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Formulation

The widely divergent use of
the term non-classicality.

A hierarchical structure
shown by certain
manifestations of
non-classicality.

Is there an underlying Nen-local
framework from which all
the manifestations of

nonclassicality may emerge ?

Steerable

Entangled

Our approach: Distinction Figure: The manifestations of
between classical and nonclassicality
quantum probabilities.
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Formulation

Classical Probability vs. Quantum Probability

o Observables: A ; B
e Outcomes: {a1,ay,...,an} ; {b1, b2, ..., by }.
o Event1: A= a4,
Indicator function: ZF7? — Region in the classical
phase space SA
In QM: ZF2 — 7f.
@ Event 2: B = bs
Indicator function: ZFZ — Region in the classical
phase space S8
In QM: ZFB — #B.
@ Event 3: A=a, and B = bs
Indicator function: ZFAB — SANSE
In QM: ZFAB — 2772,

3/13



Formulation

Classical Probability Vs. Quantum Probability

If, SA=ZFA - 72 and SB=TFB8 - 78, SANSE =TFA5 77
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Formulation

Pseudo-Projection Operators

1
TFAB L nAB = 5 [ﬂrAﬂf + nBalt (1)

@ The hermitian representative of I}"f‘sB is not a projection
operator in general. (MA4B)2 £ NAB.
° I"IfsB is not a positive operator.

o Nevertheless M8 preserves total probability and reduces to a
valid projection operator for commuting observables.

o We call I'I’éB, pseudo-projection operators.

o Given a state p, Pk = Tr[l1ABp] are the corresponding
pseudprobabilities. The collection of all {P/} for all outcomes
of A and B constitutes the pseudo-joint-probability scheme.
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Formulation

Nonclassicality: Definitions

Definition 1.

For a given p, if the set of all pseudoprobabilities, {P%} has no
non-negative entries, there exists a classical joint probability
scheme that mimics all it's properties. The corresponding state p
is deemed classical.

Definition 2.

Naturally p is nonclassical even if one PL is negative.
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Examples

Example: A Qubit

o]l
Qy
SN—

The state: p = % 1+
Observables: A;=a-m; ; (i=1,2,3).

Projectors: i+ = (1 +G- M) = Trlpni] > 0,v|P|.
Bilinear PseudoprOJectors

Ni* = 3(1£0-(£mi£m;) = TrlpN;*] = 0,v|P| < I
Trilinear Pseudoprojectors: I_Ilj%i =

114G (£ £ mEs)) = TrpNit*] > 0,v|P| < el
For the given state p, if a pseudo JPS corresponding to
trilinear pseudoprojectors has all nonzero entries, the entries in
a pseudo JPS corresponding to all possible pairs of bilinear
pseudoprojectors has to be positive. The converse however is
not true.
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Bipartite Systems

Bipartite Systems

NCA (g . rig: By ... Ag) = Ny i) © NP (A Ag)

@ The pseudoprojection operator for a bipartite system is simply
the direct product of the pseudoprojections in the individual
subsystems.

@ The positivity of the corresponding pseudo JPS determines
the classicality for the bipartite states, following Definition-1.

@ The conditions of nonclassicality that we achieve from above
are an independent set of conditions. Blind to the
conventionally known criterion.

@ Can the pseudoprobabilities behave as a repository for known
measures of nonclassicality like nonlocality etc. 7
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Bipartite Systems

Bipartite Systems (Contd.)

Additional Condition:

[du(mn ... Mo hy.. . Ag)Pp” (M ... Mg; Ay ... Ag) >

0; [du=1.

This tantamounts to the construction of operators:

wes = fd,u(ﬁn...n“va;ﬁl...ﬁﬂ)ﬂo‘ﬁ(rﬁl...rﬁa;ﬁl...ﬁg),
such that Tr[W*%p] > 0

For a suitable choice of measures, W5 behaves as a witness
for known nonclassicality criterion.

Also by varying «, 8 values in each of the subsystems, one can
explore the hierarchy among the various manifestations of
nonclassicality.
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Bipartite Systems

Nonlocality and W*?

o M2(ihy; Arfn) = %{1 +a- ml} ® {1 + (A + ﬁg)}

o pu(rin; Ay, fia) = p(—rn; —Ar, —fa) = p(rin; fAir, —h) =
w(—my; —hy, fiz) = 1/4.

o W12 = 104 (G- m)(E- (A + )+ (5 )(E- (A — 7o) |

e W12 is the standard Bell-CHSH witness.

@ An observation: The extent of ‘negativity’ in this pseudo
probability scheme - . |P,|; — 1 is exactly the advantage
that one gets while playing a CHSH game with a shared Bell
state over the best classical strategy.
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Bipartite Systems

Construction of Other W?/

Y M(a) = :I:rﬁl... + ﬁ?a ; N(ﬁ) = :|:ﬁ1... + ﬁg.

o W13 = %{2 (G- A)(E - NOY 4 (7 /) - /\7'<3>)}

o W2 — %{2 1 (G- M@Y(E . NO)Y + (5 - MO)(E - ,\7/(2))}

° W23 = 3%{3 + (¢ MA)(Z - N®) + (5- M)(Z . NO) +
(5». M//(2))(f /\‘/’//(3))}

o W3 =21:34(3 MOYZ N®)+ (@G MO L NO)+
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Bipartite Systems

Werner states

° ‘QW:%{].—?]E'E}

o TriW'p,]>0V n< %

o TriWi3p,]>0V n< % o
° Tr[W22QW] Z 0 v 77 S % Steerable
o TrW?p,]20 V¥ n< & —_—
o Tr[W%p,] >0V n<3

Figure: Manifestations of
nonclassicality
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Thank You !
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