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Abstract: Quantum and classical correlations are studied for WeriterStates of two-qubit cavity system interacting with artinal
reservoir. Starting from Werner-like states, we have shihvahentanglement sudden death and decay of both the qualitoord and
classical correlation are accelerated by the differertofacthermal photons, cavity decay and the purity of thiéahstate. By these
factors, the death-start points of the correlations carobéralled and the two-qubit states have no correlationisdia be determined.
There is no sudden death for quantum discord and classioalaton.
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1 Introduction such states provide computational speedup compared to
classical states in some quantum computation modd]s [
The development of the quantum information technology15]. In these contexts, quantum discord could be a new
stimulates a deep study of the properties of quantunresource for quantum computation.
correlations inherent in a quantum system. Therefore, a The calculation of quantum discord is based on a
noted interest has been devoted to the definitions aneéumerical maximization procedure. Such a procedure
understanding of quantum and classical correlations irdoes not guarantee exact results and there are few
guantum systems in the last two decades. It is well knowranalytical expressions for some special cadésl[7]. To
that the total correlation in a bipartite quantum system caravoid this difficulty, Ref.1§] introduced the geometric
be measured by quantum mutual informatidiy which measure of quantum discord (GMQD), which measures
may be divided into classical and quantum pa#is| p]. the quantum correlations through the minimum
The quantum part is called quantum discord (QD) whichHilbert-Schmidt distance between the given state and zero
was originally introduced in4]. Recently, it has become discord state.
apparent that quantum discord is a more general concept On the other hand, realistic quantum systems will
to measure quantum correlation than quantuminevitably interact with the environments. The interaatio
entanglement(QE) since there is a nonzero guantunbetween the system and the environment usually leads to
discord in some separable mixed statdp Recently, a a decoherence proceskd[20]. This is one fundamental
comparison between the dynamics of quantum discordbbstacle to reliable quantum computation. Therefore,
and entanglement has been made under the samenderstanding the dynamics of quantum and classical
conditions, when entanglement dynamic undergoes &orrelations (CC) is an interesting line of research
sudden death6]7,8]. The dynamics of quantum discord [21]-[24]. In these references, It is showed that both
and entanglement has been recently compared also und&MQD and QD die asymptotically with entanglement
the same conditions when entanglement dynamicsudden death, and the discontinuity in the decay rate of
undergoes a sudden dea®i-[13]. Interestingly, it has GMQD does not always imply the discontinuity in the
been proven both theoretically and experimentally that
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decay rate of QD. The entanglement sudden de2filef] 2.2 Geometric measure of quantum discord

has been experimentally observed in an implementation

using twin photons7], and atomic ensembleg§]. The geometric measure of quantum discord quantifies the
In this paper the dynamics of quantum and classicalquantum correlation through the nearest Hilbert-Schmidt

correlations of two-qubit cavity system, interacted with a distance between the given state and the zero discord state

thermal reservoir, are study. Therefore, the quantuni18,21], which is given by

correlation via quantum discord and its geometric L AB 2

measure is compared with both quantum entanglemenfa = r;‘E'QHP = xII% (4)

and classical correlation. )
where S denotes the set of zero discord states and

| Al|?> = Tr(ATA) is the square of Hilbert-Schmidt norm of
. Hermitian operators. The subscrifaitof D% implies that
2 Measures of quantum and classical the measurement is taken on the syst#&nA statex on
correlations HA ® HB is of zero discord if and only if it is a
classical-quantum stat8(]. An easily computable exact
expression for the geometric measure of quantum discord

2.1 Quantum discord is obtained in Ref18] for a two qubit system.

To quantify the quantum correlations of a bipartite system,
no matter whether it is separable or entangled, one can use 3 £ : o

- . ’ . ntanglement via negativit
the quantum discord[4]. Quantum discord measures all 9 & y
nonclassical correlations and is defined as the differenc
between total correlation and the classical correlatidh wi
the following expression

?—iere, one uses the negativigy] to measure the
entanglement, i.e., the negative eigenvalues of the partia
transposition of p"® are used to measure the

D(0"B) — .7 (pPB) _ ABY 1 entanglement of the qubits system. Therefore, the
Ch (P™) =70 @) negativity of a stat@”® is defined as

which quantifies the quantum correlationsaf and can _ B _

be further distributed between entanglement and quantun’%l(p) = max(0, 2; Hi), ®)

dissonance (quantum correlations excluding

entanglement}]9. Here the total correlation between two wherey; are the negative eigenvalues (@"&(t))™, and
subsystem# andB of a bipartite quantum systepf*® is Tg denotes the partial transpose with respect to the second
measured by quantum mutual information, system.

I(p"®) = 7 (P + 7 (p%) — 7 (™), )

where .7 (p"8) = Tr(p*Blogp”®) is the von Neumann 3 Themodel and quantum and classical

entropy, p* = Trg(p”B) and p® = Tra(p”®) are the correlations

reduced density operators of the subsysteéfnand B,

respectively. The measure of classical correlation isHere, one considers a qubit passes consecutively through

introduced implicitly in Ref4l] and interpreted explicitly  cavity A, a field damping region and caviB. One of the
in the Ref.p]. The classical correlation between the two pioneering potential applications of this qubit in the

subsystems# andB is given by context of quantum information is artificial
AB A atoms”(qubits),e.g., the system of the Cooper pair box
PACAIES '{”fl‘%{y(P )— Z Pk ()] (3)  [32. The qubitis initially prepared ifl) and the decay of

the radiation field inside a cavity may be described by a
where{ T} is a complete set of projectors to measure themodel in which the field is coupled to a whole set of
subsystenB, andpy = Tra[(12® M)pas(1A @ M)]/peis ~ €Servoir modes. If the two cavities are initially in vacuum
the state of the subsystewh after the measurement State and the qubit always leaves the setupOp the
resulting in outcome k with the probability interaction — Hamiltonian in  the  rotating-wave
e = Trag[(I* ® M)p*B(1A @ )], and IA denotes the ~approximationis given by33]
identity operator for the subsystef Here, maximizing ,, _ ARt A Bal 5o i(w—Vj)t
the quantity represents the most gained information abol_tijt_ Z(gj bjda+0jC;ds)e
the systenmA as a result of the perfect measuremgff}. AR AL Ba At (@ vt
It can be shown that quantum discord is zero for states +(9j"bjas+9; €jdg)e L (6)
with only classical correlations and nonzero for states h R q 4 inilat d .
with quantum correlations. Note that discord is not aWNere de) and &g are annihilation and creation
symmetric quantity, i.e., its amount depends on theoperators of the mode of the electromagnetic fi&(B) of
measurement performed on the subsyfeor B [18]. frequencyw. b(€); andb'(€"); are the modes of cavity
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A(B). These modes have frequencigsand damp the with the abbreviation

field. g?(B) are the coupling constants between the field 24 2n— e V(@n+1)t
and the cavity. According to the general quantum = [ AN+ 2
reservoir theory, with the Hamiltonian (Eg), the master

2
] _ }pefzy(anrl)t
2

equation for the reduced density matrix for the filed in they+ 7—_2 {1 — e_y(zwl)t} 4 }pefzy(Znirl)t
cavities is given by34] 4n+-2 2
2n+1)t 2 F 1)t

z—y = pcosPe ,d = pcos@singe

P _ Y5 @+ vapd - alapt) pwaal Y
o 2 z J A The dynamics of GMQD of the density matri8)(is given

by [18]

1
D} = > [4|d|2+ (X—2)%+ (y—w)?

where the cavities are assumed to be identical, i.e., the —max{2|d|%, (x— 22+ (y—w)?}| (10)

cavities have the same decay ratgs= ya = V¥, and also

the cavitiesA andB have the same thermal reservoir, i.e, But QD for the density matrix9) is calculated by the

fia = fia = A. If the reservoir is at zero temperature method in Refs17,39]. To calculate the negativity, one

("= 0) and the remaining terms are due to vacuumfinds the partial transposition @*8, with respect to the

fluctuations, the solutions of Egdepend on the initial second systerB, is given by

state of the cavities. In the following, one will focus on o T

the dynamics of entanglement, quantum discord andP ) ® = X|00)(00+y|01)(01| +Z10)(10] +w|11)(11|

classical correlations for different initial cavity state +d(]00)(11] + |11)(00Q|). (11)

including pure and mixed states. : : Ts
There are some interesting initial entangled states foé)sr?e can ge/\tlthe egenval;iz of thidenSIZty m&pﬁi)md

the two-bipartite which can be prepared and have,™ > > .
potential applications in the quantum information Azq = 3[(x+ W)+ /(x—w)?—4d’]. These eigenvalues

processing tasks. One of them the extended Werner-lik&'€ numerically used to calculate the negativity. Aftgr
state B5], which is defined by Simple calculations, one can get the reduced density

matrices associated with the above states as
1 ) PA(t) = (x+Y)|00)(00] + (z+w)|11)(11], (12)
p*%(0) = plg)(¢|+ 71— P, ) pB(t) = (x+2)|00)(00|+ (y+w)[11)(11]. (13)

These reduced density matrices of the qubits are
o _ o . represented in diagonal matrices, i.e., the statgs"df)

W|th p IS the purlty Of the |n|t|a| state of the CaVIII@B, | ande(t) are C|assica| states.
is a 4x 4 identity matrix and¢) = sin6|01) + cos8[10) In Fig.1, the dynamics of GMQD, QD, QE and CC
is the NOON state, which can be generated by passing gre ploted as functions of the timdor different values of
qubit is initially in the upper state through the two empty y andriwhen8 = T and p = 1. From Figla, one can
high-Q cavities. In this case, the interaction times of aeasily find common features of GMQD, QD, QE and CC
qult with two cavities are chosen to be such that one ha$or vacuum reservoim — 0. One can observe that these
a 7-pulse in the first cavity and a&-pulse in the second  quantities asymptotically decay with the tine where
cavity [36]. Its potential apphcatlon in Helsenberg-llmlted QD and QE approximately have the same behavior, but
metrology and quantum lithograph@7]. This class of  the values of QD are less than of QE in small interval in
mixed state §) arises naturally in a wide variety of the first. After that the values of QD always exceed the
physical situations. The state in Bgreduces to the ygJyes of the QE (see Fitp). So, QD are more general
standard Werner mixed state whén= 7 and to NOON  than QE. On the other hand, GMQD, QE and CC
pure state whenp = 1. By dealing with the above exponentially decay and their decay are faster than the
extended Werner-like state, the effect of mixedness of tthecay of QD. While for the case of the thermal reservoir
initial entangled state is studied. Both the NOON Statewith nonzero mean photo number’ GMQD’ QD’ QE and
and Werner state, and the extended Werner-like statgc are plotted in Figb, with (i, y) = (0.8,1.0). One
belong to the so-called X-class sta@8] whose density  sees that all the decays of GMQD, QD, QE and CC wiill
matrix is given by be enhanced as the mean thermal photon number

becomes large. However, introducing the nonzero mean

photon number results in disappearance of the

p*8(t) = x/00)(00] +y|01) (01| + 2/ 10)(10] +w|11)(11] entanglement completely after a finite time, termed
+d(|01)(10| + |10)(01]), (9)  entanglement sudden deatP5]26], and the death time
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) ) ) Fig. 2: The negativity in (a), quantum discord in (b), geometric
Fig. 1 Time evolutions of QD (dash plots), GMQD (sold plots), measure of QD in (c) and classical correlation in (d) witk ~
QE (dotted plots) and CC (dash-circle plots) fory) = (0,1) 0,2 for p=1and6 = Z.
in (a) and(n,y) = (0.8,1.0) in (b), (n,y) = (0.8,3) in (c) and
(n,y) =(0.8,0.2) in (d)for 6 = 7 andp =1.

measures of quantum and classical correlations with the

decreases with the increase mf This means that QE fixed values ofy = p=1 and6 = 7. Itis clear thatD},
attains constant values while the quantum correlations oD(p), N(p) and _# (p) decrease with the increase mf
GMQD and QD vary. That is to say, even in the region and they have zero values when- 0. Precisely, one can
where the entanglement is zero, the quantum discord canote that the thermal parameter leads to exponential
reveal the quantum correlation between the two cavitiesdecay for the values of all the quantities and with larger
In this sense, the quantum discord is more robust tharthe value ofnis, the more rapid they reach its zero
entanglement against decoherence induce by the meaasymptotic values. Therefore, a particular region for each
photon number of the thermal reservoir. However, themeasure in which there is no state has quantum or
thermal reservoir also leads to death both the quantuntlassical correlations can be determined rbyAll the
discord and the classical correlation after some timedecays of the quantum and classical correlation will be
points, these points are called death-start points (DSPs). enhanced as the mean thermal photon number becomes

From Figsla-d, one notes that these DSPs can belarge. With the increase of, the DSPs of all the
controlled by the different factorsm, p, andy. If one  quantities exponentially decay. The figures show that the
wants to approximately destroy the quantum or classicabxponentially decay of the QE is faster than that for
correlations of the system, the large values of the meatGMQD, QD and CC. However, one can find that, from
photon number should are used (see Hiy). Therefore, Figs2, the increase oh accelerates the entanglement
the parameten eventually drives the quantum correlation sudden death and the decay of both the correlations, but
of the system to be zero. One can note that the negativityhere is no sudden death B}, D(p) and _# (p). This
experiences a sudden transition at particular timesmeans taht the entanglementis more fragile than quantum
changes from a finite to zero value, while GMQD, QD discord againsh.
and CC evolve continuously with respect to time even In Figs3a-d, the effect of the purity of the initial
they tend to be zero. This means that no sudden transitiostates on the dynamics of the measures is examined with
occurs for GMQD, QD and CC and they have no the fixed values oy =n=1 and8 = 7. It is clear that
phenomenon of sudden death. In Figsb, the values of the dynamics of the measures decrease with the decrease
DSPs of all the quantities depend on theThese DSPs of the purity p. When the purityp is zero, all the
can be delayed and come early by changing the cavitymeasures vanish, this shows that the purity affects the
decay rate parametgrat fixed values fon'andp. These  quantum discord and classical correlation in a similar
DSPs come early with large values for the cavity decayway. One sees that the influence of the purity leads to: the
rate, y > 1, while they delay with the small values for amplitudes of the local maxima of tHad, D(p), N(p)
y<1. and 7 (p) have exponential decay with the decrease of

In Figs2a-d, one examines the effect of the thermal the parametep. When the correlations measures quite
photon parameter on the dynamics of the previousvanish, the state”® completely lose its correlations.
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