,,VZ)(1 » Ay )— (1 2 ) if sy # s €{l,2},

where 0(x —y) = 1, forx > y, and 0(x — y) = 0, for x < y. Substituting (83) into the
left-hand-side inequality of the LHV constraint (46), we derive the following expression for

inf {3 =AY+ (1" —aP) +0(1 —aP) +o (1P — 1)} =1 (84)
over all Ail), )»52), )\(21), )»52) e {1, ..., K}, and, therefore, the following tight LHV constraint,
Pay ({25 > A1) + Puy (2" > 257})

+P(2‘2)({)\§2) > )ng)}) + P(qu)({)\,gz) > )Lél)}) 2 1, (85)

which is valid for any number K of outcomes per site, in particular, for inifinitely many
outcomes (K = o0) at each site. This tight LHV constraint constitutes the Bell-type inequality
derived quite differently in [18].

4. Conclusions

In the present paper, which is a sequel to [20], we have introduced in rigorous mathematical
terms a single general representation for all tight linear LHV constraints arising under an
S) x --- x Sy-setting N-partite correlation experiment with outcomes of any spectral type,
discrete or continuous. For correlation functions and joint probabilities, this representation is
formulated in terms of multilinear forms and this allows us:

e to prove in a general setting that the form of any correlation Bell-type inequality does not
depend on a spectral type of outcomes at different sites, in particular, on their numbers
and is determined only by extremal values of outcomes at each site,

e to specify the general form of bounds in Bell-type inequalities for joint probabilities;

e to present the new concise proofs for all the most known Bell-type inequalities introduced
in the literature ever since the seminal publication of Bell [1] and also to extend the
applicability ranges of some of these inequalities.

Note that the LHV constraints, reproduced in sections 3.1-3.4, are not only tight, but, as is
proved in [4, 10, 17], respectively, each of these inequalities is extreme for the corresponding
setting of a correlation experiment. However, for an arbitrary multipartite case, there does not
still exist an effective general way to single out extreme Bell-type inequalities. Though the
polytope approach is very useful from the descriptive-geometrical point of view, there is not
much sense of finding of extreme Bell-type inequalities by listing of a huge number of faces of
a highly dimensional polytope whereas many of these faces correspond to trivial probabilistic
constraints while others can be subdivided into only a few classes different by their form.
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The approach, introduced in the present paper, is based on general properties of multilinear
forms and this points to a possibility of a new direction in finding extreme Bell-type inequalities
for an arbitrary multipartite case. This problem will be analysed in our further publications.

Appendix

Proof of lemma 1. For the real-valued function

W = Y. F (0 ) (A.1)
1<ny<<ny <N,
M=1,...N

continuous on RS1**+5¥ its supremum and infimum overn = (1, ..., ny) € Ay x---xAy C
[—1, 1]15++5¥ have the form:

sup W= sup W), inf W)= _inf _ W,
NEAI XX Ay nER XX Ay NEAIX X AN nEA; XX Ay (A2)
where

sup W= max W(n), _inf W)= _min_ W@m. 3
nEXlx---XKN neEA| X XAy neA XX Ay neA; XX Ay :
Therefore,

su w = max W(n), inf w = min W(n).
neAlx»PxAN () neA;x--xAy () NeEA XX Ay () neA;x--xAy () (A4)

From relation (28) it follows:

max W(n) < _max_ W(n) < max W(n),
ne{—1,1}¢ nEAI XX Ay ne[—1,1)¢

: : : (A.5)
mn W< mn_ Wm < min W(y),
nel—1,114 ned; x-x Ay ne{—1,1)
where d = S| +---+ Sy. Note that n = (nil), e, nisl), ...,775\}), ...,ng\,SN)) e R? and
function W () is twice continuously differentiable on R? with the second partial derivatives
W (n)
e = (A.6)
9(n"")

Therefore, function W(n), n € Rd, is harmonic?®. From the maximum principle for harmonic
functions it follows that the maximum and the minimum of function W (n) in the hypercube
V,:=[-11¢ c R? are reached on boundary I'; of V, that is:
max W (n) = max W(n), min W (n) = min W(n). (A7)
ne[—1,1}4 nely nel—1,114 nely
Since the boundary I'; of V; represents the union of (d — 1)-dimensional hypercubes
Vl(jkl 1k =1,...,2d, the right-hand sides of relations (A.7) are given by

max W(n) = max {max W(n)}, min W(n) = min
k=1 (k) nely

in W .
nely =12 ey (pin g gy (m)} (A.8)

nev,,

Further, on each (d — 1)-dimensional hypercube V;k_) ,» function W(T))|V:jk_) o depending

on (d — 1) components of 7, is harmonic and, therefore, reaches its maximum (minimum) on
boundary Fflk_)l of V;k_)l . The latter, in turn, consists of (d — 2)-dimensional hypercubes Vg’i)z.

23 On this notion, see any textbook on equations of mathematical physics.
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Since, in total, the boundary I'; contains 4d(d — 1) of (d — 2)-dimensional hypercubes Vg'i)z,
relation (A.8) reduces to:

max W(n) = max {maig W}

nely k=1,....2d nGV(dfl
= max  { max W(n)}, "
m=1,...,4d(d—1) neVi;ll)z

with a similar relation for minimum.
Recall that the number of /-dimensional hypercubes on the boundary I'; is equal to

d! 2d—l
d—n-

in particular, d - 297! edges (‘1’-dimensional hypercubes) and 2¢ vertices (‘0’-dimensional
hypercubes).

Continuing to reduce the dimension of hypercubes in formula (A.9), we finally come to
the maximum (minimum) over all ‘0’-dimensional hypercubes, that is, over set {—1, 1}¢ of all
24 vertices of hypercube V,; = [—1, 11¢. Thus

(A.10)

max W = max W(n), min W = min W(@).
nel—1,1) () nef—1,1) () nel—1,11 () ne{—1,1) () (A.1D)
From (A.4), (A.5) and (A.11) it follows:
su w = max W(n), inf w = min W(n).
neA, xPxAN () ne{—1,1}¢ () nEAI XX AN () ne{—1,1} () (A.12)
This proves the statement of lemma 1. ]
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