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Unified view of correlations using the square-norm distance
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The distance between a quantum state and its closest state not having a certain property has been used to
quantify the amount of correlations corresponding to that property. This approach allows a unified view of the
various kinds of correlations present in a quantum system. In particular, using relative entropy as a distance
measure, total correlations can be meaningfully separated into a quantum part and a classical part thanks to an
additive relation involving only the distances between states. Here we investigate a unified view of correlations
using as a distance measure the square norm, which has already been used to define the so-called geometric
quantum discord. We thus also consider geometric quantifiers for total and classical correlations, finding, for a
quite general class of bipartite states, their explicit expressions. We analyze the relationship among geometric
total, quantum, and classical correlations, and we find that they no longer satisfy a closed additivity relation.
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I. INTRODUCTION

Quantum systems have properties characterized by various
kinds of correlations, some of which distinguish them from
classical systems [1,2]. These properties may be an essential
resource for quantum computation and quantum information
[3]. This makes it important to distinguish those correlations
that are particular to quantum systems from the ones present
also in classical systems. A nonlocal property of quantum
systems, entanglement, allows us to achieve exponential
speedup in pure-state computation if it grows with the size
of the system [4]. On the other hand, in the case of mixed-state
computation, in certain computational tasks quantum speedup
can be achieved using separable (unentangled) states, such as
in the so-called deterministic quantum computation with one
qubit (DQC1) protocol [5]. This speedup has been linked [6]
to the presence of quantum discord [7,8], considered to be
a quantifier of the quantum part of correlations present in a
bipartite system and defined as the difference between two
quantum analogues of classical mutual information [9,10].

In the general case of a multipartite system, the various
kinds of correlations present in a quantum state have been
linked to the distance between the system state itself and its
closest states without the desired property, allowing us to look
at them in a unified view [11,12]. Relative entropy, although
not symmetrical under the exchange of the entries, has been
used as a distance measure between states. In this approach,
the decomposition of the total correlations 7' in a classical
part C and a quantum part D appears meaningful because T’
equals the sum of D and C up to a quantity L, which in turn
is a relative entropy-based (REB) distance between two of the
relevant closest states. The quantity L results to be, in the
bipartite case, equal to the difference between REB quantum
discord and its original definition [7,8]. Using relative entropy
as a distance measure, correlation quantifiers therefore satisfy
a closed additivity relation among them [12].

The properties of quantum discord have been widely
investigated in recent years [13]. It has been shown that
it is present in almost all quantum states [14], and the
relation between discord and entanglement has been discussed
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[15—-17]. In contrast to entanglement, discord can be generated
using local noise [18], and it is not monogamous [19].
Different from what happens for entanglement, quantum
discord does not present sudden death [20] during its evolution
but can still present revivals even in the absence of system-
environment back action [21]. Generalizations of discord in the
multipartite case have been also reported following different
approaches [22].

On the other hand, both the original and the REB dis-
cord require involved minimization procedures even if only
von Neumann (orthogonal) measurements are used. Using
more general measurements [positive operator-valued measure
(POVM)], the minimization problem becomes increasingly
demanding [23], with the consequence that there are only
a few general results. Discord analytical expressions have
been obtained only for certain classes of two-qubit states,
such as Bell diagonal [24], rank-2 [23,25], and X [26]
states and, for the case of continuous variables, for Gaussian
states [27]. To overcome this drawback, geometric quantum
discord D, has been introduced based on the square-norm
(Hilbert-Schmidt) distance between the system state and its
closest classical state, and it has been used to evaluate
quantum correlations present in an arbitrary two-qubit state
[28]. Quantitative comparisons between REB and geometric
discord have been reported [29-31], and their dynamics have
been also compared, revealing qualitative differences in their
time behaviors [32]. Geometric measures of total correlations,
T;, and classical correlations, Cg, have been also defined using
the square-norm distance, with their explicit expressions given
only for Bell diagonal states [32].

The aim of this paper is to discuss the role and use of the
square-norm distance to quantify in a unified view various
kinds of correlations in a two-qubit state. To this purpose we
will consider a quite general class of bipartite states for which
we will find explicit expressions for geometric quantifiers
of total, quantum, and classical correlations. In analogy to
what has been done with REB correlation quantifiers, we will
investigate the possibility of having closed additive relations
among correlation quantifiers based on the square norm.
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The main point of this paper is to show that relevant qual-
itative differences are found when one attempts to construct a
unified view of correlations using different ways to measure
the distance between the relevant states. In the case of a quite
general class of two-qubit states (X states), we will be able
to analytically prove that, different from what happens with
REB distance, using the square-norm distance measure total
correlations cannot be, in general, separated into a quantum
part and a classical part satisfying an additive relation that
involves only distances between states.

This paper is organized as follows: in Sec. II we introduce
the framework of the unified view of correlations for both
REB and its geometric counterpart. In Section III we present
the class of states on which we will base our study, X states; in
Secs. IV and V we obtain the pertinent closest states. Finally,
in Section VI we show under which conditions the closure of
correlations is not satisfied and study how often and to what
extent this happens for X states.

II. CORRELATIONS IN A QUANTUM STATE

A natural and powerful way to quantify a given property of
a quantum state consists of exploiting the distance between
the state itself and its closest state without that property.
Therefore, in this approach, it is necessary to choose a suitable
distance measure. In this section, we first briefly review the
correlation quantifiers defined by using relative entropy as a
measure of distance between states, and we then describe the
geometric correlation quantifiers based on the square-norm
distance measure.

A. Correlation quantifiers based on relative entropy

Given two arbitrary multipartite states p,o, their relative
entropy is defined as S(p|lo) = —Tr(plog, o) — S(p), where
S(p) = —Tr(plog, p) is the von Neumann entropy. Using
relative entropy to quantify distances, the total correlations
T of state p are defined by the distance between p and the
closest product state 7, = 04 ® op (with o4(p) being density
matrices for the subsystems), T = S(p||,); discord (quantum
correlations) D is the distance between p and the closest clas-
sical state x, = >, ; pij|i){(i| ® |j){jl (with {|i),]j)} being
independent local bases and p; ; being probabilities), D =
S(pllx,), while classical correlations are the distance between
Xp and its closest product state 7, , C = S(x,l7wy,) [12]. We
refer to these correlation quantifiers as REB quantifiers. In
general, T — (D + C) # 0, but this difference is always equal
to another quantity L defined in terms of relative entropy, that
is,

T-D—-C=-L, (1)

where L = S(r, ||y, ). The validity of Eq. (1) is proved by the
fact that all the REB correlation quantifiers involved can be
written as differences between von Neumann entropies as [12]

T(p) = S(plimp) = S(7p) — S(p),
D(p) = S(plixp) = S(xp) — S(p),

C(p) = S(xpllmy,) = S(y,) — S(xp),
L(p) = S(mplimy,) = S(y,) — S(mwp).

2)
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FIG. 1. Picture of the REB correlation quantifiers and the relevant
states (see Ref. [12]).

These relations allow one to draw a simple diagram, proposed
in Ref. [12] and displayed in Fig. 1, where each line refers to
a kind of correlation and where the direction of each arrow
is linked to the asymmetric definition of the relative entropy.
For bipartite systems, the quantity L exactly quantifies the
difference between the REB discord D of Eq. (2) and the
original definition § [7,8]: 6 = D — L. A closed additivity
relation, Eq. (1), thus always holds among the REB correlation
quantifiers.

B. Correlation quantifiers based on the square norm

As already noted, the REB correlation quantifiers have the
drawback that their analytical expressions are known only for
certain classes of states [24—-27] and require, in general, nu-
merical minimizations. A more manageable quantifier, called
geometric quantum discord, has been recently introduced for
quantum correlations as the square-norm distance between the
system state p and its closest classical state x, [28],

Dy(p) = llp — X, 1% 3)

where | -|> = Tr(-)*> is the square-norm distance in
the Hilbert-Schmidt space and x, has the form x, =
Zi,j pi il il ® ,o_f (with {]i)} being a local basis on part
A, pf being arbitrary states of part B, and p;; being
probabilities). The advantage of this definition is that Dy(p)
can be analytically evaluated for an arbitrary two-qubit state
and for some multipartite or higher-dimensional systems more
easily than REB quantum discord [28,33]. It is worth noticing
that the geometric definition of quantum discord of Eq. (3) is
equal to the one obtained in analogy to the original definition of
quantum discord and using the square-norm distance measure,
that is, Dg(p) = minpa|lp — IT4(p)||%, where T14(p) is the
classical state resulting after a von Neumann measurement on
part A [33].

Because geometric discord is useful for quantifying quan-
tum correlations in a system, it seems to be a natural extension
to use the square norm also to define quantifiers of total and
classical correlations as [32]
I,

@

Ty(p) = llp — 7, Colp) = | xp — 7y,

where 7, and 7, are, respectively, the product states closest
to p and x, within the square-norm distance measure. We refer
to the quantifiers based on square-norm distance as geometric
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correlation quantifiers. One can further define the quantity

Le(p) = |mp =y, ”2 )

as the analog of the REB quantity L in Eq. (2).

In analogy to what happens for REB discord, D, can
be written as a difference of purities, Dy = Tr(p — Xp)2 =
Trp? — Trxg. In fact, analyzing the results of Ref. [28], one
can show that Tr(p x,) = Tr( X,f)- However, as we shall see in
Sec. VI, the other geometric correlation quantifiers 7, and C,
do not hold this property.

We shall now study the relationship among geometric
correlation quantifiers by first finding their explicit expressions
for a quite general class of bipartite states. We will also
investigate if, in general, an additivity relation analogous to that
of Eq. (1) is satisfied when geometric correlation quantifiers
are used.

III. TWO-QUBIT X STATES

In this section we describe the class of two-qubit states that
we are going to use in our analysis. For our purposes it is useful
to represent the states in the Bloch representation, which, for
an arbitrary two-qubit state, is

1
p=Z|:]l®ﬂ+Xi:xiai®]1

+Z)’i®ﬂai+ZTij0—i®Uj:|, (6)
i ij

where 1 is the 2 x 2 identity matrix, o; ; (i,j = 1,2,3) are the
three Pauli matrices, x; = Tr[p(o; ® 1)] and y; = Tr[p(1 ®
0;)] are components of the local Bloch vectors X = {x1,x,x3}
andy = {y1,y2,y3}, and T;; = Tr[p(o; ® o;)] are components
of the correlation tensor 7.

In particular, we put our attention to the class of X states,
which are those states having nonzero elements only along
the main diagonal and antidiagonal of the density matrix. The
general structure of an X density matrix is thus, in the standard
basis B = {|1) = |11),|2) = |10),|3) = |01),|4) = |00)},

P11 0 0 p1a€'T
_ 0 022 paze’ s 0
Px = 0 pue™  ps 0 - O
prae”' 0 0 044

where p;; (i,j =1,2,3,4) and y;; are all real, positive
numbers. Bell states, Werner states, and Bell diagonal states
belong to this class of states [34]. X -structure density matrices
may arise in a wide variety of physical situations and are
also experimentally achievable [35]. For example, X states are
encountered as eigenstates in all the systems with odd-even
symmetry, such as in the Ising and the XY models [36].
Moreover, in many physical evolutions of open quantum
systems an initial X structure is maintained in time [37]. The
parameters of the Bloch representation of Eq. (6) for an X state
are thus expressed in terms of the the density-matrix elements
of Eq. (7) as [38]

X3 = P11 + P22 — P33 — P44,
Y3 = P11 — P22 + P33 — P44,
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Ti1 = 2cos(y14)p14 + 2 cos(y23) 023,

Tip = —2sin(y14)p14 + 2 sin(y23) 023,

Toy = —2sin(y14)p14 — 2 sin(y23) 023,

Ty = —2cos(y14)p14 + 2 €08(y23) 023

T35 = p11 — p22 — P33 + Paa, 3

withx; =xo =y =y, =Ti3 =T =13 = T3 = 0.

We are interested in the explicit expressions of the geomet-
ric correlation quantifiers for an X state. In order to obtain
them, we first need to find the relevant closest states when the
distance is measured by the square norm.

IV. CLOSEST PRODUCT STATE

In this section we are interested in finding the product state
closest to a two-qubit X state in the square-norm distance
measure, with the aim being to obtain the geometric quantifier
of total correlations. Indicating with p4 = %[Jl + Zi a;0;] and
op = %[]l + >, b;jo;] generic single-qubit states with Bloch
vectors, respectively, a = {a,a,a3} and b= {b1,by,b3}, an
arbitrary product state  is given by their tensor product as

1
7T=,0A®,OB=Z|:]1®]l+2ai0i®]l+zbi]l®0j

+Za,~bja,-®0j:|. (9)
ij

The distance F between an arbitrary two-qubit state p as given
in Eq. (6) and the product state 7 using the square norm is then

1
F=Ti(p—7) = Z[Z(x" —a) + Y (i —b)

+> (T —aibj)2i|. (10)

ij

The explicit form of the product state m, closest to p is
determined by the values of the variables a;,b; as functions
of the known state parameters x;,y;,7;;, giving the absolute
minimum of the distance F'. Deriving F' with respect to a; and
b;, we construct the system (i,j = 1,2,3)

x4+ Tih;

yi+ 2. Tijai
a; = === -

VT D O

In the case of X states, defined in Egs. (7) and (8), the above
system reduces to

Y

o= T11by + Tioby _ Tha + Tha
1=—5 bh=—F=—
1+36 1+, 6]
To1by + Tby Tiaar + Toar
@w=——c5 h=—"-5- (12
1+3, 65 1+3, 45
o5t Ts3b3 _ 3+ T3a3
BT S A T S
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It can be shown (see Appendix A) that the absolute minimum
of F is obtained by putting a; = a» = b; = by =0 and by
taking the solutions for a3,b; of the system

_ x3+ T53bs

v3 + Tz3a3
a3 = 5 == ="
1+ b2

) = 13
’ 1+ a? (13
Indicating with a@; and b3 the solutions of Egs. (13) and

substituting in Eq. (9), the product state closest to an X state
has the form

Tpy = HI® L+ @303 ® 1+ b31 ® 03 + a3h303 ® 03].
(14
An important point, as we shall see later, is that the parameters
@z, by only depend on x3,y3, Ts3, while Ty1,Ti2,T»1, T2, do not
play any role.

We observe that, in general, @3 # x3 and b3 # y3, which
means that the product state closest to an X state in the
square-norm distance measure is not given by the product of
its marginals Trp(px) ® Tra(px), in contrast to what happens
for any quantum state when the distance is measured by the
relative entropy [12].

V. CLOSEST CLASSICAL STATE AND ITS CLOSEST
PRODUCT STATE

We now face the problem of finding explicit expressions of
the classical state closest to a an X state in the square-norm
distance measure. For this purpose, we follow a reported
procedure that permits us to obtain the closest classical
state given an arbitrary two-qubit state [28]. We point out
that, although explicit expressions for geometric quantum
discord for X states have been already reported in the
literature [39], this is not the case for the expressions of
the corresponding closest classical states. Here we also give
the product state closest to the obtained closest classical state,
which is required for calculating the geometric quantifier of
classical correlations [see Eq. (4)].

The general result for geometric quantum discord of two-
qubit states is Dy(p) = 4—11[||)?||2 + ITI1? = kmax], where kmax is
the largest eigenvalue of the matrix K = Xx? +TTT (T7 is
the transpose of matrix 7') [28]. The eigenvalues of matrix K
for an X state, in terms of the density-matrix elements, are

ki = 4(o1s + p23) k2 = 4(p14 — pn3)°,

15)
ks = 2[(p11 — p33)° + (P22 — pas)’].

We observe that k; is always larger than k,, so only two distinct
cases have to be separately treated, thatis, k| < k3 andk; > k3.
The closest classical state x, is obtainable through a
minimization procedure with respect to the parameters ¥,y,T
of the original state p expressed in the Bloch representation
[28]. In the following we use this procedure to obtain, for these
two cases, the explicit expressions of the closest classical state
and of its closest product state for an X state defined by the

parameters of the Bloch representation given in Eq. (8).
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A. Casel: k; < ks

When the X state has density-matrix elements such that the
condition k; < kj is fulfilled, we find that its closest classical
state in the square-norm distance measure has the form

XV =11®1+x303® 1 + 331 ® 03 + T3303 ® 03],
(16)
where the superscript (1) refers to case 1 (k; < k3) of our
analysis.
. 1 . .
Seeing that x (! is still an X state, we can apply the results

of Sec. IV to calculate its closest product state 71)((2( The
diagonal elements of px and y,, are equal, (,og(l))i,- = (ng(n),-,-,

and as said before, the solutions @; and b3 of Eq. (13) only
depend on the components x3,y3, 733 containing the diagonal
density-matrix elements. As a consequence, for X states lying
in case 1, the product state closest to X,glx) coincides with the

product state closest to px given in Eq. (14): n)((il =TTy

B. Case2: k; > k3
If the X state has density-matrix elements such that k| > k3,
we obtain for the closest classical state
X'g{) = %{]l Q1+ yl®a0;+ 01 ® 0
+T1201 ® 03 + T2102 ® 01 + Taon @ 02}, (17)

where the superscript (2) refers to the case 2 (k; > k3) of our
analysis and

Tii = 2 {Tul1 + cos(yia + y23)] — Toy sin(yis + v23)}
[cos(y23) + cos(y14)] (014 + 023)

Tia = 3 {Tiall + cos(y1s + v23)] — T sin(y14 + ¥23)}
= [sin(y23) — sin(y14)] (P14 + p23)

Tor = 3 {Ta1[1 — cos(y1s + v23)] — Thy sin(yi4 + 23)}
= — [sin(y23) + sin(y14)] (P14 + p23)

Ty = 3 {Tnall — cos(y14 + v23)] — Tiz sin(y14 + y23)}

[cos(y23) — cos(y14)] (014 + p23) . (18)

Here again X,()zx) has an X structure, so considerations made
in Sec. IV apply when one looks for its closest product state.
In particular, solving Eq. (13) for x {2, the closest product state

is found to be
@ = 1[1®1+yl 9
T = 3l ®1+y;1® 03] (19)
For an X state belonging to case 2 it results, differently from

case 1, that the closest product state to px is different from the
product state closest to X,E)ZX): e F oy
X

VI. GEOMETRIC CORRELATION QUANTIFIERS AND
THEIR RELATIONS

After obtaining the relevant closest states to an X state, we
are now able to give the explicit expressions of the geometric
quantifiers of the various kinds of correlations, Ty, D, and Cy,
and to investigate their relations.
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From the findings of Sec. IV on the closest product state,
it follows that the geometric quantifier of total correlations
defined in Eq. (4) for an X state is

— b3)? + (T3 — @3bs)?
4

1
+ Z(lel +Th+TH +T5) (20)

_ 2
Ty(ox) = (x3 —a3)” + (y3

for both cases 1 and 2. We point out that, in general, Tr(pm,) #
Tr(ng), and therefore Ty(px) # Tr(,o)z() — Tr(ngx). Thus, total
correlations measured by the square-norm distance are not
expressible as the difference between purities, and they are not
suitable to be represented by an arrow from a state to another,
which happens for REB correlation quantifiers.

Concerning the geometric quantifiers of quantum and clas-
sical correlations, D, and C,, respectively, we can obtain their
explicit expressions from the results of Sec. V on the closest
classical state and its closest product state, distinguishing the
two cases k; < k3 (case 1) and k; > k3 (case 2).

For X states belonging to case 1 (k; < k3), the geometric
quantifiers of quantum and classical correlations defined in
Egs. (3) and (4) are

1
Dg) = Z(lel + T+ T3 + T3) = 2(01s + 033),
T e
(x3 — az)” + (y3 — b3)” + (I33 — azbs)
1 )

Analogously to Ty, Cy = [Ix, — 7, ||I* is not expressible as
the difference between the purities of the states x, and 7y,
and it is not representable in the same spirit of Eq. (2) by an
arrow. Regarding the quantity Ly defined in Eq. (5), we know
from Sec. V that, in case 1, 71(1) = n(l) so that L(l) = 0. From
Egs. (20) and (21) we then observe that in thlS case, among
the geometric quantifiers of correlations the additivity relation

T, = DY + (22)

@ —
¢, =

holds, analogous to the one in Eq. (1) for REB correlation
quantifiers with L = 0.

On the other hand, for X states belonging to case 2 (k; > k3)
the geometric quantifiers of quantum and classical correlations
turn out to be

DY = (p1a = p23)* + 3[(o11 = p33)° + (p22 = pas)’],
(23)
CP = (pa+ ),
where the expressions are given in terms of the density-matrix
elements because they are simpler than those in terms of the
Bloch parameters. From Egs. (20) and (23) we immediately
notice that, in this case, an additivity relation analogous to that
of Eq. (1) does not occur. In fact, we have

(T33 — azh3)* — (1 + b3)
1 )

It can be shown (the proof is given in Appendix B) that, in
general, T, — D(gz) — Céz) < 0, and the equality holds if and
only if x3 4+ y3733 = 0. In order to estimate the typical value
of Ty — Dg) -C éz), we have generated 10* X-shaped random
density matrices belonging to the case k; > k3, from which
we have then numerically obtained a; and b3 as solutions of

T, - DY — CP = 24)

PHYSICAL REVIEW A 85, 032104 (2012)
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FIG. 2. (Color online) Values of the relative difference (T, —
DY — CP)/ T, of the geometric correlation quantifiers as a function
of the probability of their occurrence for a two-qubit X state
belonging to case 2 (k; > k3). The inset shows the values of
(Ty + LY — DY — CP?)/ T, as a function of the probability of their
occurrence for a two-qubit X state also belonging to case 2. Some
10* random density matrices have been produced.

Eq. (13) and finally calculated all the correlations, Egs. (20)
and (23). In Fig. 2, we plot the values of (T, — D(gz) - C;z)) /T,
versus the (unnormalized) probability of having those amounts
for an X state for which k; > k3 (case 2). It is possible to see
that there exist a nonnegligible number of states for which this
difference is significantly different from zero.

In analogy to what happens for REB correlations in Eq. (1),
one may, however, wonder if the quantity L, of Eq. (5) can
be used to close the loop of geometric correlations. We first
observe that, as we know from Sec. V, in case 2 7, # 77;((2,;

and then L(gz) # 0. In particular, it is

%)) ) (T33 - 6_1353)2 + (1 + E%)
Lg = a3 1 s

(25)

so that

=2
T,—DP —C? 4+ 1P = %*(T33 — @byt (26)
As a consequence, unless a3 = 0, which would also imply
L® =0, it is impossible to have a closed additive relation
among the different kinds of correlations when measured
by the square norm. In other words, geometric quantifiers
of correlations can be cast in a closed additivity relation
only for X states with L, equal to zero. To quantitatively
investigate this aspect, in the inset of Fig. 2, for the same
10* randomly generated states as before, we plot values of
(Ty + LY — DY — C?)/ T, as a function of the probability
of their occurrence for a two-qubit X state also belonging
to case 2. Even if the violation is, in general, small, it is
possible to find states for which it is meaningful. An important
subclass of the X states is given by the Bell diagonal states, for
which a closed additivity relation holds among the correlation
quantifiers, as discussed in Appendix C.
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We here point out that the numerical results above are useful
for further highlighting the qualitative conceptual aspect on the
impossibility of finding, in general, a closed relation among the
geometric correlation quantifiers. For example, there could be
states, outside the class of X states, for which the differences
T, — DY — CP and Ty + LY — D@ — C? are larger than
those we numerically find here for X states. Moreover, as
discussed before, another critical point arising when using the
square-norm distance measure to quantify correlations is the
absence of a “direction” in the correlation measures. While
REB correlation quantifiers can be represented by arrows with
precise directions from one state to another one, as Egs. (2) and
Fig. 1 clearly indicate, this is no longer true when geometric
quantifiers of correlations are taken into account.

VII. PHYSICAL MODEL

In this section we consider a specific physical model where
the two state space zones k; < k3 and k; > k3 investigated
above can be dynamically connected. In particular, we take two
noninteracting qubits, A and B, embedded in separated cavities
and subject to a non-Markovian dynamics, as already reported
in Ref. [40]. Each qubit interacts only and independently with
its local environment, so that the total Hamiltonian is H,; =
H, + Hg. The single “qubit + reservoir” Hamiltonian Hg
(S=A,B)isgivenby (h = 1)

Hs_w06+os+2a)kbs'bk +Z gioibi + g *o’h"),

27
where a)g is the transition frequency of the two-level system
(qubit) S, o are the system raising and lowering operators,
the index k labels the field modes of the reservoir S with
frequencies wy, b,fT and bgf are the mode creation and
annihilation operators, and g; are the coupling constants. We
will consider the case where both Hamiltonians H, and Hp
have the same parameters. The Hamiltonian of Eq. (27) may
represent a qubit made by the excited and ground electronic
states of a two-level atom interacting with a reservoir given by
the quantized modes of a high-Q cavity [41], and it can also
be implemented by superconducting Josephson qubits in the
framework of circuit QED [42] and by entangled polarization
photons in an all-optical setup [43]. If the two-qubit state
has initially an X structure, this is maintained during the
dynamics locally governed by the Hamiltonian of Eq. (27),
and the density-matrix elements at time ¢, in the same basis as
in Eq. (7), are [40]

pii(t) = p11(0) P2,
p2(t) = pn0)P; + p11(0) P (1 — P),
p33(t) = p33(0) P, + p11 P (1 — Py),

(28)
paa(t) = 1 —[p11(2) + p22(t) + p33(2)],
014 = 1012(0)| P;, | p23()] = | 023(0)| P,
where P=eM [cos(d’) + 2 sm(d' )2, with d=

V270h — A2, The parameter A represents the spectral
width of the coupling, while y; is the spontaneous emission
rate of the qubit (atom). Under this evolution the two-qubit
states may cross the two zones, k| < k3 and k; > k3, of
Sec. V. This can be explicitly seen by choosing, for example,
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TS oyt

80 100

FIG. 3. (Color online) k; (blue solid line) vs k3 (purple dashed
line) as a function of the dimensionless time Yt for A = 0.01y, and
starting from the state |¥) = /1/3]00) + +/2/3|11).

the initial state |W) = +/1/3]00) + /2/3|11) and A = 0.01yy
(strong-coupling regime). In Fig. 3 we plot k; and k3 as
functions of the dimensionless time yyt. The plot clearly

displays that there are time regions when k; is larger than k3
and vice versa.

VIII. CONCLUSIONS

The distance between a quantum state and its closest states
without certain properties has been employed in the literature
to quantify in a unified view the various kinds of correlations
present in an arbitrary multipartite quantum system. Using
relative entropy as a distance measure, an additivity relation
among total, T, quantum, D, and classical, C, correlations
holds [12]. This additivity relationis of thekind 7 = D + C —
L and contains a quantity L defined as the relative entropy-
based distance between two particular closest product states
linked to the system state [12].

In this paper we have investigated how a unified view of
various kinds of correlations works in terms of a different
distance measure. Among the possible suitable distance mea-
sures, we have considered the square-norm (Hilbert-Schmidt)
distance, inspired by the fact that it has been already exploited
to define geometric quantum discord D, to quantify quantum
correlations present in a state [28]. Using the square norm, we
have then considered the geometric quantifiers for classical,
C,, and total, T,, correlations, which have recently been
introduced [32], and defined a quantity L, analogous to the
REB quantity L. We have given explicit expressions of the
geometric correlation quantifiers for the class of two-qubit
X states py by first finding the relevant closest states linked
to px. We have then analyzed the relationships among the
various correlation quantifiers, and we have shown that there
exists a subclass of X states for which it is not possible to find

a closed additivity relation of the kind 7y = Dg + Cy — L.
The additivity relation holding when relative entropy is used
as distance measure is therefore not preserved when one
quantifies in a unified way the different kinds of correlations
present in a quantum state by using the square norm. Moreover
we have explored numerically the abundance and importance
of the nonadditivity of geometric correlations and found that
there is a nonnegligible amount of X states with a meaningful
deviation from additivity. Therefore, both the analytical proof
given for a subclass of X states and the numerically evaluated
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occurrence among X states show that, for a two-qubit random
state, a closed relation among geometric correlation quantifiers
does not need to be satisfied.

The results of this paper seem to confirm that different
distance measures cannot serve equally well to quantify the
various kinds of correlations present in a quantum state. In
this sense, in Ref. [32] it had been shown that, when one
compares the dynamics of correlation quantifiers based on
relative entropy with that of correlation quantifiers based
on the square-norm distance, different qualitative behaviors
may occur. These findings recall the known result in the
entanglement theory that different entanglement measures may
induce different orderings in the state space [44]. The present
results give a clear indication that different distance measures
(in particular relative entropy and the square norm) may not
share important general qualitative properties, such as the
occurrence of closed additivity relations among the various
correlation quantifiers.

APPENDIX A

In this appendix we show that the function F of Eq. (10),
measuring the distance between a two-qubit state p and the
arbitrary product state ps ® pp of Eq. (9), has an absolute
minimum fora; = a = by = b, = 0andforas = as, b3 = bs
solutions of Egs. (13) when an X state is considered.

Let us consider the function F of Eq. (10) in the case of X
states. It can be divided into two parts. We write F' = F| + F,,
where

Fl = i[a% + b% + a% + b% + (Tu — a1b1)2 + (T12 — a1b2)2

+(Ta1 — asb1)* + (Try — axby)?

+aib3 + a3b; + a3bi + a3b3 (A1)

and

F> = (s —a3)* + (y3 — b3)* + (T3 — asb3)’].  (A2)

We observe that F, only depends on a3 and b3 and also that, if
a; = b; = a; = by = 0 gives a minimum for F, this occurs
irrespective of the values of a; and b3. Therefore, the absolute
minimum of F is obtained for the values of variables giving
the absolute minimum of F| and F, separately. The absolute
minimum of the convex function F; is just obtained in the
values a3 = @z and b3 = b3, which are solutions of Egs. (13).
In order to verify that F actually has a minimumina; = b; =
ar = b, = 0, it is enough to consider the part of function F}
not including a3 and b3 (the remaining part is equal to zero
for a; = by = a, = b, = 0). Thus we focus on the function
f = f(a1,b1,a2,by) given by

f=ai+bi+a+b3+ (T —ab)’ + (Tia — aiby)’
+(Toy — azby)?* + (Taa — azby)*. (A3)
In order to show that f has an absolute minimum in
a; = by =ay = by, =0, we consider the difference Af =
f(ai,by,a2,b2) — £(0,0,0,0) between the value of f at any
possible point and its value at {0,0,0,0}, that is,
Af =ai + bt + a5 + b3 + aibi + a3b; + a3bi + aib;
— (Tnaiby + Tiaa1by + Tr1a01 + Tanazhy).  (A4)
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The last term of Eq. (A4) admits as a minimum
value —(|T11a1b1| + |Ti2a1by| + |Ta1axby| + |Tarazb;)). Fur-
thermore, since |T;;| < 1, the lower bound of this expression
is —(la1b1| + |a1b2| + |azb1| + |aabs]), so that

Af > af + b + a3 + b3 + ajb} + a3b; + a3bt + aib;

—(la1b1| + |a1bz| + |azb1| + lazbs)). (AS)
‘We now observe that
at + b7 + a3 + b3 = (la1| — |b1])* + (laz| — |b2])?
+2|a1b1| + 2|azbs| (A6)
and also
ai + by + a3 + b3 = (lay| — |b2))* + (laz| — |b1])
+2|a1by| + 2|azby|. (A7)

Putting these expressions into Eq. (A5), we obtain

Af = 3ail = b1 + (laa| — 1b2))* + (a1 | — |b2])
+ (laz| — |b1])?] + a2b? 4 a2b2 + a2b? + a*b3. (A8)

Therefore Af is always greater than zero unless a; = by =
ay = b2 =0.

APPENDIX B

In this appendix we want to prove that the quantity 7 =
a3[(Ts3 — azbs)* — (1 + b3)], where as, by are solutions of
Egs. (13), which quantifies the difference T, — D@ — C? =
h/4 given in Eq. (24), satisfies the inequality 2 < 0 with the
equality verified if and only if x3 + y3733 = 0. To this aim,
since 1 + E% > 1, it will be sufficient to prove that |T33 —
asbs| < 1and successively to find the condition for which the
upper bound of 1 is achieved.

Let us start by noticing that @z, bs give the minimum of
the function F, of Eq. (A2). Thus, Fy(as,b3) > F(as,b;) >
(T33 — a3b3)?. Then, if in Eq. (A2) we replace a3, b3 with x3, ys,
the inequality

(Ts3 — x3y3)” > (Ts3 — ashs)’ B1)
holds. Using Eqgs. (8) of an X state, we have
T3 —x3y3 = p1 — 17 — (p2 — 13), (B2)

where p1 = p11 + pa4, p2p=1—p1 = p22+ p33, 1 = p11 —
Pas,and tr = prp — p33. T33 — x3y;3 reaches its maximum value
for t; = 0 and t, = p,, while its minimum value is found for
i = pyand t; = 0. In any case (T33 — X3Y3)max = P1 + P3 —
p2<1—py and (T3 —X3y3)min =p1 —pi —p2 = —1+
p1. Then |T33 — x3y3] < 1 and, according to inequality (B1),
|T53 — a3bs| < 1, as we wanted to prove.

The cases such that h = a3[(Ts3 — asb3)* — (1 +53)] =0
correspond to (i) @3 = 0 or to (ii) b3 = 0 and |T33| = 1. From
Egs. (13), we can notice that case (i) implies b3 = y3 and then
x3 + y3T33 = 0O; case (ii) instead implies that a3 = x3 = %y,
where £y; correspond to 733 = F1, respectively, so that again
x3+ y3733 = 0.

APPENDIX C

In this appendix we discuss the properties of a particular
subclass of X states, namely, the Bell diagonal states, also

032104-7



BRUNO BELLOMO et al.

called states with maximally mixed marginals [24]. Looking
at the matrix form of an X state given in Eq. (7), Bell
diagonal states have diagonal elements p; = pa4, P22 = P33
and nondiagonal density-matrix elements that are real, that is,
V14,Y23 = 0,m. Therefore, the parameters of their Bloch rep-
resentation are x3 = y3 = Tjo = Toy =0, Ti; = 2e'"*[p14 +
ei()’14*)/23)p23]’ T = zei)/14[ei()/14*)/23)p23 — pua), and Ts3 =
2(p11 — p22), giving a Bloch representation [24]:

3
PB=|:11®]1+Z7§1‘01‘®G{| /4. (C1)
i—1

Bell diagonal states have the peculiar property that the quantity
L of Eq. (2) is zero, so that T = D + C for REB correlation
quantifiers [12]. Indeed, these states present the same
closed additivity relation even for the geometric correlation
quantifiers of Eqs. (3) and (4), that is, T, = D, + C, [32],
with L, = 0.

Bell diagonal states p® have x3 = y; = 0, and it is possible
to show that the corresponding solutions of Eqgs. (13) are a3 =
bs = 0 [32], so that the closest product state using the square
norm, in this case, reduces to the product of the marginals
mes = (1/2) ® (1/2).

Regarding the closest classical state and its closest product
state (see Sec. V), for Bell diagonal states, if Y14 = y»3, then
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kii = T3, while if yi4 = 7 — y»3, one has ki = T, kp =
T121 and always k33 = T323. The two cases, k; < k3 and k; >
k3, obtained from Eq. (15) thus involve direct comparisons
among absolute values of the components Ty, 7»,, 733 of the
correlation tensor. Then, if a Bell diagonal state belongs to case
1 (k; < k3), since x3 = y3 = 0 the closest classical state of
Eq. (16) reduces to X;};) = %[]1 ® 1 + Tz303 ® 03], with T323 =
k3. On the other hand, for a Bell diagonal state belonging to
case 2 (k; > ki), where y; = 0 and y4,y23 = 0,7, the closest

classical state of Eq. (17) reduces either to x;ﬁ) = i[ﬂ 1+

T1101 ® o1] if y14 = 23, with Tjj = ki, or to X;i) =1l®
1+ T502 ® 02] if 14 = m — 23, with T3 = k;. Since we
have already seen that the closest product state to p® is given
by the product of its marginals, the same happens for the
product state closest to the closest classical state, X;? or X;)-

For a Bell diagonal state the explicit expression of geo-
metric quantum discord can be written as Dy(o®) = {[T7 +
T} + T} — T?] [28], where T = max{|Ti|,|T»|,| T33]}. The
geometric quantifier of total correlations of Eq. (20) reduces to
Tg(pB) = (T121 + T222 + T323)/4, with the geometric quantifier
of classical correlations given by Cy(p®) = T?/4 [32], so that
it is always Ty = Dy + Cg. In particular, for Bell diagonal
states belonging to case 2, the right hand side of Eq. (24) is
zero because x3 + y3T33 = 0, since x3 = y3 = 0.
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