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The geometric quantum discord of a two-qudit state has been studied in many papers; however, its exact
analytical value in the explicit form is known only for a general two-qubit state, a general qubit-qudit state,
and some special families of two-qudit states. Based on the general Bloch vectors formalism [E. R. Loubenets
et al., J. Phys. A: Math. Theor. 54, 195301 (2021)], we find the explicit exact analytical value of the geometric
quantum discord for an arbitrary two-qudit state of any dimension via the parameters of its correlation matrix
and the Bloch vectors of its reduced states. This general analytical result includes all the known exact results
on the geometric quantum discord only as particular cases and proves rigorously that the lower bound on the
geometric discord presented in [S. Rana er al., Phys. Rev. A 85, 024102 (2012)] constitutes its exact value for
each two-qudit state. Moreover, our general result allows us to find for an arbitrary two-qudit state, pure or mixed,
the upper and lower bounds on its geometric quantum discord, expressed via the Hilbert space characteristics of

this state.
DOI: 10.1103/PhysRevA.110.032410

I. INTRODUCTION

As shown by Bell theoretically [1] and later experimen-
tally by Aspect et al. [2], the probabilistic description of a
quantum correlation scenario does not, in general, agree with
the classical probability model. Nonclassicality of quantum
correlations is one of the main resources for many quantum in-
formation processing tasks. Among these quantum resources,
Bell nonlocality and entanglement are the most studied; see
[3-6] and references therein for the quantitative and qualita-
tive relations between them.

Nevertheless, there are quantum states that exhibit nonclas-
sical correlations even without entanglement and this led to
the notion of the quantum discord [7], which is conceptually
rich; however, it is very hard to calculate it even for a two-
qubit state [8].

Due to the complexity [9] of computation of the quan-
tum discord, there were also introduced related concepts, like
the measurement-induced nonlocality [10] and the geometric
quantum discord [11].

The geometric quantum discord is a geometric measure of
quantum correlations of a bipartite quantum state, which is
defined via the distance from this state to the set 2 of all
states with the vanishing quantum discord [11]. In the present
article, the geometric quantum discord D,(p) of a two-qubit
state p on Hy, ® Hy, is defined via the Hilbert-Schmidt norm
between states:

D := mi — xl?. 1
2(0) I;lelgllp X113 o))

In other definitions [12—14] of the geometric quantum discord,
different than in (1) distances are used.

Though the optimization problem for the computation
of the geometric quantum discord of a bipartite state is
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much simpler than that for the quantum discord, its exact
value has been explicitly computed only in some particular
cases—namely, for a general two-qubit state [11], a general
qubit-qudit state [15], a general pure two-qudit state [16], and
some special families of mixed two-qudit states [15,17].

However, to our knowledge, for a general two-qudit state
of an arbitrary dimension, the explicit exact analytical value
of the geometric quantum discord has not been reported in the
literature—only its lower bounds [15,17-20].

Geometric quantum discord is a useful concept with ap-
plications to quantum state discrimination [21], decoherence
[22-25], quantum phase estimation, quantum teleportation,
and remote state preparation protocols; see [26] and refer-
ences therein. For certain states and certain quantum channels,
geometric quantum discord has been shown [27-29] to be
more resilient than entanglement in dissipative environments,
making it a more robust measure for quantifying quantum
correlations in decoherence scenarios. Recent studies suggest
that geometric quantum discord is also a valuable quantifica-
tion of quantum correlations in high-energy physics [30] and
quantum gravity [31,32] contexts.

In the present paper, for an arbitrary two-qudit state p on
Ha, ® Ha,, pure or mixed, we find in the explicit form the ex-
act analytical value of its geometric quantum discord (1). This
rigorously proved general result indicates that the lower bound
on the geometric quantum discord found in [15] constitutes
its exact value for each two-qudit state and includes only as
particular cases the exact results for (i) general two-qubit [11]
and qubit-qudit states [15], (ii) an arbitrary pure two-qudit
state [16], and (iii) some special families of two-qudit states
[15,17]. It also allows us to find the general upper bounds on
the geometric quantum discord of an arbitrary two-qudit state
in terms of its Hilbert space characteristics.

The paper is organized as follows. In Sec. II, we introduce
the main issues of the general Bloch vectors formalism [33]

©2024 American Physical Society
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for a finite-dimensional quantum system on which we build
up the calculations in this paper. In Sec. III, we find in the
explicit analytical form the exact value of the geometric quan-
tum discord for an arbitrary two-qudit state. In Sec. IV, this
result allows us to find general upper and lower bounds on the
geometric quantum discord in a general two-qudit case. In
Sec. V, we discuss the main results of this paper and their im-
portance for the practical tasks involving two-qudit quantum
systems.

II. PRELIMINARIES: GENERAL BLOCH
VECTORS FORMALISM

In this section, we briefly recall the main issues of the
general Bloch vectors mathematical formalism developed in
[33] for the description of properties and behavior of a finite-
dimensional quantum system.

Consider the vector space £, of all linear operators X
on a complex Hilbert space H, of a finite dimension d > 2.
Equipped with the scalar product (X;, X;) ., 1= tr[Xl.TX i1, Ly
is a Hilbert space of the dimension d?, referred to as Hilbert-
Schmidt. Denote by

By, = (I, Y €Ly, j=1,...,(d* =D},
- N
T[(ij) — (Td(])) 7& O,
u[r?]=0, w[rT"] =28, )
an operator basis in £, consisting of the identity operator
[, on H, and a tuple Y, := (T;l), e T;dz_l)) of traceless
Hermitian operators mutually orthogonal in £,. For d > 3,
some properties of a particular basis of this type, resulting in
the generalized Gell-Mann representation, were considered in
[34—42].
For an arbitrary qudit state p, the decomposition via a basis
(2) constitutes the generalized Bloch representation [33]

I d—1
pa =~ g (- o). 3)
dz_l . .
v Yo=Y Ty, @)
j=1

_ d d*—1
re, =,/ d—D trlpaYal € RT ™, o)

where ry, € R~ is referred to as the Bloch vector of a qudit
state 4. For a state p,, the norm of its Bloch vector satisfies
the relations

d 1
”rTL,”%dz_] = ﬁ<tr[p§] — E) <1 (6)

and is independent of the choice of a tuple Y, in an operator
basis (2). For the maximally mixed state, the Bloch vector is
equal to zero.

If a state p, is pure, then the norm of its Bloch vector ry,
is equal to ||ry,||gs2—r = 1. However, in contrast to a qubit

. . 2_
case, for an arbitrary d > 2, not any unit vector r € R ~!
corresponds via representation

+,/d_l( Y4) 7
Td—d 2d r- Yy (7

to a pure state.

Namely, by Proposition 7 and Theorem 2 in [33] a Hermi-
tian operator (7) with the unit trace constitutes a pure state if
and only if

2

. (G 2T
16Xl = [ 22—

e, = 1, 8)
where notation || - ||, means the operator norm of a linear
operator on H, and notation X~ means the nonnegative
operator in the unique decomposition of a self-adjoint oper-
ator X via X = X — X, where X® >0, XX =
XOIXHE — 0.

Ford =2 and Y, = 0 = (01, 02, 03), where o is the qubit
spin operator on C?2, the first of the relations in (8) implies the
second one.

From (3) and (6) it follows that, for a state p,, the values of
the norms ||ry, |- and [|(ry, - Y¢) |, do not depend on a
choice of a tuple Y,; in decomposition (3).

Note that, by Lemma 1 in [42], the bounds

2 < - Yallo < [2(d —1) ©)
d ”r”Rdz—l d

d*>—1

hold for any vector r € R and any tuple Y, .
By Eqg. (70) in [33], for any two qudit states p4, p}, the
scalar product of their Bloch vectors satisfies the relation
, 1
er . V»rd > —ﬁ, (10)
where equality holds iff tr[ps 0] = 0.

In view of Theorem 2 in [33], relation (10), and iden-
tity > . |k) (k| = I, valid for any orthonormal basis {|k) €
Ha, k=1,...,d}, we have the following statement needed
for our proof of Theorem 1 in Sec. III.

Proposition 1. Representation (7) establishes the one-
to-one correspondence between orthonormal bases {|k) €
Ha, k=1,...,d}in Hy and sets

Qr, = eR" ! k=1,...,d} (11)

of vectors y; in RE1, satisfying the relations

d

1
D=0, lyllges =1 yo -y = —g—7 42
k=1

Vki # ka,
2

O —
1Ok - Ya) o dd-1

Vk=1,...,d. (13)

For a two-qudit state pg, x4, on Ha, @ Ha,, di, dr = 2, the
representation

I ® Iy,

ldy —1 I,
T i}
i + 24, (r - Yg) ® 7
ldy—1 1,
—di T
+ 2 ®(r2 dz)

1 - . .
+ 3 2T, (riey) (14)

Pdy xdy
ij

pdl ><d2 =
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is referred [33] to as the generalized Pauli representation and
constitutes decomposition (3) via the operator basis of type
(2) with the elements having the tensor product form

; Iy, I, ) i) ()
Iy @y, TP®—= —LeY!, TeT,
d; dy d; \/d_2 \/d_l dy d dy
=1, (d=1), j=1,... (@-1),

T = (xi) 20, w[ri] =0,

[ YY) = 280m,. n=1,2. (15)
In representation (14),
L tr[paxa (Y, ® 1) € RE, (16
2(d1 D t[ Payxas (Yo, ® 1) ] (16)
= [———tt[paar (I, ® Y,)] € RE,
2(d2—1) Pdl dz a4 ® d)]
Iy ”Rd? | < ”r2”]R"2 | < (17)

are the Bloch vectors of states p; = try,[04,xq4,] and pp =
tryy, [pa, xa,] o0 Hg, and Hgy,, respectively, reduced from a
two-qudit state p,4, x4, and satisfying the relation

Lydizt o

wlpi] = -+ el o =12, (18)
! dj dj RY™!
while
ij) .= (@) )
TP((/ljx)az = tr[lodlxdz (T ® Td; )]7 (19)

i=1,....di—1, j=1,...,d5—1,

are the elements of the real-valued matrix 7, referred to as

Pdy xdy
the correlation matrix of a two-qudit state pg, x4, -

In case of a pure two-qudit state pg, x4,, d1, d2 = 2, by the

Schmidt theorem tr[,olz] = tr[p%] and, in view of relation (18),
this implies
Lyd e, =2+ 22 20)
— r = — r
dl dl 1 ]Rdz dg dg 2 ]R"z

From the generalized Pauli representation (14) it also follows
that

1 d —
tr[pglxdz] = M + d]d ”rl ”Rdz 1

dy — ; 2
+ dﬂi|Vﬂ%ﬂ + - }: (T3,)° @D

so that expression (21) and relation tr[p? dxds ] S

b, c2oh e
r &
dldz Hipa-1 didy 2 RE-!

2 didy—1
§ : TG0 12
T ( 0uy de) = ddy, (22)

where equality holds iff a state o4, x4, 1S pure.
Since in equality (21) the values of trace tr[,ojl y dz] and the

1 imply

Bloch vectors’ norms |7 ||% and ||r||? 2, do not depend

a?-1
on a choice of tuples Yy, , Ty, in decomposition (14), the same
is true for the sum Zi,,(T(”) Y =t[T! ], which

Pdy xdy Pdy xdy Pdl xdy

constitutes the trace of the positive operator Tp', o Do ar
d ><12
on R%-1,

If dy = d, =: d, then, for every two-qudit state pyxs on
Ha @ Ha, d 22,

2

d
”rl”%ﬂq + ||r2||12R‘1271 + VN [T Tpdxd]

4(d _ ) Pdxd d + 1’

(23)
and the bound (48) in [42] and the above upper bound in (9)

imply
2 2(d
”Tpdxdn”Rd’ 1 \ ”Tﬂdxdn”]Rdz

= ”Tpdxdn”Rdz S 2

, 24
7 (24)
for all n € ]Rdz’l, In]| < ﬁ. This implies that, for every
two-qudit state and any tuples Y4,, Yg,, the spectral (operator)
norm ||T ||, of the correlation matrix 7 is upper bounded by

”Tpdxd”O ‘= Sup ||Tpdxdn||Rd2—]
Inll=1
d—1 ( " )
= sup || Tpyu| —=—
Inli=1 T\ Ja=1 R
2d —1
S 25)

Recall that ||7,,,, 12 o 1s the maximal eigenvalue of the positive
self-adjoint operator T T,

Pdxd” Pdxd*
Furthermore, for every separable two-qudit state

Pid = }:ﬂp“®p® B>0. > p=1. (26)
k

on Hy ® Hy, d
Bloch vectors (16), (17) have the form

Ty = 2(d 1) Zﬂ |rY )],

zl><d
Zmr,m=ZmW, @7)
k

where * are the Bloch vectors of states ,oj(.k), j=1,2, given
by (5), and the operator norm of the correlation matrix is upper
bounded by

> 2, the correlation matrix Tpmm and the

dxd

2(d —1)
e WA

Zd 1
( )Zﬂ [®]

2(d —1)

<=

The concurrence Cjy)(y| of a pure two-qudit state o4 x4, =
W) (Y| on Hy ® Hy,, di, dr > 2, is defined by the relation

T

Rd%-1 Rd%-1

(28)

Cyypi = /2(1 = te[p7]) (29)
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and, in view of Egs. (18) and (20), takes the form

P —

d
Clyyw = \/2

If we introduce the concurrence GWW normalized to unity in
the case of a maximally entangled quantum state, as it is done
in [33], then

1,2. (30)

—(1=1l2s ).

di —1~ .

Crywl = |2=—Clyyps  de =min{di, da}, (1)
and

Ciopwt = /1= Irell2 .- (32)

Ina tWO-ql]bit case, 6|‘/f)(‘/f| = Cw,)(,m.
For a general state pg4, x4,, pure or mixed, concurrence C,
is defined via the relation

Coiuay = Inf > aiCiyil (33)

J

where pg,xa, = D _; il ¥i)(¥il, ;0 =1, a; > 0is a possi-
ble convex decomposition of the state pg4 x4, Via pure states;

see [5,43] and references therein.

III. GEOMETRIC QUANTUM DISCORD

A general quantum-classical'. state on Hy, ® Hg, has the
form

dy
Xaixar = Y o0k @ [K)(K|, x>0, Y =1,
k=1 k

k) € Hay, k=1,....d0, [(k;|k;)=

Sjljz ’
dy

> k(K| = L.

k=1

(34)

For short, we further omit the below indices at states indi-
cating its dimensions at two sites.

In order to find the geometric quantum discord Dg(p) :=
min, tr[(p — x)?] of a state p, let us consider the decom-
position of the difference between states p and x via their
generalized Pauli representations (14). We have

'In this paper, we refer to the right geometric discord instead of the
left discord as in [11]

ldy —1 & I, [d—1 14 2
1 — , h — !
oy = _ § T - Z_ T4 - 2 T
p—X 2d, i 2 Ol Xy a4 | ® & + 4 @ Q| |nr 2 T b
dy
1 ’ (di —1)(dr — 1) NG ; ;
— @ij) _ (GO)) (@) )
+7 i:lX:d T —2 i kX_I:o{kxk wWrd ey, (35)
=l -

where the Bloch vectors r; € Rdlz’l, r € R4 -1 and Tp('j ) are
defined in (16), (17), and (19), respectively, and have norms
Irillge-r < L lIm2llga-r < 1, whereas fork =1, ..., d,

By Proposition 1, representation (7) establishes the one-to-
one correspondence between orthonormal bases in H4, and
sets Qr, = {yx € ReL k=1,...,dy) of vectors in R4 1,
satisfying the relations

di di—1 d
= |———trlox Y4 | € R, gl oo <1, 2
V2 -1 Lo RS 23 =0 Ikl pa =1 Y Yo ==, BD)
k=1
d2 2
= [ =————(k|T4lk) € RE71, ., =1 (36 ki # ka.,
Vi 2y = 1)( REALY [yl gz (36) -
=)
are, respectively, the Bloch vectors of states o on H,4 and ” (yk ’ sz) ”0 = \/ dy(dy — 1)’ Vk=1,....d. (38)
mutually orthogonal pure states |k)(k|, 222:1 |k) (k| = 14,
on Hgy,. Equation (35) implies
|
d 2 d 2
d 2 d, — 1 2
twl(p — x)* = — r = Zakxk + =2 r— ZakYk
did — . didy P ,
= Rdlfl = Rd27]
J 2
1 b =D =D&
_ ij) _ A e @)
+ 42 T -2 i > ey (39)

ij

k=1
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and, under conditions (37), relation (39) reduces to

2
dy
d — 2 ri 1 Jdi(dy—1)
wl(p — x)’1 = Irallz e, + wxg — = — =~ [E2T Uy

d1d2 ’ ]Rdz ] k=1 o dz 2 dZ(dl B 1) - ]Rzzl,l

1 & 1 d 2 P&

— — — — . 2
+ ” kX:; [“k & (r2 )’k)] d2d Z(V V)T — 4d pykIIRdz - (40)

From relation (40) it follows that, for a fixed set {y;}, the
minimum of tr[(p — x )2] over x; and oy is attained at

rt 1 d](dz—l)T
oGyXg = — — = [ —— ,
TG T 2 dad — 1)
1 d— &
W=+ L Y=Y a=1, (@)
2 k=1
such that
ry 1 dl(dz—l)
A i <. (42)
& 2\ dd—1) " . S

Taking this into account in relation (40), we come to the
following statement.

Proposition 2. For every two-qudit state p on Hy, ® Ha,,
the geometric quantum discord Dy(p) = min,, tr[(p — x)*is

given by
dy — 1 .
Dy(p) = || Rl + JulT)T,)
max tr 2~ | Wl + T T, |
— max ra){r
v, did, VT 4t i,

(43)

where (i) 7, is the correlation matrix (19) of a state p and r,
is the Bloch vector (17) of the reduced state p, = tryy,[p] on
‘H4, within decomposition (14) specified with arbitrary tuples
Y4, and Y4, and (ii) the positive Hermitian operator I'IQde on

R%~! is defined by the relation

-1 &

> v (el
k=1

(44)

where

Qr,

= eRE k=1, d} cRE @45
is a set of linear dependent vectors in R4 satisfying re-
lations (37) and (38). In (43), notations |r;) and (r;| mean
the column Vector and the line vector, corresponding to tuple

=V, Ay e R

The following statement is proved in the Appendix.

Lemma 1. For any tuple Y,,, a positive operator (44) on
R%~! is an orthogonal projection of rank (d, — 1).

Taking into account Proposition 2 and Lemma 1, we pro-
ceed to introduce for a two-qudit state p, pure or mixed and

of any dimension, the explicit exact analytical value of its

geometric quantum discord D,(p) in terms of characteristics

of this state within the generalized Pauli representation (14).
Theorem 1. For an arbitrary two-qudit state p on Hs ®

Ha,, di, d» > 2, the geometric quantum discord is equal to

dy — dr—1 d3—1
Dy(p) = || ral? e, + tr[T*T 1- Z M=
=1 n=dz
(46)
where ny =2 mnp =2 -+ 2> MNa2—1 > 0 are the eigenvalues of the

positive Hermitian operator

o) = iyl + 1T 47)
= )\r -

PI= g, T g

on R%~! listed in decreasing order with the corresponding

algebraic multiplicities. The eigenvalues of the positive oper-

ator G(p) and the values of the norm ||r2||§g 2., and the trace

tr[TpTTp] are independent on a choice of tuples Y, and Yy,
within representation (14).

Proof. Let the Bloch vector r, € R%-1 and the correlation
matrix 7, in (43) be defined within decomposition (14) for
some arbitrary tuples Y, and Yy,. As indicated in Sec. II, the
values of the norm ||, ”iedzz*' < 1 and the trace tr[TpT T,] do not

depend on a choice of tuples Y, and Y, and are determined
only by a state p . By Lemma 1 every positive operator I'IQsz ,
given by (44), is an orthogonal projection of rank (d, — 1),
so that it has eigenvalue 1 of multiplicity (d, — 1) and the
eigenvalue 0 with multiplicity d»(d, — 1). This and the von
Neumann inequality [44] tr[AB] < )_ a;b;, which is valid for
any two positive operators A and B, with eigenvalues a; > 0
and b; > 0, listed in decreasing order, imply that, for each
I"IQsz , the trace tr[G(,o)l'IQsz ], standing under the maximum

in (43), is upper bounded by

dr—1

Z Nk
k=1

Therefore, in order to prove the exact analytical expression
(46), we have to present some projection Il on which the
d

w[G(p)g,, | < (48)

upper bound (48) is attained.

Let us introduce projections l'IQq~r = dz !

Z 1 i) el

which are defined via vectors y; € Qi, satlsfymg relations

(37) and the condition (38), specified for some tuple sz #*
Y4,, which we choose below. Let

Y =v; g j=1,....(d3—1), (49)

032410-5
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be the decomposition of traceless Hermitian operators %;2’ —
elements of a tuple '?dz—in the basis (2) specified with tuple
Y4, The set of vectors {v; € RE-L j=1,..., d? -1y
constitutes an orthonormal basis; see Eq. 18 in [33].

For a given projection

~ db—1&
Mg, === 2 B0k k=L...d (0
k=1

denote by g,, m=1,..., c122 — 1, its mutually orthogonal
eigenvectors, where the first (d, — 1) eigenvectors correspond
to eigenvalue 1 and others to the eigenvalue 0. By the spectral
theorem, we have

d3—1

Glo) =D _ mlen) (el Mg

n=1

-1
Zhga<m

To projection (50) define via the unitary operator U =
>, len) (g, the projection

dy
dzz

= Uy, € R%-!

dr—1

UHQde uf = Y, = Z lea)(enl,  (52)

where vectors y,
also relation (38)

satisfy relations (37) and

2 - ()
\/% [Gic- Xa) g = 104 T) e 53)
but with respect to tuple 'Y“(:,z with elements
sz (m) ZUT T(l) (54)

Substituting (49) into (54), we derive
(sz (m) _ Z <ZU (j)) T;? (55)

Choosing in (49) the orthonormal .basis {vi € ]Rdzz‘l, =
1,..., (d22 — 1)} with components V;J) = Uj;, we have

YUY =Y UYL, =8 = Ty =Te.  (56)
!

Therefore, under the above unitary transform of projection
(50) and the specific choice via (49) of a tuple Y, in (50),
we come to the projection

U HQT U =

=T, . (57)

which is included into the set of projections over which the
maximum in (43) is considered. Taking into account that, by

relation (52), I"I’QY = Zdz ! lea) (e,] we have?

d2—1 dr—1

=tr| Y mulea)leal Y lew){en
n=1 m=1

dr—1

=Y (58)
n=1

Equations (48) and (58) prove the statement. |

The general exact result (46) proved by Theorem 1 indi-
cates that the lower bound on the geometric quantum discord
presented in [15] is attained on every two-qudit state. More-
over, this exact result on the geometric quantum discord
includes only as particular cases all the exact expressions
known [11,15] for some particular mixed states.

We note that, in contrast to the derivation of the lower
bound in [15] via the Pauli decomposition with the general-
ized Gell-Mann operators, our derivation of the exact value
(46) is based on the Pauli decomposition with respect to
any operator basis of the form (15). Also, the normalization
coefficients in (46) are different from those in [15] and satisfy
the general relations derived in [33] and presented briefly in
Sec. II.

The following statement shows that, in the case of a pure
two-qudit state, the exact general result (46) in Theorem 1
includes as a particular case the expression [16] for the ge-
ometric quantum discord of a pure two-qudit state, which was
derived in [16] directly from the definition (1).

Corollary 1. For every pure two-qudit state py, = [¥) (Y]
on Hys® Hg, d =2, the geometric quantum discord is
given by

tr[G(p)n/% ]

Dy(py) = 1C>

2" py

<207, (59)

where the equality in the right-hand side holds for a pure
two-qubit state. Here, C,, is the concurrence (29) of a pure
two-qudit state py and N, is its negativity.® For a maximally
entangled pure two-qudit state py, .,

d—1
Dy(yn) = —— (60)

Proof. Consider first the geometric quantum discord for a
pure two-qubit state. As it is found in Theorem 2 of [6], for a
pure two-qubit state, the eigenvalues of the positive operator
T pr are equal to 1, C%w, CIZOW and if ||r2||ﬂ2@ =1- C,zov, #0
(that is, a pure state |ir) is not maximally entangled), then
the Bloch vector r, € R? constitutes [6] the eigenvector of
matrix T/jw T,, - Therefore, if a pure two-qubit state [v/) is not
maximally entangled, then, in view of the spectral theorem,

2For our further consideration in Sec. IV, based on the proof of
Theorem 1, we also formulate in Proposition 4 of the Appendix the
general statement on maxg, tr[Allg ] for any positive Hermitian
operator A on R%*~!

SFor a pure two-qudit state, the negativity takes the form
> <kems<d v/ Witms see, for example, Sec. 4 of [45].
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the positive operator G(py, ) in (47) takes the form

L) (r|
sl 4+ 2led
4 ||r2||]R3 4 pw

[r2){ral

I72]1Rs

1
G(py) = —| 2 VD Vil + [v2) (val)

+4Cf,w(|V1)<V1|+IVz)(Vz|)

1
= Z(”"Z”ﬁgz‘i‘l)
(61)

where |vy), |v2) are two mutually orthogonal eigenvectors of
T T , corresponding to the eigenvalue C%w with multiplicity
2 Representation (61) implies that the eigenvalues of G(py,)
are equal to

1+ Im2lgs c,
= — = —, 62
N 1 n2,3 1 (62)

For a maximally entangled two-qubit state |Yyax), the

Bloch vector r, =0, T o Toume = I3, and G(py,,,) =

ZHR3' Thus, for any pure two-qubit state |1), by (46) we have

g(pd/) = Znn =

The value of the geometric quantum discord of a two-qubit
state via its negativity N, , follows from (63) and relation
Cp, = N, p, valid for every pure two-qubit state.

Letd > 2. Recall that, for any pure two-qudit state |y ) (/|
on H,; ® Hy, the nonzero eigenvalues 0 < g (¢¥) < 1 of its
reduced states coincide and have the same multiplicity and
vector |¢) € Hy ® Hy admits the Schmidt decomposition

D0 V@) lel) @ e?), > =1,

1<n <) I<n<rggy

3 . (63)

(64)

where wy > u, > Z WU, w > 0 are nonzero eigenvalues of
the reduced states of oy, hsted in the decreasing order and
according to their multiplicity, and {|e,((/ )) eH},j=1,2, are
sets of the corresponding mutually orthogonal unit eigen-
vectors of the reduced states. Parameters /it,(¥) and 1 <
réfh) < d are called the Schmidt coefficients and the Schmidt
rank of |i), respectively. For simplicity of further calcula-
tions, we present the decomposition (65) in the form

Y V@) ]e) ® e?) (65)

1<n<d

by adding into the sum the zero eigenvalues u, of the reduced
states if n > ré‘fh)

As it is underlined in Theorem 1, the eigenvalues 1, of
the positive operator G(p), given by (47), are independent
on a choice of tuples Y, and Y, in representation (14).

Therefore, in the case of a pure two -qudit state py,, for finding

in expression (46) the sum Z > nn of the eigenvalues of
G(py ), we take on each of the Hllbert spaces in Hy ® Hy
the tuple Y, of operators, which are similar by their structure
to the generalized Gell-Mann operators presented by relations
(4)—(6) in [42] but expressed not via the elements of the
standard basis in C¢ but via the elements of the corresponding
orthonormal basis {|e,((j)) € Hyl, j = 1,2,in (65).

Under this choice, by relations (16), (17), (19), and (65)
we find (quite similarly as it is done in Sec. 4 of [42]) that the
matrix representation of the operator G(py, ) is block-diagonal
with the eigenvalues 1, for n > d equal to gy, 1 <k <
m < d, each with multiplicity 2. Therefore, in (46)

d3—1
Z =2 Z Mk Lm - (66)
n=d, 1<k<m<d

This and the relation

C, =20-ulpi])=4 > wpsm (67

1<k<m<d

following from (29) and (65), prove the equality in (59).
The upper bound in (59) follows* from the relation ng <
4(Zl<k<m<d N Mkllvm)z = 4'/\/3«/’
state.

For a maximally entangled pure two-qudit state py,_, the
concurrence is equal to @ and by (59) this implies (60).
The latter relation follows also directly from (46), since, for
a maximally entangled two-qudit state py, , the Bloch vector
rp = 0, and the correlation matrix is diagonal [42] with all its
singular values equal to %. Therefore,

valid for any two-qudit

1
= — (68)

G(pyn) = =

and, in view of (46), this implies

—7t
4 Tplﬁmax Pvmax ?

d*—1

dd—1) _d—1
dom=——0p —. (69
n=d

,Dg(meax
i.e., expression (60). |

IV. UPPER AND LOWER BOUNDS

In this section, based on the result of Theorem 1, we intro-
duce the general upper and lower bounds valid for an arbitrary
two-qudit state and also specify the upper bound in the case
of a separable two-qudit state.

Theorem 2. For an arbitrary two-qudit state p, pure or
mixed, on Hy, ® Hy,, di, dr > 2, its geometric quantum dis-
cord admits the following upper bounds:

Doy < 2L dnal a0
$P) S d> dr) +1
<d2—1

dy ’
where the upper bound (71) constitutes the geomet-
ric discord of the maximally entangled two-qudit state
if min{dl, dz} = dz.
Proof. Taking into account that

an’l_

(71)

1
u[G(p)] = || Pl + 0 T1 (72)

Rdz 1

“For the expression of the negativity of a pure state via its Schmidt
coefficients, see footnote 3.
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and relation (22), we have

d2-1

dd. dy —
Znn\ 1122 - ;lld Inie.. (73

We further note that since Zn | L = St Ziz dzl Mn

and Zn dz e < ZZZ | N relation (73) implies

"221 L [dd) Aol
n\ - r
P TS F 4 4, HIRa-
didy — 1 1 d—1
=2 _ ik (4
di(d, + 1) dy+1 d,

By using in (74) equality (20), we derive

Z dyds — 1 1 (1 L ol ”2>
n - - T 5 r
MS L hr D) hri\a a4 I

n=d
d, — 1 :
_d—1f, _dni | 75
d dr +1
The latter also implies the upper bound (71) and proves the
statement. ]

Furthermore, based on the exact relation (46) we find the
following general upper and lower bounds on the geometric
quantum discord of a two-qudit state.

Theorem 3. For a two-qudit state p on Hg ® Ha,,
di, dy > 2, the geometric quantum discord admits the follow-
ing bounds:

dzl

—tr[T T]——Zk

< Dy(p)

<min{ tr[T T,1; tr[T 1,]

d d’) 1

2

+ r - An (>
b | zIIRdz E

(76)

where Ay > Ap > --- A, = 0 are eigenvalues of the posi-
tive Hermitian operator 7,17, on R%:~".

Proof. For the evaluation of the last term in (43), we note
that max,{f1(x) + fo(x)} < max, fi(x) + max, f>(x) and, if
fix) 20, j = 1,2, then max,{fi(x) + f2(x)} = max, f;(x),

j =1, 2. These relations and Propositions 2 and 4 imply

dr — 1
t T 'T, |T1
] (g 1+ 47 )

d) —
< max tr

I |
|Vz)(r2|1_[9%:| + max tr[ZT;T,,n%]

Ya, 142 Y,
d2 dg]
= ||r2||Rdz +- an, (77)

as well as
af (2Ll + 2107, )T
max tr ) {r -
By L\ didy T A ),
S d, — 1
> maxtr| (o=l e, | = || il
(78)
and
a (2= L1yl + 2177, )T
max tr ra)(r -
Qsz did 2172 4 ° P QT"Z
1 d2 1
> rslz]g? tr|:ZTp' TpHQszi| 2]: An. 79)
Relations (77), (78), and (79) prove the statement. |

From relation (22) and the upper bound in (76) it follows
that, for a two qudit state p on Hy, ® Ha,, di, d2 = 2,

Dy(p) < min{Jy, o}, (30)

where

d1d2—1 dl— d2
Ji = — — 81
V= N — Uil @)
and
K=
didy—1 dy—

J = — — An. 82
R Y v ||r1||R(,21 Z (82)

Theupper bounds (70) and (71) in Theorem 2 and the upper
bounds (76) and (80)—(82) considerably improve the upper
bound in Proposition 3.1 of [19] having in our notations the
form d‘jfl

Cons1der also the upper bound on the geometric quantum
discord in a general separable case.

Proposition 3. For every separable two-qudit state

Psep = Zﬁkp(“ ®0y, B20, Y B=1, (83)
k
onHy QHy, d =2,
d—1\*
Dg(psep) < T . (84)

Proof. In view of expression (27) for the correlation matrix
T, of separable state p,, we have in case d| = d

L d—1\
&y (k)Y (k) (k)
Py [Tp-:eprsep] = <T) Zﬁkﬂkl (r1 RS )(r2 b )
Kk
d—1\?
<\l—— 85
(“) (55)
where rﬁk) are the Bloch vectors of states p}k), j=1,2, given
by (5) with norms |||, [|-P]] < 1. [}

From the upper bound (84) it follows that, for any sepa-
rable two-qubit state, the geometric quantum discord cannot
exceed 1/4.
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If a separable state is pure, then ||7(|| = ||r2|] = | and by
(27) the positive Hermitian operator (47) takes the form

d—1)\°
G(p&G™) = == Ir)nl + (T) 121 ¢ra]
d—1 (d—1Y d—1
=~z T\ lr2)(r2| = 7 r2)(r2|
(86)
and has only one nonzero eigenvalue
d—1

n = T = tr[G(p;g;re))] 87)

with multiplicity one. Therefore, for a pure separable state, re-
lation (46) gives Dg(pggg“‘") = 0—as it should be since a pure
separable state is quantum classical. This is also consistent
with (59) since for a pure separable state the concurrence is

equal to zero.

V. CONCLUSION

In the present article, for an arbitrary two-qudit state with
any dimensions at two sites, we find (Theorem 1) in the ex-
plicit analytical form the exact value of its geometric quantum
discord. This rigorously proved general result indicates that
the lower bound on the geometric quantum discord found in
[15] constitutes its exact value for each two-qudit state and
includes only as particular cases the exact results for a general
two-qubit state [11], a general qubit-qudit state [15], and some
special families of two-qudit states [15,17].

Based on this general result (46) of Theorem 1, we (a)
show (Corollary 1) that, for every pure two-qudit state, the
exact value of the geometric quantum discord is equal to one-
half of its squared concurrence, (b) find (Theorem 2) general
upper bounds (70) and (71) on the geometric quantum discord
of an arbitrary two-qudit quantum state of any dimensions
which are consistent with the exact value in Corollary 1 for
the geometric quantum discord of a maximally entangled
pure two-qudit state, (c) derive (Theorem 3) for an arbitrary
two-qudit state the general upper and lower bounds on the
geometric quantum discord expressed via the eigenvalues of
its correlation matrix (these upper bounds are tighter than the
ones in [19]), and (d) specify (Proposition 3) the upper bound
on the geometric quantum discord of an arbitrary separable
two-qudit state of any dimension.

The general results derived in the present article consid-
erably extend the range of known results on properties of
the geometric quantum discord of a two-qudit state, pure or
mixed, of an arbitrary dimension.

As shown in [46,47], there exist bipartite quantum states
which, under evolution via some quantum channels, exhibit a
particular type of decoherence with the following dynamics
of correlations: until some critical value of time only classical
correlations are being destroyed while a decrease of quantum
correlations starts only after this critical time and this decrease
is quantified via the quantum discord. This phenomenon, re-
ferred to as the sudden transition of quantum correlations,
occurs even in situations where entanglement is monotoni-
cally decreasing since the initial time.

Even if under decoherence scenarios the geometric quan-
tum discord could be more fragile than the quantum discord,
as it is exemplified for diverse channels in [48], this mea-
sure of quantum correlations is a useful concept to analyze
quantum correlations dynamics and by using this measure
phenomena like the sudden transition have been observed for
some three- and six-qubit GHZ states [48]. Similar studies for
other N-qubit states were explored recently in [24] and also
in [23].

The latter investigations [23,24,48] indicate that our ex-
plicit exact analytical expression (46) for the geometric
quantum discord could be a fundamental tool to study under
diverse decoherence the time evolution of quantum correla-
tions in a general two-qudit system, where, to our knowledge,
this measure has not been explored. A possible other ap-
plication of the geometric quantum discord is to quantify
usefulness of a given state for teleportation tasks as long as
it interacts with the environment [49].

We also expect that our results will be of relevance in the
growing field of relativistic quantum information. We can see
the first steps on this direction by recent applications [31,32]
of geometric quantum discord for quantifying quantum corre-
lations in quantum gravity contexts.

With these investigations [23,24,48,49] in mind, we believe
that our results on the geometric quantum discord for an arbi-
trary two-qudit state are important not only from the general
theoretical point of view but also for the use of this measure
of quantum correlations in many practical tasks involving
two-qudit systems.
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APPENDIX

The proof of Lemma 1. In view of relations (37), we have

d—1)\*
Hém=(7) Y eyl
k,le

{1,....d}
d—1\? d—1
=(7) D b= 3 bl
k=1,...d k£lefl,....d)
d—1)\*
=(7) > Ol
k=1,....d
d—1 d-—1
- 2 bl X o
kle(l,....d} k=1,....d
d—1
=—— 2 bl =M, (A1)
k=1,....d
Since
(Mg, ] =d—1, (A2)

the rank of every projection Ig, is equal to (d — 1).
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Note that an orthogonal projection Ilg, has eigenvalue
1 of multiplicity (d — 1) and eigenvalue 0 of multiplicity
d(d — 1). Relations (A1) and (A2) prove Lemma 1. |

The proof of Theorem 1 implies the following gen-
eral statement, which we use for finding the bounds in
Theorem 3.

Proposition 4. For an arbitrary positive Hermitian operator
A on R~ and the orthogonal projections

d—1¢
Mg = —— § A
Q, s i) Vel (A3)

on RY~! of rank d — 1, which are specified in Lemma 1, the
maximum

n}zax wr[Allg 1 = &1+ + Ca-1s (A4)
X

where § > & 2 -+ 2 ;21 2 0 are the eigenvalues of A
listed in decreasing order with the corresponding algebraic
multiplicities.
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