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Abstract We introduce the notion of proper unitary connective-gate and we prove that
entanglement cannot be characterized by such gates. We consider then a larger class of gates
(called pseudo-unitary gates), which contains both the unitary and the anti-unitary quan-
tum operations. By using a mixed language (a proper extension of the standard quantum
computational language), we show how a logical characterization of entanglement is pos-
sible in the framework of a mixed semantics, which generalizes both the unitary and the
pseudo-unitary quantum computational semantics.
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1 Proper Unitary Connective-gates

In the first part of this article we have given some negative and some partial positive
answers to the general question “to what extent is a logical characterization of entanglement
and of entanglement-measures possible?” We will now further investigate this question by
considering other examples of gates that have a special logical interest.

It is expedient to recall the definition of some gates that will be used in this article. Let
H™ be the Hilbert space C*> ® ... ® C2.

n—times

Definition 1 (The negation) For any n > 1, the negation (defined on H™) is the linear
operator NOT®™ such that, for every element |xp, ..., x,) of the canonical basis,

NOT™ |xy, ..., Xn) = X1, oy Xpe1) ® |1 — Xp).

In particular, we obtain:
NoTV|0) =|1); NoTV|1) = 10),

according to the classical truth-table of negation.

Definition 2 (The Toffoli-gate) For any m,n, p > 1, the Toffoli-gate (defined on

Hm+n+p)y s the linear operator TU-™P) such that, for every element |xi, ..., x,) ®
(Y15 .-+, ¥n) ® |21, ..., 2p) of the canonical basis,
TP X1, Xy V1o e v s Yo 21 - - - s Zp)
=X X Yl Y Bl e Zp—1) @ Ixmynizp),

where F represents the addition modulo 2.

Definition 3 (The XOR-gate) For any m,n > 1, the XOR-gate (defined on Hm+m)Y s the
linear operator XOR™-") guch that, for every element |xq,...,Xy) ® |y1,...,yn) of the
canonical basis,

XOR(m’n”xla ey Xms Yl ---ayn> = |X1, s Xms YVl ---’ynfl> & |xm¢yn>-

Definition 4 (The Hadamard-gate) For any n > 1, the Hadamard-gate (defined on H M

is the linear operator JI " such that for every element |xy, ..., x,) of the canonical basis:

f(”’|x1,...,xn>=|x1,...,xn_1>®%((—1>X"|xn>+|1—xn>).

In particular we obtain:

vIio) 700 ) VI 7<|0>—|1>>

1 . . .
Hence, /I o transforms bits into genuine qubits.

Definition 5 (The square root of NOT) For any n > 1, the square root of NOT (defined

on H™) is the linear operator «/NOT(n) such that for every element |xy, ..., x,) of the
canonical basis:

(n) 1—i 141
Vot |x1,...,xn>=|x1,...,xn_1>®( ) + — |1—xn>>,
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where i = /—1.

Definition 6 (The Fredkin-gate) For any m,n,p > 1, the Fredkin-gate (defined
on H™Hn+tP)) s the linear operator FP) such that for every element
X1y« <oy Xims Y1y« oo Yns 215 - - - » Zp) Of the canonical basis of H "+ +p)

FO P g, o Xy Y1 ey Vs s e o0 Zp) =

X1, e s Xim—15 Yns Y1s «+ s Yn—1s Xms 215 - -5 Zp)s if 2p =0;
X1, .oy Ximy Y1 oo s Yns 215 - -+ Zp), Otherwise.

Definition 7 (The shift-gate) For any n > 1, the shift-gate (defined on H™) is the linear
operator SH™ such that, for every element |xj ..., x,) of the canonical basis,

SH(”)l.X:], "'5-xl‘l> = |'xn5-x17 '~'s-xn—]>'

Now we introduce a highly representative class of gates, called proper unitary
connective-gates (briefly, connective-gates).

Definition 8 (Connective-gate) Consider a Hilbert space HM+1+P) with m,n > 0 and
p=>1

A connective-gate of H"+"+P) is a unitary operator G- that can be represented in
the following form:

gmnp) . [ P e P 10D g UOO] + [pg"” ®P" @1 Ve Um] +
[Pl(m) ® P eIr g UIO] n [P1(m) & P" o1 g U“],

where U;; are unitary operators of H(D, 1@ =1, PO(O) = PI(O) =11

[}

Apparently, any connective-gate G applied to a register |xi, ..., x,) transforms the
target-bit |x,) into a qubit that determines the probability-value of G (|x1, ..., x,)).

One can easily check that the negation NOT(! (of H (1) and the Toffoli-gate T('1:1) (of
HU+1+D)y are connective-gates, since they can be represented in the following form:

1 1 1 1 1 1 1 1

NoTW = (== 1)woT® 4 (- - 1)NoT® 4+ (= - = - 1) woT® + = - = . 1) NoT;
2 2 2 2 2 2 2 2

= [pPerler- 1]+ [p e o110 ]+ [P e r @110

+[PV e PV @1 w0T V).

Similar representations can be given for the gates NOT(P), Ttn.n.p) xoR™-P)

V4 NoT” ), JI 2 Examples of gates that are not connective-gates are the Fredkin-gate and
the shift-gate.

'We recall that PS") and Pl(") represent, respectively, the falsity-property and the truth-property of the space
H™ (see Section 2 of the first part of this article).
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All gates can be canonically extended to the set © of all density operators. Let G be any
gate defined on ™. The corresponding density-operator gate (also called unitary quantum
operation) DG is defined as follows for any p € D(HM):

Pep =GpG" where G' is the adjoint of G.
For the sake simplicity, also the operations ® G will be briefly called gates.

Theorem 1 There is no connective-gate GV that satisfies the following condition:
there exists a function u : [0,1] — [0, 1] such that for any density operator p of

HM @ HD, u (p <©G(m’"’l) (,0 ® Pé”))) is an entanglement-measure for p (where p
is the probability-function defined on the set of all density operators).2

Proof Suppose there exists a connective gate G satisfying the condition considered
by the theorem.

1
Take p; = P%(\o,...,o,owru yyyyy Loy ad p2 = 3 (Po..00) + Ppi..1,0) Clealy, pi
is entangled, while p; is separable. At the same time we have: p(QG(’”'"’l)(,o])) =
(m-+n+1) _ D €8]
“(Pl P qo...0@um0+1.... ]>®U1||0))> = “(Pl Uoo (Po )) +
1 1 1
tr (Pl( U (Pé ))) = I (me+"+ "1 (Po.._ 0o + Pii..., 1>®Um0>)) =
p(PcmmD (py)). u

This theorem implies that the probabilistic behavior of connective-gates cannot charac-
terize entanglement.

2 Truth-perspectives and Gates

As is well known, the choice of an orthonormal basis for the space C? is a matter of con-
vention. One can consider infinitely many bases that are determined by the application of
a unitary operator ¥ to the elements of the canonical basis (|1) and |0)). From an intuitive
point of view, we can think that the operator T gives rise to a change of truth-perspective.
Different epistemic agents a can be associated to different truth-perspectives ¥, because
their knowledge is based on different ideas about truth and falsity.3 From a physical point
of view, we can suppose that each truth-perspective corresponds to an apparatus that allows
one to measure a given observable.

Any truth-perspective T can be naturally extended to a unitary operator T of H™ (for
anyn > 1):

T, L) =T ) ® ... Q Ty,

Accordingly, any choice of ¥ determines an orthonormal basis Bg) for H such that:

Bgl) = [‘I(”)|x1,...,x,,) xg, ., xn) € Bgl)],

2We recall that p(p) == tr(Pl(") p), for any density operator p of H™ | where tr is the trace-functional (see
Section 2 of the first part of this article).

3Truth-perspectives play an important role in the case of epistemic quantum computational logics. See, for
instance, [1-3].
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where B is the canonical basis of H®.

Instead of T™|xy, ..., x,) we will also write: |15, ..., Xpg ). The elements of Bg)
represent the T-registers of H™, while |15) and |0<) represent the truth-values Truth and
Falsity with respect to the truth-perspective ‘T.

The notions of truth, falsity and probability with respect to a truth - per-
spective ¥ can be defined like in the canonical case. The %-truth TPI(") is the
projection-operator that projects over the closed subspace spanned by the set of
all T-registers |Xi5,...,Xu—1)¢, l5); while the T-falsity TP(;") is the projection-
operator that projects over the closed subspace spanned by the set of all T-registers
[X1» .-+, X(u—1)g » Og). The T-probability ps is defined as follows for any density operator
p of H™:

ps(p) = tr(* P p).

All gates can be naturally transposed from the canonical truth-perspective to any truth-
perspective T. Let G be any gate defined with respect to the canonical truth-perspective.
The twin-gate Gg') , defined with respect to the truth-perspective ¥, is determined as
follows: .

G%) — g ggm)’
In the following we will almost always refer to the canonical truth-perspective and to
canonical gates.

3 Anti-unitary Gates and Pseudo-unitary Gates

To what extent are we forced to assume that quantum information should be always
processed by quantum unitary operations? Are there any alternative reasonable choices?
An interesting discussion has concerned the role of negation in quantum compu-
tation. As is well known, the gate NOT" has a characteristic property that seems
to be counter-intuitive: a quregister |) (of H™) is not necessarily orthogonal to
its negation NOT®|y). For instance, the qubit %(IO) + |1)) is a fixed point of

NoT®:
1

1
(Y] _
NOT (10) + 1)) = —=(0) + [1)).
V2 V2
At the same time, for all registers |xi, ..., x,) we have:
X1y ...y xn) LNOT™ |xq, ..., x0).

One can prove that no unitary operator U of H(! satisfies, at the same time, the two
following conditions (which seem both desirable properties for a gate representing a faithful
generalization of the classical negation):

1. |¢) L Uly), for any qubit [y);
2. p(PWU YPy)) = p(Py)), for any qubit |¢/) (where p is the probability-function
defined with respect to the canonical truth-perspective).

This intuitive shortcoming can be overcome, if we decide to replace the familiar negation
NOT™ (which is a unitary operator) with a particular example of an anti-unitary operator.
Let us first recall the general definition of anti-unitary operator.

Definition 9 (Anti-unitary operator) An operator A of a Hilbert space H is called anti-
unitary iff A satisfies the following conditions:
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1) A preserves the absolute value of inner product.

2) Ais anti-linear. In other words, for any vector ) ; ¢;|;) of H:
A cili) =Y cFAlY).
i i

As is well known, anti-unitary operators play an important role in quantum field theory
[8], where they are applied, for instance, to represent time-reversal symmetry. In quantum
computation these operators have been recently used for different aimes (for instance, in
all criteria of inseparability for two-qubit systems and in the quantum simulation of the
Majorana-equation)*.

The anti-unitary negation (also called universal NOT) is defined as follows.

Definition 10 (The anti-unitary negation) For any n > 1, the anti-unitary negation is the

anti-linear operator NOT(") defined on H ™ such that for every element |x1, ..., x,) of the
canonical basis,
ROT™ |1, ..y xn) = (=D ™ xp, o st 1= x).

One can easily show that:

1. |y) L NOT™|y), for any |¥) of H™;
2. Not™NoT™|y) = —ly), for any |¥) of H®; hence,

P ( (NOT(")NOT( )) Py, ) =p(Py)).

The anti-unitary negation admits an intuitive geometrical interpretation in the
case of the space C2. Consider the Poincaré-Bloch sphere, which is in one-
to-one correspondence with the set ®(C?) of all density operators of C2. In
such a case, NoT"  transforms any point of the sphere into its antipodal
point.

It may be interesting to consider a proper set of ©(C?), corresponding to the part of the
sphere that is represented by the dashed circle (in Fig. 1).

Let ¥ be the truth-perspective defined as follows: |0) = |0); ¥|1) = i|1); and consider
the gate DNOTg) (the twin-gate of ®NOTD determined by T). We have: QNOTQ) = 90},,
where o, is the second Pauli matrix. Hence, QNOTg) transforms any point of the dashed cir-
cle into its antipodal point; consequently: DNOTg) p = oxor" p, for any p corresponding
to a point of our circle. This justifies the following conclusion: for some pieces of quantum
information (corresponding to points of the dashed circle) and for some epistemic agents
(whose truth-perspective is ¥) the standard unitary negation and the anti-unitary negation
coincide.

An interesting investigation concerns possible experimental realizations of approxima-
tions of some anti-unitary gates via unitary gates. An approximation of the gate NoT" has
been obtained by using a slight modification of the standard quantum teleportation-protocol
[9]. Other techniques allow us to approximate not™ (as well as other anti-unitary gates)
by means of completely positive maps [7].

4See [4, 6].
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Fig. 1 The Poincaré-Bloch 1
sphere |0)=[ 0 ]

Have all connective-gates a natural anti-unitary counterpart? The answer to this question
is negative. Consider the case of the square-root of the anti-unitary negation. One can prove

—(n)

that any operator /NOT  such that

() ™
V/NOT +/NOT = NOT

is neither linear nor anti-linear. This suggests to consider a larger class of operators that we
call pseudo-unitary gates[11].

Definition 11 (Pseudo-unitary gate) The set of all pseudo-unitary gates (also called
additive bounded operators) of a Hilbert space H is the smallest set Ps(#) such that

1) Ps(H) is included in the set of all bounded operators of H;
2) Ps(H) includes the set of all unitary operators and the set of all anti-unitary operators

of H,;

3) Ps(H) is closed under operator-sum.

Of course, NoT™ s (trivially) an example of a pseudo-unitary operator. The
pseudo-unitary square-root of negation, the pseudo-unitary square-root of identity,
the pseudo-unitary Toffoli-gate and the pseudo-unitary XOR-gate can be defined as
follows.

Definition 12 (The pseudo-unitary square-root of negation) For any n > 1, the pseudo-
unitary square-root of negation on H ™ is defined as follows:

— )

1 —
JNOT = E(I(") + NoT™).
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We have:
—(n
1. 4/NOT is (by definition) a pseudo-unitary gate;
(n) (n)

2. JNOT «/NOT =not™.

Definition 13 (The pseudo-unitary square-root of identity) For any n > 1, the pseudo-
unitary square-root of identity on H" is defined as follows:

1 —
Vii= pat- Kot™) (1" @ 02),

where o, is the third Pauli-matrix.

We have:
—=(n)
1. /I ' is (by definition) a pseudo-unitary gate:
A(n)A(n)
2. VI VI =10,

Definition 14 (The pseudo-unitary Toffoli-gate) For any m, n, p > 1, the pseudo-unitary
Toffoli-gate on H""*+"+P) is defined as follows:

Fmn.p) _ (I<m+n) —PM g P}(n)) 1P +P™ @ P" @ FoT.

Definition 15 (The pseudo-unitary XOR-gate) For any m, n > 1, the pseudo-unitary XOR-
gate on H "+ is defined as follows:

cop ) _

NOT™

XOR P @1 + P™ @ NOT

As happens in the case of unitary gates, also pseudo-unitary gates can be generalized to
density operators. If G is a pseudo-unitary operator of H."™, the corresponding pseudo-
unitary quantum operation DG™M is defined on the set of all density operators p of H™ as
follows:

DEM ) = GM GO

Both the pseudo-unitary operators G™ and the pseudo-unitary quantum operations © G
will be called pseudo-unitary gates.

As expected, a unitary gate DE™ and its correspondent pseudo-unitary gate Sl
generally give rise to different outputs, when applied to one and the same input:

@G(n)p # @a(n)p_

In spite of this, one can prove that applications of the gates negation, Toffoli, XOR, square-
root of negation, square-root of identity determine the same probability-values in the unitary
and in the pseudo-unitary case.

Theorem 2 1. Forany p of H™,
p (QNOT(n)p) —p (DNOT(n)p) ,

<9M(n)p> B p(© — )
<©f(n)p> = p(i’ﬁ(")p).
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2. Forany p of HO"+P),
p (PTmPp) = p(P TP p).
3. Forany p of HO"),
D (@@(m,n)p> = p (DXOR(m,n)p) .

Proof

Lp (PFOT"))
=tr an)@‘(")p NOT(n)T)
w (N0 T P oT™ )
(1D ®NOT(1>T> (I(nfl) ® Pl(l)) (I(n 1 ®NOT(1)) p>

(
(o
((
tr ((I(” ) @ nor' TP(‘)NOT“)) p)
((
(
(

tr( (10 1)®I\IO'L"U”P“)I\IOT“)) )

tr (NoT™ T P NoT™ ,0)

tr Po(")p)

=1r ((1(”) - Pl(")) ,o)

=1-p(p).

(n) —(n)
In a similar way for /NOT ~ and /T

2p(PE" " p)

_ tr(}pl(m+n+p)'T\(m,n,p)p’T‘(m,mp)’r)

= (1™ — 1D g pM g 10D g p(V) g 1)
_i_I(mfl) ® Pl(l) ® (=1 ® Pl(l) ® (=D ® N’O\T(I))T
(I(m+n+p—1) ® Pl(l))

(@ — =D @ pM) @ 1= @ p)y g 1(»)

+17" Vg PV @1 Do PP @1?) gror")p)
=p(P1"""p)

3. In a similar way for XOR"™) O
In the next Section we will see how this theorem has an important consequence for

the development of a pseudo-unitary version of the standard (unitary) holistic quantum
computational semantics.
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4 Unitary and Pseudo-unitary Quantum Computational Semantics

In the standard semantics for quantum computational logics formulas are interpreted as
pieces of quantum information (density operators of convenient spaces H "), while the
logical connectives are interpreted as unitary gates.> This approach can be naturally trans-
formed into a pseudo-unitary semantics, where the same connectives are interpreted as
pseudo-unitary gates. Let us briefly recall the basic concepts of the unitary semantics. The
alphabet of the quantum computational language £ contains atomic formulas (q, q1, q2, . . .)
including two privileged formulas t and f that represent the truth-values Truth and Falsity
respectively. The connectives of £ are: the negation — (corresponding to the gate NOT™),
the ternary Toffoli-connective T (corresponding to the gate T"P)), the exclusive disjunc-
tion & (corresponding to the gate XOR ™), the square root of negation /= (corresponding
to the gate \/NOT(n)), the square root of identity ~/id (corresponding to the gate /T ™ ).
The notion of formula is inductively defined as follows: 1) atomic formulas are formulas;
2)if o, B, y are formulas, then —«, V=, ida, T(, B, ¥), W B are formulas. Recalling
the definition of the holistic conjunction AND”"-™ a binary conjunction A can be defined in
terms of the Toffoli-connective: o A B := T(«, B, f) (where f plays the role of a syntactical
ancilla)®.

By atomic complexity of a formula @ we mean the number Az(«) of occurrences of
atomic subformulas in «. For instance, the atomic complexity of the formulac = qA —q =
1(q, —q, f) is 3. The number Af(«) plays an important semantic role, since it determines
the semantic space H* = HA'@) where any density operator representing a possible
informational meaning of « shall live. We have, for instance, HT(@ ™D = 3/

Any formula o can be naturally decomposed into its parts giving rise to a special config-
uration, called the syntactical tree of o (STree®). Roughly, STree* can be represented as
a sequence of levels consisting of subformulas of «. The bottom-level is («), while all other
levels are obtained by dropping, step by step, all connectives occurring in «. Hence, the fop-
level is the sequence of atomic formulas occurring in «. As an example consider again the
formula o = 1(q, —q, f). In such a case, STree” is the following sequence of levels:

Level§ = (q,q,f)
Level; = (1(q,—q, )
Level{ = (1(q, —q, 1))

For any «, STree® uniquely determines the gare-tree of «: a sequence of gates all defined
on the space H*. As an example, consider again the formula, « = T(q, —q, f). In the
syntactical tree of « the second level has been obtained (from the third level) by repeating
the first occurrence of q, by negating the second occurrence of q and by repeating f; while
the first level has been obtained (from the second level) by applying the Toffoli-connective.
Accordingly, the gate-tree of o can be naturally identified with the following gate-sequence:

(Q(Im onotV ® Iu))@Ta,l,l)) _

3See [5].
SWe recall that for any m, n > 1 and for any density operator p of the Hilbert space H "™+, AND"™" is
defined as follows: AND(™™ (p) := Db (g PO( Dy (see Definition 7 of the first part of this article).
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This procedure can be naturally generalized to any «, whose gate-tree will be indicated by
(:D Go s 33G‘i‘) (where n is the number of levels of ST ree®). On this basis, we can say
that any formula of £ can be regarded as a synthetic logical description of a quantum circuit.

We consider here a holistic version of the quantum computational semantics, where
entanglement can be used as a “semantic resource”[5]. Generally, the meaning of a com-
pound formula determines the contextual meanings of its parts (and not the other way
around, as happens in the case of most compositional semantic approaches).

The concept of model of L is based on the notion of holistic map for L. This is a map

Hol such that, for any o and for each Level (of STree®),
Hol:a +— peD(HY).

Suppose that Level{ = (B;,, ..., ;). It is natural to describe p = Hol(Level{) as a pos-
sible state of a composite quantum system consisting of r subsystems. Hence, the contextual
meaning (Hol"‘(,B,-j)) of the occurrence ,3,‘./. (in STree®) can be identified with the reduced
state of p with respect to the j-th subsystem. Accordingly, we can write:

o)
HOl%(Bi)) = Redpyip, . aripy n(P)-

In a similar way one can also define the contextual meaning of a subsequence
(Big,» - - - » By, ) of Levely'.
The concepts of model, truth and logical consequence are now defined as follows.

Definition 16 (Model) A model of the language L is a holistic map Hol that satisfies the
following conditions for any formula «:

1) Hol assigns the same contextual meaning to different occurrences of one and the same
subformula of & (in STree®).

2) The contextual meanings of the true formula t and of the false formula f are the truth
P](l) and the falsity Po(l), respectively.

3) Hol preserves the logical form of « by interpreting the connectives of « as the
corresponding gates. Accordingly, if (QGZA, ey QG‘f) is the gate-tree of «, then
Hol(Level!) = QG? (Hol (Levelfﬁrl)).

On this basis we put:
Hol(a) = Hol(Level{), forany formula .

Notice that any Hol(«) represents a kind of autonomous semantic context that is not
necessarily correlated with the meanings of other formulas. Generally we have: Hol? (8) #
Hol?(B). Thus, one and the same formula may receive different contextual meanings in
different contexts.

Definition 17 (Truth) A formula o is called true with respect to a model Hol iff
p(Hol(a)) = 1.

Definition 18 (Logical consequence) A formula g is called a logical consequence of a
formula « iff for any formula y such that « and 8 are subformulas of y and for any model
Hol:

p(Hol”(a)) < p(Hol”(B)).
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This notion of logical consequence semantically characterizes a special example of logic
that has been termed holistic quantum computational logic.

The concept of model Hol of the standard (unitary) quantum computational seman-
tics can be naturally transformed into the notion of pseudo-unitary model Hol. While
Hol interprets the logical connectives occurring in the formulas of the language L as the
corresponding unitary gates, Hol interprets the same connectives as the corresponding
pseudo-unitary gates. Consider a formula « and suppose that Hol and Hol assign to the
top-level of STree® the same global meaning, represented by a density operator p of H.
As expected, we will generally have:

Hol(a) # Hol(a).
In spite of this, one can prove that:
p(Hol(@) = p(Hol(®)).

This is an immediate consequence of Theorem 2 and of our definition of model. Hence, we
can conclude that the unitary and the pseudo-unitary holistic semantics determine the same
concept of logical consequence. Holistic quantum computational logic can be equivalently
characterized either by the unitary or by the pseudo-unitary semantics.

5 A Logical Characterization of Entanglement

In order to investigate the possibility of a logical characterization of entanglement it is useful
to extend the standard quantum computational language £ to a richer “mixed” language
LM that contains at the same time unitary connectives (—, T, W, ~/—, v/id), pseudo-unitary

connectives (:, «/:-) and a Fredkin-connective F™"-P) for any m, n, p > 1. Semantically,
Fmn.p) is interpreted as the corresponding Fredkin-gate 0" 7)),

The use of the Fredkin-connective "7 is governed by the following syntactical rule.
For any m, n, p > 1 and for any sequence

(ala"'5ar7ﬂ17"'3ﬁ87y15~~~»yt)

of formulas such that At («1) + ...+ At(oy) = m, At(B1) + ...+ At(Bs) = n, At(y1) +
...+ At(y:) = p, the expression

FUmPY @y, o oy Bl ey By Vis ey Vo)

is a formula of £M . For instance, F'1-D(qy, qo, f) is an example of a Fredkin-formula.

The concept of model of the language LY is defined like in the case of L, mutatis
mutandis.

Consider now a bipartite state p (which describes a composite quantum system consisting
of two subsystems) and let C(p) be the concurrence of p. Is it possible to determine C(p)
in terms of some meanings of particular formulas of the language £M? Let us first refer to
the simplest situation, where p lives in the space . In such a case, p may represent the
contextual meaning (with respect to a given model Hol) of a pair of atomic formulas § and
0 that are subformulas of other formulas.

7We recall that the concurrence of p is defined as follows: C(p) := inf{zi wiC(Ply;y) 1 p =D ; wi Py, }

where C(Py)) = /2(1 > Af) and the numbers A; are eigenvalues of Red[(nll)yn](Pw,)) (or, equivalently,

of Redl(,i),n](PW))) (see Section 3 of the first part of this article).
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We recall that for any p of H?, the concurrence of p satisfies the following relation[12]:

C(p) = max{0, VA1 = /A2 = /A3 = v/hal,
where XA, X2, A3, A4 are the eigenvalues (in decreasing order) of the operator
0 [@(N/O\Ta)
the four numbers A, A1, A3, A4. To this aim, we define four formulas ny, 72, 13, 14
and a model Hol (of £M) such that the four meanings Hol(n), Hol(nz), Hol(n3),

Hol(n4) allow us to determine the numbers Aj, A2, A3, As4. The formula n; is defined as
follows:

® N’O\T(l))p]. Hence, in order to estimate C(p), it is sufficient to determine

m = Vid FY2D(FC2D 5 9,28, =0, Vidf))
(where f is the false formula).

Since the atomic complexity of 1 is 5, all possible meanings of ; shall live in the space
HS). The gate-tree of 7y is the following sequence of gates (of the space H):

— — 1
ogn = (I“) ® 1V @ ror @ NoT" ® VI ))
ogn — DpC21

D = Dp(22)

5
o = o /1

Semantically, it turns out that the contextual meanings of § and of =5 , of 6 and of 0
shall be swapped when the last formula corresponds to a false register.
Consider now the following input for the gate-tree of 7;:

p®pQ P

This input gives rise to the following output:
o1 = 2al! <©GZ‘ (QG;“ (QGZ' (P®p® Po)))) :

The formula 5, is obtained, in a similar way, by repeating two times the formulas’

sequence (6, 6, =8, —0). Accordingly, we have:
ny = Vid FO2O(FE2I(FO2D(FO2D(5,0,28,56,6,0,=8, =6, Vidf))).
In general, for k € {1, 2, 3, 4}, we define 7y as follows:
me = Nid FO2%=2) (FQ24=3)
L FUHAGR=D22) pOHG=D20 (5 9,25, 50, ..., 8,0, 58, =6, Vidf))...)).
k

Thus, for each ny, the corresponding gate-tree
D~k DNk D ~Mk D ~Mk
( G TGy TGy G2k+2)
represents a quantum logical circuit whose inputs and outputs live in the space H®+1,
Consider now, for each 7y, the input p ® ... ® p ® Py, and let p; be the corresponding
—— ——

2k
output. One can easily show that there is a model Ho1 that satisfies the following conditions:

1. Hol(Level}¥ )= p®...® p®P, for each ny;
P ~————
2k
2. Hol(nx) = pk, for each ny;

3. Hol™((é,6)) =Hol™((8,0)) = Hol™((5,0)) =Hol™((4,0)) = p.
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Lemma 1 Let p ® ... ® p be a density operator of H*® (with p € D(H®P)). Consider
| ———

2k
the following number (which corresponds to a visibility-parameter):

v=1r(SE® p ® ... ® p) = tr(p?),
—— e ——

2k
(where SH*) s the shift-gate).® We have:
4k+1 (Y 14+v
tr P0(k+)©G1171< "'QGZIIEH @I(4k)®ﬁ PR...®pdP) _ .
— ——

2k

The proof of Lemma 1 is based on [6], which describes a quantum network for direct
estimations of both linear and non-linear functionals of any state.

Theorem 3 For each ny, the probability-value p(pr) = p(Hol(ny)) satisfies the following
relation:
k

()]

1—tr(p[?@ot) @ NOoT)p]... p [ WOT) @ NOT™) 1)

2

p(ox) =

Proof (Sketch) By lemma 1, p(pox) = tr ( P1(4k+]) pk) = I’T“ One can easily show that the

Fredkin-gates realize a shift-operation © SH*¥) acting on
k

1 1

@NoT"pl1®...® p @ [P woT” @ NoTV)p]

when the control state is PO(I) . Hence, by lemma 1,

p ®[® (Mot

k

v =tr(p [P @oTY @ NoTV)p]... p[® WOT" ® NOTV)p).

As a consequence we obtain:

1= Y% ak
p(pr) = 7%"1 L

where A, ..., A4 are the eigenvalues of the operator p [® (I\TO\T(U ® I\TO\T(I)),O].
Finally, let us consider the following four equations:

1 —2p(p1) = A1+ A2+ A3+ Aq
1—2p(pz)=ki+k§+xé+xg
1 —=2p(p3) = A + A5 + A3+ 4y
1—2p(ps) = A7+ A5+ A5 + 2]

8Notice that tr(SH*X p ® ... @ p) Z r(PSH p® ... ® p) = 1.
[ ———) [ —)

2k 2k
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This equation-system allows us to determine the numbers Aj, ..., As in terms of the
probability-values p(p1), ..., p(p4).

We have obtained in this way a logical protocol that allows us to determine the concur-
rence of a density operator p (living in the space H?) in terms of the probability-values
of the meanings of four formulas (under a model Hol that depends on p). This procedure
can be generalized to any bipartite p, living in a space H"*"), by a convenient choice of
formulas of the language £V,

The quantum logical circuit (we have described) can be realized by an interferometer
with a controlled shift-gate between two Hadamard-gates. In this situation, the visibility of
the interference-patterns of the targer-ancilla is modified by the controlled shift-operation.
An experiment with post-selection has been described in [10].

Let us finally discuss the following interesting question: given a bipartite state p (living
in the space (") are there any epistemic agents a and a’ (with truth-perspectives T, and
T, respectively), who can estimate the concurrence of p by using a unitary gate instead of
the anti-unitary negation? The following theorem gives a positive answer to this question
for the space H?. Since both the unitary and the anti-unitary negations (defined on the
space H ™) only act on the last element of any register |x1, ..., x,), a generalization of the
theorem to the space (") can be obtained in a natural way.

Theorem 4 For any p € D(H®P), there exists an infinite set T of different truth-
perspectives such that for any T, Ty € T:
D (D (D _ 9D (varD o xamD
(NOT% ®NOT¢u,) p= (NOT ® NOT ) p.

Proof Consider a circle C determined by the intersection of the Poincaré-Bloch sphere
with a plane (for instance, the dashed circle depicted in Fig. 1 of Section 3). The circle C
can be represented as the set of all vectors (corresponding to points of the sphere) that are
orthogonal to a given vector

v = (—sing, cos ¢, 0).
Accordingly, any point of C corresponds to a vector w having the following form:
¥ = r(sinwcos ¢, sin w sin ¢, cos w).
The density operator p-;, corresponding to the vector %, will have the form:
1 (14rcosw re ¥sinw
2\reYsino 1—rcosw /)’

where w € [0, 27) and r € [0, 1].
Now we want to flip any point of C into its antipodal point, by using a unitary quan-
tum operation (which acts on the corresponding density operator). Let us first define the

following unitary operator:
M _ 0 —ei
Up' = (aw 0

One can show that for any p-; (such that U corresponds to a point of C):

1 —= (1
2y oy = Pxorpy.

p7 =

As we have learnt in Section 3, given a circle C, there is a truth-perspective ¥ such that:

33I\T&I‘(])p7 = :DNOT(TI) —-», for any vector w belonging to C.
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Consider now the infinite set T of truth-perspectives that have the following form:

T(¢) = [cos (%)I —isin (%)(— sing oy + cosgooy)]‘I

(where oy, oy are the first and the second Pauli matrices). There are infinitely many ¢ €
[0, 27r) such that:

@ _ )
NOT‘Z({) = NOTg".

M o » for any vector % inC.

Hence, z)NOT{(IIE{) p = ONOT

Finally, consider a density operator p € D(HP), whose reduced states Red[(l1 ’)1](,0) and

Red[(l2 )1] (p) correspond to two points of a circle C. We can conclude that there are infinitely
many pairs of truth-perspectives (T4, To), such that

o (NOT%Z ®NOTg),) p="2 (I\fc?r(” ®1\Tc?r(”) p.

O

In conclusion, the results presented in the first and in the second part of this article show
how entanglement cannot be generally described by means of “simple” quantum logical
tools. At the same time, a logical characterization of entanglement can be obtained in the
framework of a somewhat “sophisticated” quantum computational semantics, where the
basic logical connectives correspond either to unitary or to pseudo-unitary gates.
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