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Abstract We obtain the set of all detector configurations providing the maximal
violation of the Bell inequality in the Clauser—Horne—Shimony—Holt form for a gen-
eral (pure or mixed) state of two qubits. Next, we analyze optimal conditions for the
Bell-inequality violations in the presence of local decoherence, which includes energy
relaxation at the zero temperature and arbitrary pure dephasing. We reveal that in most
cases the Bell inequality violation is maximal for the “even” two-qubit state. Com-
bined effects of measurement errors and decoherence on the Bell inequality violation
are also discussed.

Keywords Bell’s inequalities - Decoherence - Open quantum systems -
Superconducting qubits

1 Introduction

Entanglement, i.e., quantum correlations between physical systems, is not only a basic
feature of quantum behavior [21,50], but also an important resource for quantum com-
putation and quantum information [42]. Decoherence, i.e., loss of coherence of states
of quantum systems due to the interaction with the environment, is one of the major
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stumbling blocks for quantum computation [42]. Therefore recently there has been
a surge of interest in effects of decoherence on entanglement [9,29-31,33,35,48,52,
58,61,62]. In particular, it was revealed that, when decoherence is local (i.e., not
correlated between different parts of a multipartite system), entanglement, as a rule,
disappears after a finite time—the phenomenon called entanglement sudden death
[61,62].

One of the most striking manifestations of the nonclassical nature of physics is
violation of the Bell inequality (BI) [11]. In particular, the BI violations demonstrate
non-locality of physics. Moreover, the BI violation is used for quantum key distribution
[22,36]. Decoherence transforms a pure entangled state into a mixed state, decreasing
thus entanglement and the Bell inequality violation. Effects of decoherence on the BI
violation have attracted a significant interest recently [3,10,29-33,35,47,54]. Like
entanglement, in the presence of local decoherence the BI violation in most cases
disappears after a finite time (Bell nonlocality sudden death [3]).

A violation of the BI implies necessarily that the system is in an entangled state,
however the converse statement is not true. Indeed, while any pure (completely coher-
ent) entangled state can be used for violation of the BI [15,23], there are mixed
(partially incoherent) entangled states which cannot violate the BI [60]. In fact, the
ratio of the volume of the states violating the BI to the total volume of the entangled
states is small; for instance, in the Hilbert—Schmidt metric this ratio equals 0.01085
[33]. Correspondingly, in the presence of local decoherence the duration of the Bell-
inequality violation is generally significantly shorter than the entanglement survival
time [33]. Thus, observation of the Bell inequality violation is a more difficult task
than observation of entanglement.

Until now, most experiments on the BI violation have been performed with pho-
tons [2,5-8,59]. However, recently there has been an increasing interest in testing the
BI for various material systems, where decoherence is usually an important factor.
In particular, experiments with ions in traps [45], single neutrons [24], atom-photon
[41] and two-atom [38] systems were performed. Moreover, the violation of the BI
in superconducting Josephson phase qubits [13,17,37,63] was demonstrated in [4].
There are also various theoretical proposals related to the BI violation in solid-state
systems [10,28,46,47,53,54,57].

Optimal experimental conditions for observation of the BI violation in supercon-
ducting phase qubits were considered in [32]. There both the ideal case and effects of
various nonidealities, such as measurement errors and crosstalk [34,39], were analyzed
in detail, while decoherence was discussed briefly. In a recent paper [33] entangle-
ment and the BI violation in the presence of decoherence were considered. In both refs.
[32,33], the class of the “odd” two-qubit states, which are obtained readily in experi-
ments with superconducting phase qubits [39,51], was discussed. Note, however, that
different states, such as “odd”, “even” or more general states, are affected differently
by energy relaxation. Therefore, it is of interest to study which states are better suited
for observing violations of the BI in the presence of decoherence. Moreover, optimal
detector configurations providing the maximal BI violation in the presence of deco-
herence were not discussed previously, except for the case of pure dephasing [47]
(there are also brief remarks on this topics in [32,33]).
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Optimal conditions for Bell-inequality violation 271

In the present paper, we consider the Bell inequality in the CHSH form [18] for two
two-level systems (qubits). We begin with obtaining all optimal detector configura-
tions providing the maximal BI violation for any given state. Basing on this solution,
we provide a comprehensive discussion of effects of local decoherence on the BI vio-
lation. We obtain both optimal states and all detector configurations which yield the
maximal BI violation in the presence of decoheremce. The knowledge of all optimal
configurations is important for planning experiments, since some detector configura-
tions can be easier to realize than others [47]. Our decoherence model includes energy
relaxation at the zero temperature (known also as spontaneous decay or amplitude
damping) and pure dephasing (phase damping). We analyze analytically and numeri-
cally the general case and a number of important special cases. In particular, we study
the experimentally relevant classes of the general “even” and “odd” states and reveal
that the “even” states provide maximal BI violations in most cases. We also discuss
the combined effect of decoherence and local errors, basing on the treatment of errors
in [32].

The paper is organized as follows. In Sect. 2 we discuss the BI and properties of
maximally entangled states. In Sect. 3 we obtain all optimal configurations of the
detectors which maximize the BI violation for any given (pure or mixed) state. Sec-
tion 4 is devoted to effects of local (independent) decoherence of the qubits on the
BI violation. In Sect. 5 we consider combined effects of errors and decoherence. Sec-
tion 6 provides the concluding remarks. The two appendices supplement the main text.
In particular, in Appendix B we discuss some properties of two-qubit states.

2 Preliminaries
2.1 The Bell inequality

We consider a pair of qubits, i.e., two-level systems a and b. Each qubit has the states
|0) and [1). A measurement of a qubit along any direction in the Bloch-sphere pro-
duces one of possible results £1. The correlator of the measurement results for the
two qubits is the following average (expected value),

E(a,b) = (A(a)B(b)). 2.1)

Here a (b) is the unit radius-vector in the Bloch sphere along the observation (“detec-
tor”) axis for qubit a (b), whereas A(a) and B(b) are dichotomous random variables
with the values &1 describing results of measurements for qubits a and b, respectively.
Measurements of two qubits satisfy the Bell inequality, provided that a local real-
istic (classical) theory holds and there is no communication between the qubits [11].
We consider the Clauser—Horne—Shimony—Holt (CHSH) version of the BI [12,18]

—2<8<2, 2.2)
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where
S=E(a,b) — E(a,b)+ E(a’,b) + E@’,b). 2.3)

Note that the minus sign can be moved to any term in Eq. (2.3). The resulting expres-
sions for § are equivalent up to a change of the labeling of the observables at each qubit.
Indeed, the substitution a <> a’ results in the permutation of the signs of the second
and fourth terms in Eq. (2.3). Similarly, the substitution b <> b’ (a <> a’, b <> b') is
equivalent to moving the minus sign to the first (third) term in Eq. (2.3).

In the quantum case, the quantity (2.3) can be expressed through the Bell operator
[14] £ as follows,

S =Tr (%Ap), 2.4)
where p is the density matrix for the two qubits and
#A=AB— AB' + A'B+ A'B'. (2.5)
Here the observables
A=a-.o,, A=a -0,, B=b-og,, B=b -0y, (2.6)

where 0, = 0 ® I, 0 = [ ®0, 1, is the n x n identity matrix, and 0 = (0y, 0y, 07)
is the vector of the Pauli matrices [42]. We denote by |0) and |1) the eigenvectors of
o, with the eigenvalues 1 and —1, respectively.!

The CHSH parameter S depends on the quantum state of the pair of qubits and on
the “detector configuration”, i.e., the four vectors (a, a’, b, b’). In this paper we look
for experimental conditions, i.e., the quantum states and the corresponding detector
configurations, which are the most favorable for an observation of the BI violation.
Such conditions are reached when | S| — 2 is positive and maximal.

We will use the following properties of S [32].

(i) S is invariant under arbitrary local unitary transformations of the qubits,

p = (Ua ® Up)p(U] @ U}), (2.72)
and the corresponding rotations of the detectors,
a— R,a, a’ > R,a’, b— R,b, b = R,b". (2.7b)

Here U, (Up) is a unitary matrix for qubit a (b) and R, (Rp) is the rotation matrix
corresponding to U, (Up), so that, e.g.,

Uy(ry - 0)U) = (Ryry) - @, (2.8)

! The present notation for the qubit states differs from that used in [32,33] by the permutation of the states
|0) and |1).
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Optimal conditions for Bell-inequality violation 273

a rotation matrix R being an orthogonal matrix, R'R = I3, with det(R) = 1.
Equation (2.7b) is obtained on inserting Eq. (2.7a) into Eq. (2.4) and using Egs. (2.5),
(2.6), and (2.8).

(ii) The sign of S is inverted, if the vectors a and a’ (or b and b’) invert the sign,

S—>—-S ifa——-a, a ——a orb— —b, b - —b. (2.9

Therefore, for a given state the maximal and minimal values of S are equal by the
magnitude, yielding equal violations of both bounds in the BI (2.2). In other words,

Sy =-S_, (2.10)

where S and S_ are, respectively, the maximum and minimum of S for a given state.
As aresult, it is sufficient to discuss only the conditions for achieving the maximum
of §, at least, in the absence of the measurements errors (effects of errors are discussed
in Sect. 5). Below we denote by Spax the maximum of | S| over all states and detector
axes.

(iii) Equation (2.9) implies that S is not changed if all detectors are inverted,

(a,a’,b,b’) — (—a, —a’, —b, —b"). (2.11)

2.2 Maximally entangled states

In the ideal case, when there is no decoherence or errors, the maximal and minimal
values, Smax and Smin, Which S can achieve are [16]

Smax = 2v2,  Smin = —2V2. (2.12)

These limits are obtained for any maximally entangled state [44]. The BI violations
are often considered for the following maximally entangled states, called also the Bell
states [42],

|®1) = (00) £ [11))/v/2, (2.13)
W) = (|01) %+ [10))/+/2. (2.14)

For each maximally entangled state there are infinitely many optimal (i.e., produc-
ing a maximal BI violation) configurations of the detector axes a, a’, b, and b’; all
such configurations were described in [32]. In Sect. 3 we describe all configurations
maximizing S for an arbitrary (pure or mixed) state.

Itis useful to have a general expression for maximally entangled states in the “stan-
dard” basis of the qubit pair. As shown in Sect. 2.3, with the accuracy to an overall
phase, the most general form of a maximally entangled state is

|&) = ¢1]00) + c2¢%|01) — 26! [10) + cje' @te)|11) (2.15)

2 An expression equivalent to Eq. (2.15), but written in a different basis, was cited in [56].
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Here «,, ap, c1, and c; are real numbers, and c% + c% =1/2.
With the help of local rotations of the qubits around the z axis, the coefficients in
Eq. (2.15) can be made real, yielding one of the two states

V) = co|Px) + cu|¥P3), (2.16)

where either the upper or the lower signs should be used simultaneously, c¢ and cy are
any real numbers satisfying cé + czq, = 1,and |®4) and |¥.) are the Bell states (2.13)
and (2.14). Equations (2.15) and (2.16) are used in Sect. 4.

2.3 BI violations and entanglement for pure states

In the presence of decoherence and/or measurement errors, the states providing the
maximal BI violation are not necessarily the maximally entangled states. Here we
discuss the BI violations for arbitrary pure states under ideal conditions, i.e., in the
absence of decoherence and errors.

There is a relation [55] (see also Appendix A) between Sy and an entanglement
measure, the concurrence ¢ [25], for an arbitrary two-qubit pure state,

Sy =2V1+ 2. 2.17)

The concurrence % is limited by the condition 0 < ¥ < 1, a state being entangled
whenever ¢ > 0. Equation (2.17) shows that the Bl is always violated for an entangled
pure state, the maximal violation S increasing with the concurrence %'.

Let us obtain S and % for an arbitrary two-qubit pure state, which, up to an overall
phase, can be written in the form

&) = ¢1]00) + c2€%]01) + c3¢'%[10) + cqe’ @eterta) |11y, (2.18)
where o, o, a, and ¢; are real numbers, and Z;‘: 1 ci2 = 1. Since S is invariant with
respect to local qubit rotations [the property (i) in Sect. 2.1], the state (2.18) has the
same value of S as the state

@) = ¢1100) + c2/01) + c3]10) + cae’|11), (2.19)
obtained from Eq. (2.18) by rotating the qubits a and b around the z axis by the angles
—a, and —oyp, respectively.

As shown in Appendix A, for the state (2.18)
€ = 2|cicae’® — crc3). (2.20)

This result provides also S by Eq. (2.17). Equation (2.20) implies that for given
probabilities cl.z, the concurrence and BI violation are maximized in the state (2.18),
when

a =0, cicrczeq <O. (2.21)
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Optimal conditions for Bell-inequality violation 275

Then Egs. (2.18) and (2.19) become
&) = ¢1]00) + c2¢*[01) + c3€'%|10) + cae’ @ates)|11), (2.22)
and
[¥) = c1]00) + 2]|01) + ¢3]10) + c4]11), (2.23)
whereas the concurrence (2.20) in Egs. (2.22) and (2.23) becomes
¢ = 2(lcrcal + |e2c3)). (224

The condition (2.21) can hold only when all ¢; # 0. Otherwise, when, at least,
one of the amplitudes ¢; vanishes, the concurrence (2.20) is independent of «, being
given by Eq. (2.24), where now at most one term is nonzero. In this case the general
state (2.18) is equivalent to the real state (2.23) up to local z-rotations of the qubits.

Let us maximize ¢ (2.24) and hence S. We proceed in two stages. First, we keep
¢z and ¢3 fixed and vary c¢; and c4 under the condition that c% + cﬁ =1- c% — c%
is fixed. This provides the maximization condition |c| = |c4|. Similarly, varying ¢
and c3 with |c1| = |c4| being fixed yields the maximization condition [cz| = |c3].
Under the above two conditions, ¥ = 1 and S = 24/2, i.e., the state is maximally
entangled. We should also satisfy the inequality in Eq. (2.21) whenever ¢; 7# 0 and
¢y # 0. This is achieved by setting c4 = ¢ and ¢c3 = —c» in Eq. (2.22); as a result,
we obtain the general expression (2.15) for maximally entangled states.

In summary, we have shown that for given probabilities cl.z, the BI violation and
entanglement are maximized in real states (2.23) as well as in states which are equiv-
alent to real states up to local z-rotations of the qubits.

3 Conditions for the maximal BI violation in an arbitrary state

While the formula for the maximum S of S in the general mixed state is known [27],
only one optimal detector configuration (i.e., a configuration for which S is realized)
was provided [27,23,43]. In contrast, Samuelsson et al. [47] showed that for the Bell
state |@) in the presence of dephasing there is a family of optimal configurations
depending on one continuous parameter. In this section we extend the method of [27]
in order to obtain all optimal detector configurations for any (pure or mixed) state. We
show that the set of optimal detector configurations generally depends on one contin-
uous and one discrete parameters, though in special cases the number of continuous
parameters can equal two or three.
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3.1 Maximal BI violation

Let us review the derivation [27] of the maximum S of S for a given state. It is useful
to consider the following representation [26,27,49] of the two-qubit density matrix

p=Us+r,-0,+1, 0, +0,Top) /4. 3.1

Here ry. is the Bloch vector characterizing the reduced density matrix for the qubit &,
so that, e.g., o, = Trpp = (I + 1, -0)/2, T is a matrix with the real elements

Ton =Tr (,ocr,‘fla,f) (m,n=x,y,2), (3.2)
and o, Top, = f,‘hn:x Tmno,flaf, where o, = (0’)]:, 0)],‘, Uzlf) (k = a, b). Some useful

properties of T are discussed in Appendix B.
Inserting Eq. (2.5) into (2.4) and taking into account Egs. (2.6) and (3.2), we obtain
that

S =aTb—aTb +a'Th +a'Th’. (3.3)
The products of the form aTb in Eq. (3.3) and below are defined as follows,
Z
aTb=a-(Th) = > Tuuambn. (3.4)
m,n=x
The vectors b and b’ can be always written in the form [43]

b = ¢} cos(£y/2) + ¢, sin(¢y/2),
b = c/l cos(¢p/2) — c/z sin(¢p/2), 3.5)

where ¢/ and ¢} are orthogonal unit vectors and ¢, is the angle between b and b" (0 <
¢p < ). Inserting Eq. (3.5) into (3.3) yields S = 2[aT¢} sin(g,/2)+a'Te] cos(£p/2)].
To maximize this expression, one should require a and a’ to be parallel to Tc}, and
Tc), respectively,® yielding

/ /
T, Te)

a= , a = . 3.6
ITc)| ITe)l (3.6)
Then maximizing S over & results in
£y = 2arct ('Tc/2|) 3.7)
» = 2 arctan , .
ITe)l

3 Here the symbols a and a’ are interchanged in comparison with [27] in view of the difference of the
definitions of S in the present paper and in [27] (cf. the last paragraph in Sect. 2.1).
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Optimal conditions for Bell-inequality violation 277

where |v| denotes the length of a vector v, and

S =2,/ITej |2 +[Tch|? = 2,/c¢jUc]| + c,Uch. (3.8)

Here
U=T7T (3.9)

is a real symmetric matrix with nonnegative eigenvalues u1, u», u3; u3 being the
smallest eigenvalue (0 < u3z < uj, up). As shown in [27],

max(cjUc) +chUey) = ur +uo (3.10)

CI,CZ

(see the proof in Sect. 3.2). Equations (3.8) and (3.10) yield the maximum of S [27],

Sy = 2Ju1 + us. 3.11)

Hence, the BI violation, S; > 2, occurs when u; + u» > 1. Equations (B.4)
and (3.11) imply the following limits on S,

0<S; <2v2. (3.12)

In particular, for pure states [23] 2 < S; < 2\/2. The lower limit in Eq. (3.12),
S+ = 0, is obtained for the states with T = 0, which are, in view of Eq. (B.6), the
states locally equivalent to p = diag(p11, p22, 1/2 — p22, 1/2 — p11). These states are
product states with one of the qubits in the maximally mixed state /> /2 and mixtures
of such states.

As an example, let us obtain S for a state with a diagonal T. As shown in Appen-
dix B, all such states have the form (B.5). Now U = T2, and Egs. (B.6) and (3.11)
imply that

Sy = 2[max{803; + 8piy. 4(1p23| — lp1aD)? + (1 = 2022 — 2p33)*}1'/2. (3.13)

As shown in Appendix B, a necessary condition for the BI violation is det(T) < 0,
which implies that

T=-RVU, (3.14)

where R = —TU™!/? is a rotation matrix. Below we focus on the case det(T) < 0.

3.2 Optimal detector configurations
Consider detector configurations providing the maximal S (3.11). Equation (3.10)

obviously holds for ¢| = ¢; and ¢}, = ¢, where ¢; (i = 1,2, 3) are the unit orthog-
onal eigenvectors of U corresponding to the eigenvalues u;. This is the choice of ¢}
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and c’2 which was made in [27] (similar choices were made also in [23] and [43]).
In this case Eq. (3.7) becomes ¢, = ¢y, where

to = 2arctan | 22, (3.15)
ui

12 =¢;Uc¢; = ujc; - ¢; = u;. Hence, Eq. (3.5) becomes

since |T¢;

b = ¢ cos(¢o/2) + €2 5in(5o/2),
b’ = ¢; cos(¢p/2) — ¢28in(Lo/2), (3.16)

and, in view of Egs. (3.6) and (3.14),

a=e), a =e, (3.17)
where
TC,’
= ——=—R¢; (=12). 3.18
e; e ¢ (i ) (3.18)

The vectors e and e, are orthonormal, since R is a rotation matrix.

The optimal detector configuration given by Egs. (3.16) and (3.17) is not unique.
To obtain all possible detector configurations providing Eq. (3.11), we derive
Eq. (3.10), as follows. Let ¢} be a unit vector orthogonal to ¢j and c); then
¢ = Z;zl W;jc; (i =1,2,3), where W is an orthogonal 3 x 3 matrix, WIW = 5.
We have

C/3U C/3 = W%lul + W§2u2 + W§3u3 > uj, (3.19)

since W3, + W3, + W3; = 1 and u3 < u; + us. Moreover,

3
ZC§UC§=TrU=u1+u2+u3. (3.20)
i=1

Equations (3.19) and (3.20) imply that ¢{U ¢} +c,Uc) = u) +up +uz —cjUcj <
u1 + us. Hence, the maximum (3.10) is achieved when the expression (3.19) is min-
imal, i.e., equals u3, which occurs for W3; = W3, = 0 and W33 = +1, i.e., for
¢; = =c3. In this case ¢} and ¢}, are an arbitrary pair of orthonormal vectors in the
plane defined by ¢; and ¢>. All such ¢} and ¢} are given by

¢j =cjcosnEeysing, ¢, = —c¢psinn = eycos. (3.21)
Here 7 is the arbitrary angle between ¢} and ¢1, and the two signs before ¢, correspond

to a reflection of ¢} and ¢, with respect to the ¢; axis. The above derivation implies
that no pair of unit orthogonal vectors ¢| and ¢}, other than those in Eq. (3.21) can
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Optimal conditions for Bell-inequality violation 279

satisfy the condition (3.10), unless u3 equals u; or u; (the latter cases are discussed
in Sect. 3.4).

Inserting Eq. (3.21) into Egs. (3.5) and (3.6) and taking into account Eq. (3.18),
we obtain all detector configurations maximizing S, as follows,

a = (—ej/uj sinn + ey /uzcosn)/|Tes|,

a’ = (e;/uy cosn £ ex/us sinn)/|Teyl,

b = ¢ cos[n + (1) /2] £ ez sin[n + &p(n) /2],

b" = ¢ cos[n — & (1) /2] £ ez sin[n — (1) /2] (3.22)

In Eq. (3.22) the upper (or lower) signs should be used simultaneously. The quantities
[Tc| and |Tc)| are given by

(3.23)

, uy +up = (U —uz)cos2n
|Tcl(2)| = 5 s

where the upper (lower) sign corresponds to |Te}| (|Tes)). Inserting Eq. (3.23) into
Eq. (3.7) and performing trigonometric calculations yields

¢p(n) = arccos (Zi ;Zj cos Zn) . (3.24)

Equation (3.24) can be compared with the angle ¢, between a and a’, satisfying
cos ¢, = a-a’. As follows from Egs. (3.22) and (3.23) and some calculations,

£a(n) = arccot (;f/;l_zlz sin 2n) (3.25)

(we assume that 0 < ¢, &» < 7). Equations (3.24) and (3.25) imply that the angles
¢, and & vary with n between the values ¢p (3.15) and & — ¢y with the period 7.
In particular, for n = 0, £7/2, 7 (n = £ /4, £37/4) one gets {, = /2 (§p =
1 /2), whereas ¢ ({;) acquires a maximal or minimal value. Moreover, Egs. (3.22)-
(3.24) imply the relations

a'(n+m/2) = +a(n), b'(n+mr/2) =+bm), (3.26)

whereas a, a’, b, and b’ change the sign for n — n + 7.

As follows from Eq. (3.22), the set of all optimal configurations maximizing S
for a given state generally depends on one continuous parameter (1) and one discrete
parameter [which corresponds to the two possible signs in Eq. (3.22)]. However, when
u3 is equal to u1 and/or u, (a degenerate case), the set of optimal configurations is
characterized by two or three continuous parameters, as discussed in Sect. 3.4.

Note that the optimal detector orientations (3.22) depend on u1 and u» only through
the ratio up/u;. As a result, two different states with the same R, ¢y, ¢, and up/u;
have the same or, at least, overlapping sets of optimal detector configurations. (The
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overlap may be incomplete only when, at least, for one of the states u; = u3 or
up = u3.) In particular, for the states p and p” with the matrices T and T, respectively,
satisfying T = fT (f > 0), the respective quantities S and S’ obey S, = fS,,
whereas the optimal configurations are the same for both states. An example of such
states p and p’ is given by the input and output states of the depolarizing channel [42],

I
p’=fp+(1—f)z4 O<f<0. (3.27)

3.3 Polar coordinates

According to Eq. (3.22), the optimal detector directions for qubits a and b are con-
fined to the planes (e, e3) and (¢, ¢2), respectively. It is convenient to specify these
directions by means of polar angles.

To this end, we introduce the polar coordinate v in the (¢q, ¢2) plane, which is
counted from c¢; in the direction where v = /2 corresponds to ¢;, and the polar
coordinate § in the (e, e>) plane [differing generally from the (¢, ¢2) plane], which
is counted from e; in the direction where § = 7 /2 is the polar coordinate of e,. Then
Eq. (3.22) can be recast in the form

a = e cos[d,(n)] + ez sin[8, ()],
a’ = ey cos[8,,(n)] £ ez sin[8, ()],
b = ¢ cos[vp(n)] £ €2 sin[vp ()],
b’ = ¢; cos[vy,(n)] £ ¢z sin[v, ()] (3.28)

Here 84, 8,, vp, and vj (=84, —8,,, —vp, and —vy) are the polar coordinates of the

vectors a, a’, b, and b, respectively, when the upper (lower) sign in Eq. (3.28) is real-
ized. Thus, Eq. (3.28) implies that an optimal qubit configuration changes to another
optimal configuration under the sign change of the polar angles

(8119 35/1’ Vb, Vé) - (_81/17 _8/ > — Vb, _U[/;) (329)

a

The configurations corresponding to the two different choices of the sign in Eq. (3.22)
or (3.28) transform to each other by the reflection of the detector axes for qubits a
and b with respect to the axes e and ¢, respectively.

The functions 8,(n), 8,,(n), vs(n), and vl/) (n) satisfy the relations [see Eq. (3.26)]

8a(n) = 8,(n +7/2), (3.30)
o (1) = v, (n +7/2). (3.31)

These functions can be obtained as follows. On comparing Eqs. (3.22) and (3.28) with
the upper signs, it is easy to see that

ve(m) =n+ /2, v,(n) =n—)/2. (3.32)
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This implies that n = (v, 4-1;)/2, yielding a geometric interpretation of the parameter
n: 1 equals the polar coordinate of the bisector of the angle between b and b’ when
the upper sign in Eq. (3.22) or (3.28) is realized.

Let us now obtain 8,(n) and &/, (n). The second Eq. (3.22) implies that

cosd, =a’-e; = Jujcosn/|Te)l,

sind/, = a’ - ep = Juy sinn/|Te]]|. (3.33)
yielding
5 () = arctan ( %2 tan n) (—1/2 < <7/)2). (3.34)
ui

The right-hand sides of Eqgs. (3.33) are continuous functions of 7, which implies that
8, is also a continuous function of 1. A continuous extension of §/,(n) beyond the
interval —m/2 < n < /2 and Eq. (3.30) provide the detector angles for qubit a,

Sa(m) =8,(n+m/2), §&,(n) = arctan (\/Etan n) + nint (2) w7, (3.35)
ui b

where nint(n/m) is the nearest integer to /.

Figure 1 shows the dependence on 7 of the polar coordinates of the observation
axes in Eq. (3.28) with the upper signs for u;/u1 = 0.3 (Zo =~ 1.00). Our calculations
show that the set of the polar coordinates of the detectors is always ordered as follows
(cf. Fig. 1),

8a > vp > 8, > v} (3.36)

Observation angles

Fig. 1 Polar angles of the detector axes versus n for up/u; = 0.3 (o ~ 1.00), as given by Eqgs. (3.32) and
(3.35)
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3.3.1 Symmetry with respect to the exchange of the qubits

In the above derivation in Sect. 3.1 the observables for qubit b are treated differently
from those for qubits a, resulting in different solutions for the two qubits [cf., e.g.,
Eqgs. (3.24) and (3.25)]. To check whether these solutions are invariant with respect to
the qubit swap, we rewrite Eq. (3.3) in the form

S=bT"a—bT a' +bT a+bT 4, (3.37)
where the roles of qubits a and b are interchanged. As follows from Eq. (3.14),

77 = —VUR? = —RTRVUR? = RTTRY, and hence bT"a = b(R’TR?)a =
(Rb)T(R”a). Thus, Eq. (3.37) can be recast as

S = (Rb)T(R"a) — (Rb)T(R"a) + (RH)T(R"a") + (RH)T(R"a"). (3.38)
Comparing Egs. (3.3) and (3.38), we obtain that S is invariant under the substitution
(a,a’,b,b) — (Rb,Rb,R"a’,R"a) (3.39)
or
(a,a’,b,b) - (-Rb, —Rb, —R"a’, —R"a). (3.40)
In view of Eq. (2.11), one of the symmetry relations (3.39) and (3.40) is a consequence
of the other.

With the help of Egs. (3.18) and (3.28), we obtain that Eq. (3.40) is equivalent to
the inversion of the order of the detector coordinates,

(Bas 85y Vs V) = (Vs Vb, 8, 8a), (3.41)

where the quantities in the parentheses are the respective polar angles of the vectors
(a,a’,b,b’). Our numerical calculations show that if (8, 8;,, vy, v},) is an optimal
detector configuration corresponding to the upper (lower) signs in Eq. (3.28), then
(v, Vb, 8, 84) is an optimal configuration corresponding to the lower (upper) signs
in Eq. (3.28).

In summary, the set of the optimal detector configurations is invariant with respect
to the qubit-swap symmetry relation (3.41). Thus, there are, at least, three simple
relations between different optimal configurations, Egs. (2.11), (3.29), and (3.41).

3.4 Degenerate cases

Consider the optimal detector configurations for states characterized by the matrix U
with degenerate eigenvalues.
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3.4.1 Completely degenerate case (U1 = ur = u3 = u)
Now U = ul3, and Eq. (3.11) yields S, = 2+/2u, so that the BI is violated for
> 1)2. (3.42)
Now Eq. (3.14) becomes
T=-JuR. (3.43)

In this case any two perpendicular unit vectors can be chosen as ¢; and ¢;. Then
Eqgs. (3.18), (3.22)—(3.24) yield that all detector configurations providing S are given
by the expressions

Rb -Rb ,_ Rb+RW

a 75 N
where b and b’ are arbitrary mutually perpendicular unit vectors. Since the orienta-
tion of the pair of orthogonal vectors b and b’ is characterized by three angles, in the
completely degenerate case the set of optimal configurations is characterized by three
continuous parameters.

The class of states possessing U with completely degenerate eigenvalues includes
all pure maximally entangled states. For such states # = 1 and hence S, = 2+/2
[cf. Eq. (2.12)]. Since for such states r, = r, = 0, a maximally entangled state is
uniquely determined by T = —R [cf. Eq. (3.43)]. The simplest example of such a
state is the singlet state |¥_) [Eq. (2.14)], which is often considered in connection
with the BI. For the singlet state Eq. (3.2) yields T = —1I3, i.e., R = I3, and Eq. (3.44)
becomes [32]

(3.44)

L_b b b (3.45)
== A= .

An example of a mixed state corresponding to the completely degenerate case is
the Werner state [60]

Iy
p=ﬁ|¢’—)(¢-|+(1—s/ﬁ)z, (3.40)
which is a special case of the state (3.27). The BI violation condition (3.42) for this
state was obtained in [27]. For the state (3.46) T = —./ul3, yielding R = I3, and we
obtain the same optimal configurations (3.45) as for the singlet.

3.4.2 Case uy = uz or up = u3

In this case we assume for definiteness that u» = u3 < uj. Then ¢y is defined uniquely,
whereas ¢, can be any unit radius-vector in the plane perpendicular to ¢;. Now the set
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of optimal configurations (3.22) or (3.28) is characterized by two continuous param-
eters, n and an angle specifying the direction of ¢, in the plane (c2, ¢3) with respect
to some reference axis. In this case the discrete parameter is replaced by the new
continuous parameter; indeed, now one of the two possible signs in Egs. (3.22) and
(3.28) can be omitted, since it is recovered for ¢c; — —c».

34.3 Caseus <uj=up=u

In this case Eq. (3.11) yields S, = 2+/2u, as in the completely degenerate case.
Now any two perpendicular unit vectors can be chosen as ¢; and ¢, in the plane of
the eigenvectors of U corresponding to the degenerate eigenvalue u; = uy. Then
Eqgs. (3.18), (3.22)—(3.24) yield that all detector configurations providing S are given
by Eq. (3.44), where b and b’ are arbitrary mutually perpendicular unit vectors in the
plane determined by ¢; and ¢;. In other words, now the optimal configurations are
a subset of the set of the optimal configurations for the maximally entangled state
characterized by the rotation matrix R. The optimal configurations are described by
the following polar angles [see Eqs. (3.32) and (3.35)],

Sa=n+m/2, 8, =n, v, =n+7m/4 v,=0n—7/4, (3.47)

and by Eq. (3.29). Now the set of optimal configurations is characterized by one
continuous parameter and one discrete parameter as in the nondegenerate case.

3.5 Special cases

Here we provide all optimal detector configurations for the states with T assuming
one of the two simple forms,

T = diag(zy, T, —T77), (3.48)
T = diag(zy, —Tx, T7). (3.49)

The cases (3.48) and (3.49) are of interest since they describe the important classes
of odd and even states (see below Sect. 4.4.2). In view of Eq. (B.6), the most gen-
eral two-qubit states with T given by Eq. (3.48) or (3.49) are described by Eq. (B.5)
with p14 = 0 or pp3 = 0, respectively, so that in Eq. (3.48) [ (3.49)] t, = 2p23 and
T, = 200 +2p33 — 1 (ty = 2p1a and 1, = 1 — 2035 — 2p33). We assume below
the validity of a necessary condition for the BI violation, det(T) < 0 (Sect. 3.1),
which implies 7, 7# 0 and t, > 0. The latter inequality is equivalent to the conditions
p22 + p33 > 1/2 and pp + p33 < 1/2 for the cases (3.48) and (3.49), respec-
tively. Without a loss of generality, we focus on the states with t, > 0 in Egs. (3.48)
and (3.49).* Thus we require that in Egs. (3.48)and (3.49)

4 One can make p23 and p14 nonnegative in Eq. (B.5) by a local transformation. For instance, the 7 rotation
of one of the qubits around the z axis changes the signs of p23 and p14, whereas the 7 /2z-rotations of the
qubits change the sign of p14.
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>0, ©>0. (3.50)

Inboth cases (3.48) and (3.49) U = diag(tf, rf, ‘L’ZZ), yielding, in view of Eq. (3.11),

S+:2max[«/§tx,‘/t3+tz2}, (3.51)

ie,S; =242t fort, > r;and §; =2, /72 + 2 for 7, < 7. However, the optimal

detector configurations are different in the cases (3.48) and (3.49), as follows.
3.5.1 Case (3.48)

In the case (3.48) R = diag(—1, —1, 1). There are three possibilities, as follows.

alfty >t,u; =uy = rf, and one can choose as ¢ and ¢, any two unit perpen-
dicular radius-vectors in the xy plane (see Sect. 3.4.3). We choose ¢; = xand ¢y =y,
where X, y, and z denote the unit vectors along the corresponding axes. Now e; (e>)
coincides with ¢; (¢p), yielding 6 = v = ¢, where ¢ is the polar coordinate in the
horizontal (xy) plane. The optimal configurations lie in the horizontal plane, being
given by

(Bar bgs Pb. b)) = £(0,7/2,70/4,37/4) + C, (3.52)

where C is an arbitrary real number. Equation (3.52) follows from Eq. (3.47), where we
introduced the double sign to take into account both signs in Eq. (3.28) [cf. Eq. (3.29)].
Hence, Eq. (3.52) describes all optimal configurations for 7, > ..

b. If t, < 1., we choose

up =12, up=u3z ="’ (3.53)

Then ¢; = —e; = z. Since up» = us (see Sect. 3.4.2), we choose ¢ = e, =
X cOS ¢p + y sin ¢g, where ¢ is an arbitrary number which equals the polar angle of
¢, in the xy plane. The above expressions for ¢1, ¢z, e, and e; imply that the polar
coordinates § and v satisfy the relation

V=7 —8=0. (3.54)

Here 6 is the polar angle in a vertical plane (a plane passing through the z axis), which
makes the angle ¢o with the x axis; 6 is counted from the z axis in the direction
where 6 = 7 /2 corresponds to ¢,. The polar coordinates of the optimal detector axes
64, 9(;, 6p, and 91’, as functions of the parameter 1 can be obtained from Egs. (3.29),
(3.32), (3.35), (3.53), and (3.54), namely,

0a(n) = 0, (n+m/2), O,(n) =7 F [arctan (T—x tan r/) “nint (2) n:|, (3.55)
T b1

Z

Op(n) = £n+2o(m/21,  0,(n) = £[n — &(n)/2], (3.56)
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where, in view of Eq. (3.24),

22
22—
Zp(n) = arccos (tzzTr} cos 217). (3.57)

b4

In Eqgs. (3.55) and (3.56) the upper (or lower) signs should be used simultaneously;
they correspond to the upper (lower) signs in Eq. (3.28).

Thus, now optimal configurations lie in any vertical plane; they are characterized
by two continuous parameters, n and ¢, in agreement with Sect. 3.4.2. As discussed
above, the optimal configurations are horizontal for t, > 7, and vertical for 7, < 7.

c¢. For 7, = 1, we have the completely degenerate case (Sect. 3.4.1) with R =
diag(—1, —1, 1) describing the rotation by 7 around the z axis. This rotation of qubit
a yields |¥_) — |W¥,). Hence, in this case the optimal configurations coincide with
those for the Bell state | ) (2.14) (see Sect. 3.4.1). These configurations [32] include,
in particular, the horizontal configurations given by Eq. (3.52) and the vertical config-
urations which follow from Egs. (3.47) and (3.54) and can be cast as

(04, 0)) =+(0,7/2) = C, (6p,6;) = £(3n/4,7/4) + C. (3.58)
Here we introduced the double sign as in Eq. (3.52).
3.5.2 Case (3.49)
In the case (3.49) R = diag(—1, 1, —1). There are three possibilities, as follows.
alfty > t,u; =uy = z)%, and we can choose ¢ = e =xand ¢, = —ex =y,
yielding v = —§ = ¢. In this case the optimal configurations lie in the horizontal
plane and are given by Eq. (3.52) with ¢, — —¢, and ¢, — —¢,, i.e., by
(Pa> By) = £(0, =7/2) = C, (¢, #p,) = £(7/4,37/4) + C. (3.59)
b.For t, < 1, Eq.(3.53) holds. As above, ¢; = e; = zand ¢y = X cos ¢+ sin ¢,
but ex = x cos ¢ — y sin ¢pp. Now the optimal detector axes for qubits a and b lie gen-

erally in different vertical planes characterized, respectively, by the polar coordinates
¢, and ¢, (in the xy plane) of ¢, and e, respectively, such that

b = —¢a = do. (3.60)
For a given value of ¢y, the optimal configurations are given by Eqgs. (3.32), (3.35),
(3.29), (3.53), and (3.57).
In particular, the detectors are coplanar in two cases. For ¢g = 0 and 7 the optimal
configurations lie in the xz plane, the polar coordinates satisfying

V=58=0, (3.61)

whereas for ¢g = /2 and 377 /2 they lie in the yz plane and
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v=-§=0. (3.62)

In Egs. (3.61) and (3.62) 6 is counted from z in the direction where 6 = /2 corre-
sponds to x and y, respectively. In the cases (3.61) and (3.62), the optimal configura-
tions for qubit a are given, respectively, by the equations [cf. Egs. (3.55)]

Oa(m) =0, (n+7/2), 6,(n) == [arctan (T—x tan n) + nint (3) ni| (3.63)

Tz

and

Oa(m) =0, (n+7/2), 0,(n)=F [arctan (Z—x tan n) + nint (3) n}, (3.64)

4

whereas the optimal configurations for qubit b are given by Egs. (3.56) for both
cases (3.61) and (3.62).

c. In the completely degenerate case 7, = t, the optimal configurations coincide
with those for the maximally entangled state characterized by R = diag(—1, 1, —1)
(see Sect. 3.4.1). This state, obtained from the singlet by the 7 rotation of qubit a
around the y axis, is |@4) [Eq. (2.13)]. In particular, the horizontal optimal configu-
rations for |@, ) are given by Eq. (3.59), whereas the vertical optimal configurations
are given by Egs. (3.47) and (3.29),

(8a» 8L, v, V) = +(0, /2, /4, 37/4) + C. (3.65)

In the planar cases Eq. (3.65) simplifies according to Eqs. (3.61) and (3.62).

Note that Eq. (3.49) follows from Eq. (3.48) under the & rotation of qubit a around
the x axis. As a result, the above optimal configurations for the case (3.49) can be
obtained from those discussed in Sect. 3.5.1 by the 7 rotation of the detector axes for
qubit @ around the x axis.

4 Effects of decoherence

4.1 Description of decoherence

To investigate effects of decoherence on the BI violation, we assume the following
simplified picture of the experiment: after a fast preparation of the initial state pq,

the qubits undergo decoherence during time ¢ resulting in the state p, then a fast
measurement follows. Now in Eq. (2.4)

p =ZL(po). 4.1
where the superoperator (linear map) . describes decoherence of the qubit pair. We

assume independent (local) decoherence of each qubit and the absence of any other
evolution, so that
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L =%,0%. 4.2)

We consider Markovian decoherence which involves energy relaxation at the zero
temperature (i.e., spontaneous transitions |1) — |0)) and pure dephasing. The assump-
tion of the zero temperature, T = 0, is applicable to low-temperature systems (such as
superconducting phase qubits), with kg7 < E,, where kp is the Boltzmann constant
and E, is the energy separation of the qubit. Note, however, that the BI violation
conditions were found in [33] to depend very weakly on the temperature. Under the
above assumptions, the elements of the density matrix p(¢) of qubit k (k = a, b)
obey the Bloch equations [19]

ok ) = =pko0) = —pk () TF,
oo ) = —pko) ) TF,  pki (1) = —pb, (1)) TX. (4.3)

Here le and Tzk are the decoherence times, obeying Tzk < 2T1k, where the inequal-
ity occurs in the presence of pure dephasing which proceeds with the rate Ffl =
1/ T2k -1/ (2T]"). In the derivation of Egs. (4.3) it is usually assumed that E, /i >
1/ le 1/ T2k . This condition is satisfied in many systems. In particular, it holds for
superconducting phase qubits.

Equations (4.3) are usually used to describe environmentally induced (or extrin-
sic) decoherence, which can be contrasted with the so called intrinsic decoherence,
introduced via a modification of the Schrodinger equation in order to solve some fun-
damental difficulties in our understanding of quantum mechanics [40]. Note, however,
that the model in [40] in the first order in the expansion parameter, as well as other
models of intrinsic decoherence (see references in [40]), are formally equivalent to
proper dephasing. Hence, the present paper describes effects of both extrinsic and
intrinsic decoherence.

Equations (4.3) can be easily solved, providing the linear map pi (1) = Z; (0 (0)).
The superoperator .Z} can be written in terms of the Kraus operators (the operator-
product form [42]),

3
L(pr(0) = D Ko (0K, (4.4)
i=1

where the Kraus operators are the special case for T = 0 of the Kraus operators
obtained in [33], namelyl

Kk — 0 V1—y Kk — (1 0
=\ o )=\ m)
K§=(vlg“£ g). 4.5)
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Here
yi = e T = a/ e =e T a = et (4.6)

The Kraus operators (4.5) take into account energy relaxation and pure dephasing
simultaneously, extending thus the previously known Kraus operators [42] which
describe either effect separately.

Combining Egs. (4.1), (4.2), and (4.4) yields the expression for the two-qubit super-
operator

3
p=Lpo) =Y KijpoK};, Kij=K ®K" 4.7
i,j=1
through the nine two-qubit Kraus operators K;;. As a result of decoherence, the initial

two-qubit density matrix pg = { ,olpj} evolves after time ¢ to

oY)+ 75092 + VapSs + vavpplly kb (0D +var3y) ha(piy +vhp3y) kahpis

A (03 + v4pdy) V(0% +VarY)  Aahbpdy  Aavepdy “8)
p= , (4
2a (03 + vipd) A0l Va(PYy  VEESY) YarppYy
rahppdy AaYbody Yarbply  YaVbrdy

where y;(b) = 1 — Y44 and the values i, j = 1,2, 3,4 of the subscripts of p;;
correspond to the basis

{100}, [01), [10), [11)}. (4.9)

Decoherence generally breaks the invariance of S with respect to local transfor-
mations of the initial state po and the corresponding rotations of the detectors [cf.
Eq. (2.7)]. As a result, locally equivalent initial states may yield different maximal
violations of the BI. However, in the present model of decoherence S is still invariant

under transformations of pg due to local rotations of the qubits around the z axis and
the corresponding rotations of the detectors.

4.2 Bell operator modified by decoherence
It is useful to recast Eq. (2.4), S = Tr (%p), in the form

S =Tr (ABapo) (4.10)
with the modified Bell operator #; = (£ ® £,")(%) or

By = AqBa — AqBl + Al Ba + A, B)). (4.11)
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Here .Z)" (k = a, b) is the map adjoint (dual) to .Z; that moves observables of the
quantum system [1] and

3
Ag= L5 (A) = Z(Ki“)TAKi“, (4.12)

i=1
etc. By combining Eqgs. (2.6), (4.5), and (4.12) we obtain that
Ag =1 —ya)a; + Q- 04, qa = (Agax, Aady, Yalyz), (4.13)

where A is defined in Eq. (4.6). Expressions similar to Eq. (4.13) hold also for A’,, By,
and B);. The maximal violation of the BI occurs always for a pure initial state (equal
to an eigenvector of the Hermitian operator %, corresponding to the maximal eigen-
value).

We performed numerical calculations of the maximum Sy, of S over all the states
and observation directions as a function of the decoherence parameters with the help
of the Mathematica routine NMaximize. We used two methods.

The first method is based on the fact that Spax is equal to the maximum of the
greatest eigenvalue of %, over the directions a, a’, b, and b/, the optimal state being
given by the corresponding eigenvector. The detector axes are determined by eight
independent parameters, but the number of the varied parameters can be reduced to
five, using the following facts. (i) The set of points corresponding to any unit vector in
all optimal configurations is a great circle on the Bloch sphere (see Eq. (3.28); Fig. 1).
Since all great circles intersect each other, one of the detectors can be fixed in any
great circle; in our calculations, we place a in the xy plane. (ii) The invariance of §
with respect to rotations of the qubits around the z axis (Sect. 4.1) allows us to set
a=(1,0,0) and, say, b, = 0.

The second method, based on the analytical approach of Sect. 3, is discussed in
Sect. 4.3.

4.3 States maximizing the BI violation
It was shown in Sect. 2.3 that real states (2.23),
[¥) = c1100) + c2|01) + ¢3]10) + ca|11), (4.14)

provide maximal BI violations for given probabilities ciz. More generally, our numer-
ical calculations by the method of Sect. 4.2 show that even in the presence of deco-
herence, Smax can be always obtained for an initial state of the form (4.14). The real
states (4.14) form a subset, depending on 3 independent parameters, of the set of pure
two-qubit states, depending on 6 independent parameters.

The most general state equivalent to Eq. (4.14) up to local qubit z-rotations has the
form (with the accuracy to an overall phase factor)

| (g, ap)) = ¢1|00) + 26’ |01) + c3¢'%|10) 4 c4e' @) |11).  (4.15)
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All optimal detector configurations for this state are obtained from those for the
state (4.14) by rotating the detectors for qubits a and b around the z axis by the
angles a,, and «p, respectively [cf. Egs. (2.7)]. As mentioned in Sect. 2.3, the class of
states (4.15) includes all maximally entangled states.

It is convenient for numerical calculations to express the coefficients ¢; through 3
parameters k1, k2, and x3 by

(c1, ¢, c3,cq4) = (Sinkq, COS K1 SIN K2, COS K1 COS k7 SIN K3, COS K1 COS K2 COS K3).
(4.16)

For the state (4.14) we can obtain an analytical solution for the maximal BI viola-
tion and optimal detector configurations in the presence of decoherence, as follows.
Now in Eq. (4.8) the elements p?j = c;c; are real and we obtain from Eq. (3.2) the
matrix

20arp (%5 + pYy) 0 2041005 + (1 = 2y3)p9,]
T= 0 2harp (093 — Py 0 . (4.17)
200y + (1 = 270)pY] 0 1= 2y,09, = 2vap3y — 2dpY,

where d = y, + v» — 2vayp (note that 0 < d < 1). In the matrix T (4.17) only the
xz and zx off-diagonal elements are nonvanishing. This allows us to obtain an analyt-
ical solution for S, and the optimal configurations, using the formalism of Sect. 3, as
follows. From Eq. (4.17) we obtain that the nonzero elements of U = T T equal

Urx = 405020004 + p35)7 + [0 + (1 — 29a) 0341},
Uyy = 4)‘3)‘%(:0?4 - P(2)3)2»
U.. = 4221005 + (1 = 2y) 001" + &7,
Uz = Use = 42225 (014 + 033103 + (1 = 275) 03]
+ 20005 + (1 = 2y2) 3418, (4.18)

where g = 1 — 27/;,/)32 — 2)/“,023 — 2d,024.
When U,, = U, # 0, it is easy to see that the eigenvalues of U are

(4.19)

_ 2
RSTIUYE L \/(uxx SUSNTS

the corresponding eigenvectors being
ey =Y, ex=[ur—U)? + U1 U, 0us —Us).  (420)
Thus, we obtain that

uy =uy, up=max{u_, U}, 4.21)
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which implies two cases,

cp=cy, ¢g=c_ ifup =u_> Uy, (4.22)
cp=c¢y, =Yy ifuy = Uyy >u_. (4.23)

Equations (3.11), (3.18), and (4.17)—(4.23) together with Egs. (3.22)—(3.24) [or (3.28),
(3.32), and (3.35)] provide S; and the optimal detector configurations for the
state (4.14).

In particular, in the case (4.22) ¢1, ¢2, ej, and e are located in the xz plane [see
Egs. (3.18), (4.17), and (4.20)], i.e., all optimal detector axes lie in the xz plane. In
contrast, in the case (4.23) ¢1 and e are in the xz plane, whereas ¢, = y and e, equals
y or —Yy, i.e., the optimal detector axes for the two qubits lie in two respective planes
passing through the y axis.

When U is diagonal, i.e., Uy, = U,, = 0 in Eq. (4.18), the treatment is straight-
forward. In particular, the case, when U and T are diagonal and U,, = U,,, was
discussed in Sect. 3.5.

We use the above analytical solution to obtain Sp,x and the corresponding opti-
mal state, by maximizing S4+ numerically over the 3 parameters k1, &2, and «3 in
Eq. (4.16). This procedure is significantly faster than the numerical method described
in Sect. 4.2. Before the discussion of the results of numerical calculations in Sect. 4.5,
we consider important cases which admit simple analytical solutions.

4.4 Analytical solutions for special cases
Here we consider cases allowing for relatively simple analytical solutions.
4.4.1 Horizontal optimal configurations

An especially simple solution is obtained when the optimal observation axes lie in the
xy (horizontal) plane. Then Egs. (4.11) and (4.13) with a, = 0 yield By = A p B,
and hence S = Ay ApSp, where So = Tr (%) is obtained in the absence of deco-
herence (Sect. 2). As a result, the value of S maximized over all states and horizontal
observation directions is

St = Sy =2v2hahp. (4.24)

This value is obtained only for the maximally entangled states which have horizon-
tal optimal detector configurations in the ideal case, as, e.g., the states |¥, ) and | @)
discussed in Sect. 3.5. All such states are given by the expressions

@) = (|01) + €/%[10))/v/2, (4.25)
|@) = (]00) + € [11))//2. (4.26)

Indeed, taking into account that § is invariant under identical rotations of qubits and
detectors, Eq. (2.7), and that all maximally entangled states are related by a rotation of
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one of the qubits (cf. Sect. 3.4.1), we obtain that all maximally entangled states with
horizontal optimal configurations result from the state |¥ ) (or |®4)) on applying to
one of the qubits an arbitrary rotation around the z axis and/or a 7 rotation around the
x axis, since only such rotations do not take the detector axes out of the horizontal
plane. All the resulting states are given by Egs. (4.25) and (4.26).

The states (4.25) and (4.26) are special cases of the states (4.27) and (4.28), which
are discussed in detail in Sect. 4.4.2. In particular, in Sect. 4.4.2 the validity conditions
of Eq. (4.24) are obtained.

4.4.2 Even and odd states

It is of interest to consider maximal violations of the BI for the classes of general
complex “odd” and “even” states, respectively (0 < o < 27, 0 < B8 < /2),

|&) = sin B|01) + €% cos B|10), (4.27)
|®) = sin B|00) + €'* cos B|11). (4.28)

In particular, the state (4.27) is directly obtainable in experiments with superconduc-
ting phase qubits [39,51].

Itis sufficient to consider the general positive odd and even states, which are special
cases of Eq. (4.14),

|¥) = sin B|01) + cos B|10) (0 < B < 7/2), (4.29)
|®) = sin B]00) + cos B|11) (0 < B < 7/2). (4.30)

Indeed, the states (4.27) and (4.28) result from Egs. (4.29) and (4.30), respectively,
under the rotation of qubit a around the z axis by the angle «. Hence, the results for
S obtained in the present paper for the odd and even states (4.29) and (4.30) hold,
respectively, also for the states (4.27) and (4.28) with the same S, the correspond-
ing optimal configurations being modified by the rotation of the detectors for qubit a
around the z axis by « [cf. the remark after Eq. (4.15)].

For the general (positive) odd and even states (4.29) and (4.30), respectively,
Eq. (4.17) yields

T = diag(AgAp sin 2B, Agrp sin28, 1 — y. — y_cos2p), 4.31)
T = diag(AgAp sin28, —AgApsin2B, 1 —d — d cos2B), (4.32)

where y+ = y,; £ y». The discussion in Sect. 3.5) applies to the odd and even states,
since Eqgs. (4.31) and (4.32) have the form of Egs. (3.48) and (3.49), respectively, with

Ty = AgAp Sin 28, (4.33)
whereas for the general odd states

T, =y++y_cos2f—1 (4.34)

@ Springer



294 A. G. Kofman

and for the general even states
7, =1—d —dcos2p. (4.35)

Now only positive values of t, are of interest for the BI violation [see Eq. (3.50)].
For both states we obtain,’ in view of Eq. (3.51),

S, = 2max [\/Exaxb sin 28, \/,\gxi sin228 + rg] . (4.36)

Correspondingly, the optimal configurations for the general odd and even states (with
7, > 0) are given in Sects. 3.5.1 and 3.5.2, respectively. These configurations lie in
the horizontal (a vertical) plane if 7, is less (greater) than A, Ap sin 2.

For comparison, in the absence of decoherence Egs. (4.33)—(4.35) become

T, =sin2B, 1, =1, 4.37)

and hence Eq. (4.36) yields [23,43]

Sy =24/1+sin?28. (4.38)

Since now t, < 7, the optimal detector configurations for the qubits lie in ver-
tical planes, as described in points b. in Sects. 3.5.1 and 3.5.2. For B = 7/4 the
states (4.29) and (4.30) are maximally entangled, and the BI violation is maximal,
St = Smax = 2ﬁ; then optimal configurations lie both in vertical and horizontal
planes [32] (points c. in Sects. 3.5.1 and 3.5.2).

In contrast to the ideal case, in the presence of decoherence Sy is not necessarily
obtained for a maximally entangled state. It is still of interest to consider S for the
maximally entangled odd and even states (8 = 7 /4),1.e., |¥4) and | @), respectively.
For |¥,) and |@4) Eq. (4.36) with 8 = 7 /4 becomes, respectively,

Sy =S¥ = 20222 + max{a2A7, (y+ — D?1'?2, (4.39)
Sy = S? = 20227 + max{xZA;, (1 — d)* 1'% (4.40)

When the first term in the braces in Egs. (4.39) and (4.40) is greater than the sec-
ond term, Egs. (4.39) and (4.40) reduce to Eq. (4.24). One can show that generally
1 —d > |y; — 1], the equality here being for y, = y; equal to 1 or 0. This yields
that Sf > Sﬂ’r’ when the second term in the braces in Egs. (4.39) and (4.40) is greater
than the first term. Hence, in the presence of decoherence, the BI violation for | ) is
generally greater than for |¥, ). This means that the BI violation duration tp, defined
by S4(ft = tp) = 2, is generally greater for |@) than for |¥, ).

5 For the general odd state, Eq. (4.36) is a special case for the zero temperature of the result in [33].
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Consider now the maximal BI violations for the classes of the general even and
odd states. To this end, S5 in Eq. (4.36) should be maximized with respect to 8. This
yields for the optimal odd state (4.29)

Sy = 2hahp[1 +max{l, (yy — D2/O202 — N2 it 2242 > d), (4.41a)
Sy = 2max{v2xahp, da} if A232 < d, (4.41D)

whered; = y2 +|y_|(y4 —1) < landdr = |y +|y_|— 1| < 1, and for the optimal
even state (4.30)

(1—d)?
TA2A7 —d?
Sy =2 ifa2x <d. (4.42b)

1/2
St = 2hahp [1 + max |1 H if 2200 > d,  (4.42a)

Equations (4.41a) and (4.42a), in contrast to Egs. (4.41b) and (4.42b), can describe
a violation of the BI. When the first term in the braces in Eq. (4.41a) or (4.42a) is
greater than the second term, the case (4.24) is realized and the corresponding state is
maximally entangled (8 = 7 /4). In the opposite case, the optimal odd and even states
generally are not maximally entangled, being characterized by the following values
of B, respectively,

B = arccos[y—(yy — 1)/ (A2 — yH)1/2. (4.43)
B = /2 — arccos[(d — d*)/(A2A2 — d*)]/2. (4.44)

Note that Eq. (4.41b), with the second term greater than the first term, and Eq. (4.42b)
are obtained for a nonentangled initial state: [10) if T} < le or [10) if T{" > le for
Eq. (4.41b) and |00) for Eq. (4.42b).

Numerical calculations show that the maximal BI violation in the optimal even state
is greater than or equal to that obtained in the optimal odd state. The differences in S+
for the optimal even and odd states can appear only in the case when the detectors are
in a vertical plane. In this case the optimal states are generally nonmaximally entan-
gled. The reason for this is as follows. While for horizontal detector configurations
S = AqApSo depends only on the dephasing parameters A, 5 (see Sect. 4.4.1), S is
sensitive to energy relaxation when detectors axes do not lie in the horizontal plane.
As aresult, for instance, in the optimal even state the amplitude of |11) is less than the
amplitude of |00), since this bias reduces spontaneous decay and hence diminishes
the detrimental effect of energy relaxation on the BI violation. By the same reason,
in the optimal odd state the amplitude of the excited qubit with a smaller y; (shorter
le) is reduced. Note, however, a difference between optimal even and odd states.
For example, in the case y, = y} the optimal odd state, in contrast to the optimal
even state, is maximally entangled, since no relaxation reduction can be achieved in a
nonmaximally entangled odd state.
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4.5 Numerical results and discussion
4.5.1 Pure dephasing

First, let us discuss the case of the absence of energy relaxation, y, = y, = 1, when
decoherence occurs due to pure dephasing. Our calculations show that now both the
odd and even Bell states, |¥,) and |® ), are optimal states providing Smax. In this
case y+ = 2,y_ =d = dj; = 0, and both Egs. (4.41) and (4.42) yield [10,47,54]

Smax = 24/ 1 + A222. (4.45)

Thus, now the BI can be violated for any level of decoherence, and hence there is no
Bell nonlocality sudden death now. The value (4.45) is achieved for the observation
axes lying in a vertical plane [47]. The detector orientations for the odd and even
Bell states are described in points b. in Sects. 3.5.1 and 3.5.2, respectively, taking into
account that now 7, = A,Ap and t, = 1 for both states. Note that the states (4.27)
and (4.28) are also optimal. However, not all maximally entangled states are optimal
now [10,54], since S is generally non-invariant with respect to local transformations
(see the last paragraph in Sect. 4.1).

4.5.2 Identical decoherence of the qubits

Next, consider the case of identical decoherence for the qubits of a pair. Now
Ya=Vb=V, ha=hp =%, d=2y(1—y), vy =2y, (4.46)

y— =d; =0, and ug = up = 1. The numerical calculations show that in this case

the maximal S can be always obtained with the even state (4.30), i.e., Smax 18 given
by Eq. (4.42) with the account of Eq. (4.46),

a—-a? 1"
Simax = 212 [1 + max {1, M—cﬂ” itA > d, (4.47a)
Smax = 2 if A* < d. (4.47b)

Now the optimal odd state is the Bell state | .. ), so that Eq. (4.41) reduces to Eq. (4.39),
which becomes now

Sy =8Y = 2\/A4 + max{Ai4, 2y — 1)2}. (4.48)

Figure 2 shows the dependence of S+ on y with u = 1 (no pure dephasing)
and u = 0.9 for the even state (when S; = Smax) and the odd state |¥,). Note
that the straight segments in Fig. 2 (in particular, both plots for the odd state given
by dashed lines) correspond to the case of horizontal optimal configurations where
St =8, = 24/222 [Eq. (4.24)]. Equation (4.47a) and Fig. 2 imply that the vio-
lation of the BI is possible only for y > 2/3, this limit being approached for the
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Fig.2 S versus the relaxation parameter y for u = 1 (no pure dephasing) and u = 0.9, where u = 1/ /y.
Solid lines Sy = Smax (4.47) for the even state (4.30), dashed lines Eq. (4.48) for the odd Bell state
i) (2.14)
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Fig. 3 Sy versus the pure dephasing parameter p for y = 1 (no decay) and y = 0.9. Solid lines S+ =
Smax (4.47) with the even state (4.30), dashed lines Eq. (4.48) for the odd state [ ) (2.14)

vanishing pure dephasing (i« = 1). As a result, for a given value of 77, the maximal
BI violation duration tp is obtained for the even state when . = 1, being given by
y =e /T =2/3 or tg = T;In1.5 &~ 0.405T. For comparison, we mention that
in the case u = 1 the odd state yields Sy = S, = 2+/2y, so that the BI can be violated
only for y > 1/+/2 2 0.707. This corresponds to the longest 7 for the odd state with
a given T equal to [31,33] tp = T11n2/2 =~ 0.347T;. Note that, in contrast to [31],
we obtain different values of 7 for the even and odd states.

Figure 3 shows the dependence of S on the pure dephasing parameter u = A/, /y.
In the absence of energy relaxation (y = 1) the plots for the odd and even states coin-
cide and are given by Eq. (4.45), S; = Smax = V1 + u* = +/1 + A%. In this case
violations of the BI can be achieved for any degree of pure dephasing.

Figure 4 is a contour plot of S as a function of y and p. The boundary of the region
of the BI violation is shown by the solid line with S; = Spmax = 2. This boundary is
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Fig.4 Contour plot of the maximum Sy of S versus y and . Solid lines the even state (4.30) (S+ = Smax),
dashed lines the odd state |¥y )

obtained when the second term dominates in the braces in Eq. (4.47a). The kinks on
the curves in Figs. 2, 3, and 4 correspond to a change of the dominating term in the
braces in Eqs. (4.47a) and (4.48). Figures 2, 3, and 4 show that S for the odd state is
generally lower than Sp,x, which results in more stringent conditions on the decoher-
ence parameters required for the BI violation than for the even state. The difference
is significant when S; — 2 is small. However, for S; > 2.4 there is practically no
difference in the values of Sy for the odd and even states.

4.5.3 No decoherence in one qubit

Consider the extreme case of nonequal decoherence of the qubits, i.e., the case when
decoherence is absent in one of the qubits, e.g., in qubit b. Now yp, = Ap = 1, y4 =
14+y,, d=dy =—y- =1—y,, d» =1, and hence Egs. (4.41) and (4.42) coincide,
i.e., both odd and even states give the same maximal BI violation S;. This Sy is
maximally possible, S+ = Smax, as shown by our numerical calculations, so that

MN+2y, -1 ..,
Smax = 2Aa\/max IZ, }\%aTiya)z if )\.a >1— Ya (449&)
Smax =2 if A5 < 1= va. (4.49b)

The optimal value of 8 corresponding to Eq. (4.49a) follows from Eq. (4.43) or (4.44)
to be

B =m/2 —arccos{(va — y2) /%2 — (1 — va)*1}/2. (4.50)

Since qubit b is not affected by decoherence, S, is invariant with respect to arbitrary
rotations of qubit b. Therefore, all states obtained from the optimal odd (or even) state
by rotations of qubit b are optimal. [This explains why the states (4.29) and (4.30)
yield the same results: these states are related by the unitary transformation af of
the qubit b.] Moreover, since maximally entangled states transform to each other by

@ Springer



Optimal conditions for Bell-inequality violation 299

1.0F

09¢
0.8 ¢

S 07}

0.6

even/odd state

05F -------- max. entangled state

04 CL L L 1 1 1]
0.0 0.2 0.4 0.6 0.8 1.0

Hg

Fig.5 Contour plot of the maximum S of S versus y, and 4. Solid lines S = Smax (4.49) for the even
state (4.30) and the odd state (4.29), dashed lines Eq. (4.51) for a maximally entangled state

a rotation of one qubit [56], S is the same for all maximally entangled states [cf.
Eq. (4.39) or (4.40)], being given by

(4.51)

5, = [2ﬁxa, T < T4,

2JAZ+y2 T = T4

Figure 5 shows the contour plot of Si versus y, and p, for the even and odd
states which produce S; = Spax (the solid lines) and for any maximally entangled
state (the dashed lines). Equation (4.49) and Fig. 5 imply that now the BI viola-
tion is possible for y, > 0.5, this limit being approached in the absence of proper
dephasing (1, = 1). Hence, in particular, for u, = 1 the BI violation duration
maximized over all states is given by 73 = T11n2 =~ 0.6937;. Equations (4.49a)
and (4.51) imply that the BI violation for maximally entangled states is maximal
(S4+ = Smax) When there is no energy relaxation (y, = 1) or when the first term in
the braces in Eq. (4.49a) is dominating (see Fig. 5); the latter occurs for a sufficiently
weak pure dephasing, u > (2v2 — 2)'/2 ~ 0.910, when y» < y, < ¥ where
Y12 = [2 4+ u? £/(2 4+ n2)? — 8]/4. Note that maximally entangled states produce
practically the same BI violation as the optimal states for S > 2.4.

4.5.4 General case

In the general case when the decoherence parameters for the two qubits are differ-
ent, the maximum of the BI violation can be obtained in a state of the form (4.14),
as discussed in Sect. 4.3. We performed several hundred calculations of S, for the
states (4.14) and (4.30) with random values of the four parameters yy and u; (k = a, b)
from the interval [0.8, 1]. In our calculations the maximal violation of the BI inequal-
ity resulted from the even state (4.30) in about 70% of the cases. In the cases, where
the even state did not yield the maximal S, there were various optimal states, which
included both general maximally entangled states (2.16) and nonmaximally entangled
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states. However, the difference between Spax and S4 due to the optimal even state
was less than 0.1.

Thus, there can be several approaches to obtain Spyax and the optimal observation
conditions for given decoherence parameters, In the decreasing order of the degree of
complexity and accuracy, such approaches are as follows: (a) One can use the exact
numerical approach of Sect. 4.3, which provides Spax, the optimal state, and the opti-
mal detector configurations. (b) A simpler approach is to use the optimal even state
[Egs. (4.30) and (4.44)], which provides rather accurate, if not exact, result (4.42),
as discussed above. (c) The analytical formulas (4.41) and (4.43) for the optimal
odd state can be used, if, e.g., in the experiment the odd state is realized more conve-
niently than other entangled states, as is the case for experiments with superconducting
phase qubits. (d) An even simpler approach is to use the Bell state |¥,.) or D) [see
Egs. (4.39) and (4.40)]. However, if one requires a significant degree of the BI vio-
lation, say, S+ > 2.4 (which may be needed in the presence of other experimental
errors), any of the approaches (b)—(d) yields values of S which are very close to Syax
(see Figs. 4, 5).

5 Decoherence and measurement errors

In the previous sections we assumed that measurements are ideal. Here we take into
account the possibility that measurements of the qubits are performed with local (inde-
pendent) errors. Effects of local errors were studied elsewhere [20,32]. In this section
we discuss combined effects of local errors and local decoherence. The present case
is rather involved, since it includes complications due to both decoherence and errors.
Here we discuss only the general approach to the problem, whereas a detailed analysis
is out of the scope of the present paper (see also [32]).

5.1 Bell inequality in the presence of measurement errors

As in [32], we describe measurement errors by the fidelity matrix {Fl.’;}, where Fl]fn

is the probability to find qubit k in state |i) when it is actually in state |m). Since
Fé‘m + F f‘m = 1, there are two independent error parameters per qubit, e.g., Fé‘ = Fé‘o
and F ]k =F lkl , the measurement fidelities for the states |0) and |1), respectively. As
shown in [32], in the presence of local measurement errors the BI has the form (2.2),
where now

S = Tr (%p) (5.1)
and the error modified Bell operator is given by
% =AB—AB' +A'B+ A'B'. (5.2)
Here, e.g.,

A=¢"+&%-0,, B=t2+&E0b oy, (5.3)
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where

ek =Ff+Ff -1, & =F - F}, (5.4)
A’ and B’ following from A and B in Eq. (5.3) on the replacement of a and b by a’
and b’, respectively.

Consider properties of S which can be helpful in calculations [32]. The property
(i) of S (Sect. 2.1) holds also in the presence of errors. However, the properties (ii)
and (iii) generally do not hold now. As a result, in the case with errors, the maximal
and minimal values of S for a given state are generally not equal by the magnitude,

S+ # |S—|, so that the maximum BI violation for a given state is determined by
max{Sy, |S—|}. Note, however, the relations which follow from Egs. (5.1)-(5.4),

§S— —Sif a— —a, a’ —> —a, F§ - F; (5.5a)
S— —Sif b— —b, b — —b, F{ < F}. (5.5b)

Equations (5.5) imply that S = |S_| if the two measurement fidelities are equal, at
least, for one qubit:

F¢ =F{ or F} = F}. (5.6)

5.2 Modified Bell operator for decoherence and errors

In the presence of decoherence and errors one should substitute Eq. (4.1) into Eq. (5.1).
It is useful to recast the resulting expression as

S = Tr (%po) (5.7)
where the Bell operator modified by errors and decoherence is
B=(L"QL)NB)=AB—AB + AB+A'B. (5.8)
It is straightforward to show that [cf. Eq. (4.13)]
A=g"+ £~ ya)a: +£{qa - 00, (5.9)

whereas the operators A’, B, and B’ are given by Eq. (5.9), where a is replaced by
a’, b, and b/, respectively.

In the special case when for each qubit the measurement fidelities for the two states
are equal,

F¢=F{ =F,, FQ=F =F, (5.10)
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Equation (5.8) yields B = 2F, — 1)(2F, — 1)%, and hence
S=QF,—1D)QRF,—1)S,, (5.11)

where Sy is the value of S obtained in the presence of decoherence but in the absence
of measurement errors. This case can be analyzed, as discussed in Sect. 4.

5.3 Qubit-swap symmetry

In the presence of the errors, the theory of Sect. 3 is not applicable. The reason for
this is that S in Eq. (5.1) depends on p not only through the matrix T, as in Eq. (3.3),
but also through the vectors r, and rp, in Eq. (3.1). Actually, now there are, in a sense,
much less optimal configurations for a given state than for the case of ideal measure-
ments [32]. Anyhow, there is always, at least, one optimal configuration maximizing
|S]. However, in the case of equal measurement errors for the two qubits,

F¢ =FY, F{=F}, (5.12)

there exists an important class of states for which there are, at least, two optimal
configurations. This class consists of symmetric states and the states equivalent to
symmetric states up to local unitary transformations.

We call a state symmetric if it is symmetric with respect to a qubit swap, i.e., it is
not changed under a swap of the qubit labels in Eq. (3.1). In other words, the state is
symmetric if in Eq. (3.1)

TT = T’ ra = l‘b. (5.13)

Taking into account that in the case (5.12) the Bell operator (5.2) is invariant when
simultaneously the qubit labels are swapped and the substitution

(a,a’,b,b) — (b',b,a’,a) (5.14)

is made, we obtain that for a symmetric state, S in Eq. (5.1) is invariant under the
substitution (5.14). Thus, in the case of equivalent errors (5.12) and a symmetric state,
there exist, at least, two optimal configurations, these configurations being related by
the substitution (5.14).

Moreover, for any state obtained from a symmetric state by a local transforma-
tion (2.7a) there exist, at least, two optimal configurations. The relation between
two configurations providing the same §, and hence between the optimal configu-
rations, is given by Eq. (5.14), where a, a’, b, and b’ are replaced, respectively, by
Rl a,RIa’, R]'b, and R} b’ [cf. Eq. (2.7b)]; thus, the relation is

(a,a’,b,b’) > (R, b, Ry b, R 2’ Rl a), R, =R,RL. (5.15)

An example of a state symmetric with respect to a qubit swap is the even state (4.30).
Indeed, this state has a diagonal T (see Sect. 4.4.2) and r, = r, = —zcos2f8. Any
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pure state can be reduced to the form (4.30) by local rotations of the qubits, since
Eq. (4.30) is the Schmidt decomposition [42] for pure two-qubit states. Thus, for any
pure state there are, at least, two optimal detector configurations providing maximal
BI violations in the presence of equivalent errors.

Generally, mixed states resulting from pure states due to decoherence cannot be
made symmetric by local rotations. However, there are notable exceptions, as follows.
Mixed states resulting from the even state (4.30) or an odd Bell state (2.14) due to
decoherence with y, = y, = y are symmetric, since then T is diagonal [Eqs. (4.32),
(4.31)] and it is easy to show thatr, = r, = z(1 -2y cos? B)andr, =1, = z(1—y),
respectively. Furthermore, a mixed state resulting from the odd state (4.29) due to pure
dephasing is equivalent to a symmetric state up to a rotation of one of the qubits by
7 around the x axis. In contrast, a state resulting from a nonmaximally entangled odd
state due to energy relaxation (and perhaps pure dephasing) cannot be made symmetric
by local rotations, since then |r,| # |rp]|.

5.4 Discussion

There is no analytical solution in the presence of errors [20,32]. Moreover, the present
case involves an eight-dimensional parameter space (there are two decoherence param-
eters and two measurement fidelities for each qubit), which additionally complicates
the analysis.

Similarly to Sect. 4.2, the modified Bell operator B (5.8) can be used for numerical
calculations, since for given decoherence and error parameters the maximum (mini-
mum) value of S equals the maximum (minimum) of the greatest (smallest) eigenvalue
of % over the detector directions, the optimal state being given by the corresponding
eigenvector. Now, as in Sect. 4, S is invariant to rotations of the qubits and detectors
around the z axis, which allows one to reduce the number of the fitting parameters
from eight to six by setting, say, ay, = by = 0. This number cannot be further reduced,
since now point (i) in Sect. 4.2 is not applicable.

This computation procedure is relatively slow. It produces generally different opti-
mal states for different values of the parameters. An approach which is faster and
more relevant for most experiments is to consider the BI violation for a specific initial
state oo, e.g., the odd or even state [Egs. (4.29) and (4.30), respectively]. In this case
an expression for S resulting from Eq. (5.7) is varied over the detector directions and
perhaps the state parameters [e.g., 8 in Egs. (4.29) and (4.30)] in order to obtain S+
and S_.

Note that in the cases of the odd and even states the number of the detector parame-
ters can be reduced from eight to seven, as follows. When the initial state is odd (even),
for the measured state p (4.8) which underwent decoherence, the only nonvanishing
off-diagonal elements are p23 = p32 (p14 = p41). As aresult, for the odd (even) initial
state, the density matrix p is invariant under a rotation of qubits a and b around the z
axis by an arbitrary angle « (angles o and —«, respectively). Because of the invariance
of S under identical rotations of the qubits and detectors, Eq. (2.7), one can reduce the
number of the detector parameters by moving, say, a into the xz plane, i.e., choosing
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ay = 0. A detailed analysis of the case of the odd state, Eq. (4.29), is performed in
[32]; the even state can be discussed in a similar way.

6 Conclusions

In the present paper we have considered conditions for maximal violations of the Bell
inequality in the presence of decoherence. In addition, combined effects of decoher-
ence and local measurement errors have been discussed.

Since decoherence transforms a pure entangled state into a mixed state, we have
begun the consideration from the study of optimal conditions for the violation of the
BI (2.2) for a general (pure or mixed) state. We have obtained all detector config-
urations providing the maximal value of the CHSH parameter S in Eq. (2.2) for an
arbitrary state. We have shown that generally the set of all optimal configurations for a
given state is characterized by one continuous and one discrete parameters, whereas in
special cases it can be characterized by two or three continuous parameters. We have
obtained also the symmetry relation for the optimal detector orientations, Eq. (3.40)
or (3.41), which follows from the invariance of S with respect to the qubit swap.

Further, we have considered effects of local decoherence on the BI violation. We
have used the decoherence superoperator in the operator-sum form, which describes
energy relaxation at the zero temperature and arbitrary pure dephasing. We have
expressed S as the average over the initial state of the Bell operator modified by deco-
herence. This operator has been used for numerical calculations in order to obtain the
maximal BI violation for any values of the decoherence parameters. We have reduced
the number of varied parameters from 8 to 5 and thus significantly accelerated the
calculations, using the symmetry of the decoherence model and the fact revealed here
(Sect. 3) that the set of optimal configurations for a given state is continuous. Our cal-
culations have allowed us to identify a class of two-qubit pure states (the real states)
which provide maximal BI violations for all values of decoherence parameters. We
have obtained an analytical solution for this class of states and used it to develop a
fast numerical approach for maximizing Bell violations.

We have obtained simple analytical solutions for both optimal and maximally entan-
gled odd and even states. Such states are often used in experiments on the BI violation.
In particular, the general odd state is relevant for experiments with superconducting
phase qubits. While in the absence of decoherence the optimal detector configura-
tions for the odd and even states are vertical, in the presence of decoherence, they
are either vertical or horizontal. We have discussed both the general case of arbitrary
decoherence parameters and a number of important special cases. In particular, we
have revealed that the even state is optimal in most cases. Our analysis have been
illustrated by numerical calculations.

Moreover, the combined effects of local errors and decoherence have been consid-
ered. In this case the maximal Bell violation depends on eight parameters. We have
derived the Bell operator modified by decoherence and errors and have used it to
discuss symmetry properties of S. Numerical approaches in this case have been also
outlined.
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The present results are applicable to many types of qubits, including, in particular,
superconducting qubits. Moreover, the present results have relevance to the ongoing
discussion of effects of decoherence on entanglement, a major resource in the field of
quantum information.
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Appendix
A BI violations and entanglement for pure states

Here we obtain the maximal BI violation S and the entanglement measure, the con-
currence %, for the state (2.19). Any pure two-qubit state |¥) can be written in the
Schmidt form [42]

1) = stliain) + 521 jajb)- (A.D)

Here 512 > 0 and s% + s% = 1, whereas {|is), |j4)} and {|ip), | jp)} are orthonormal
bases for qubits a and b, respectively. For the state (A.1), we obtain that [23,43] [cf.
Eq. (4.38)]

Sy =2y/1+4s7s3 (A.2)
and [55]
E = 2s152. (A.3)

Combining Eqgs. (A.2) and (A.3) yields Eq. (2.17).
For the state (2.19), the quantities sl2 and s% are [42] eigenvalues of D| = DT D,
where

_ (4] Czl
D= (C3 WW) : (A4)

It is easy to see that the eigenvalues of D are the solutions of the following equation
for the variable s2,

(s%)? — s>Tr Dy + det(D;) = 0. (A.5)
We obtain that Tr D; = 1 and

det(Dy) = | det(D)|*> = [c1cae™™ — crcs)?. (A.6)
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The solutions of Eq. (A.5) are

1 + VT —4det(Dy)
§2,= . , (A7)

Inserting Eq. (A.7) into Eq. (A.3) yields 4 = 2+/det(D). The latter equality with the
account of Eq. (A.6) yields Eq. (2.20).

B Properties of matrix T

Consider some useful properties of the matrix T in Eq. (3.1). Since the eigenvalues of
the Hermitian operators o0, b ., equal £1, Eq. (3.2) implies that

[ Tonl < 1. (B.1)
There exists the polar decomposition [42]
T = VU, (B.2)

where V is a 3 x 3 orthogonal matrix, viv = I3, and U = T T is a real symmetric
matrix with nonnegative eigenvalues u;, us, u3(0 < us < uy, uz). Vis unique, being
givenby V = TU™!/2 onlyifus # 0; this is the most interesting case, as shown below.
The determinant of V equals 1 or —1 for det(T) > 0 and det(T) < 0, respectively;
when det(T) = 0 (which means that u3 = 0), V can be chosen such that det(V) = 1.

Under a local unitary transformation p — (U, ® Up) p(U QU b) Eq. (3.1) changes
so that ry — Ryry and [49]

T— R,TR/, (B.3)

where R, , are defined after Eq. (2.7b). As follows from Eqgs. (B.2) and (B.3), with
suitable rotations of the qubits, R; and R;,, the matrix T can be reduced to one of the
two diagonal forms, T' = R, T(R,)! = ++/U’. Here R} is such that U" = R U (R,)T
is diagonal and R/, = iRE,VT. The plus and minus signs in the above formulas are
obtained for det(T) > 0 and det(T) < 0, respectively [on choosing det(V) = 1 when
det(T) = 0]. As a consequence, in view of Eq. (B.1), we obtain

0<u3 <up,uy=<1. (B.4)

Note that an arbitrary two-qubit state reduces to a simpler form by a local unitary
transformation which diagonalizes T. Inserting a general diagonal T into Eq. (3.1), we
obtain that all states with a diagonal T have the form

P11 P12 P13 P14
21 022 P23 P1
p= P21 P22 P23 P13 | (B.5)
P31 P23 P33 P12
P14 P31 P21 P44
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In the state (B.5) p12 = p34 and p13 = pp4, Whereas p14 and pp3 are real.
For the state (B.5) we obtain from Eq. (3.2) that

T = 2diag(p23 + p14, p23 — P14, 1/2 — p22 — p33). (B.6)

Note that this expression is independent of p12, 021, p13, and p31.

The states with det(T) > 0 do not violate the BI. To show this, it is sufficient to
consider a diagonal T = «/U since, as mentioned above, such T can be obtained for
any state with det(T) > 0 by means of local unitary transformations, which do not
change S. A diagonal T = VUis given by Eq. (B.6) with nonnegative matrix elements,
which implies that r = p27 4+ p33 < 1/2 and p3 > |p14]|. As follows from Eq. (B.6),
U = Tr'T? = 4p124 + 4,0%3 + (1 — 2r)%. For a given r, TrU is maximal if p»3
and |p14| are maximal under the above constraints, i.e., if |p14| = p23 = r/2, which
yields TrU < 6r2 —4r +1 (0 < r < 1/2). This expression achieves the maximum
TrU = 1 forr = 0. Thus, in the case det(T) > Owehave TrU < 1, the value TrU = 1
being obtained for the states which, with the accuracy to local unitary transformations,
have the form p = diag(p11, 0, 0, p44) and hence have T = U = diag(0, 0, 1) [see
Eq. (B.6)]. In view of Eq. (3.11), these states yield S = 2; they include, in particular,
pure nonentangled states.

However, the BI violation implies TrU > u; + u» > 1. Hence, a necessary condi-
tion for the BI violation is det(T) < 0. As a consequence, in view of Eq. (B.2), for the
states violating the BI all u; do not vanish. Note that in the case det(T) < 0 Eq. (B.2)
can be recast in the form (3.14).
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