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Abstract: The influence of a pulsed control on nonclassical corretatiod entanglement is studied. To illustrate, a scheme of
initially entangled noninteracting two qubits coupled epéndently to a couple of quantized field modes via a noneggdRaman
interaction has been proposed. Mainly, two types of measame considered, namely, quantum discord and concurréveeiscuss
how concurrence can play efficiently the same role as disicoatbsence of entanglement. Dynamics of states, initibflying "X"-
structure density matrix are studied to help in sheddinigtlan this important role. We mainly focus on extended Wetlihkerstates
(EWL). We show that, for a specific EWL state, interactionuces a loss of the initial entanglement of the two qubits amduses
"entanglement sudden death (ESD)”, while for other EWLesttte behavior of a nonclassical correlation can be eastigrohined
from that of entanglement and vice versa. Also, regardlé$3/L states type, by adjusting efficient values of specificapaeters,
a pulsed control of both qubits causes steady behavior aflassical correlation as well as entanglement. In that,cgheeamount
of correlation between both qubits can be increased wharelaton maxima can be almost reached. Our observatioryshaee
important implications in exploiting these correlationgjuantum information processing and transmission.

Keywords: Two qubits; Entanglement; Bang-bang pulse; Nonresonaneeriitode Raman coupled model.

1 Introduction for the computational speedup for certain quantum tasks.
These correlations are more general and more

Correlations are ubiquitous in nature. The concept offundamental than entanglement. In the field of quantum
correlation, i.e., information of one system about angtherinformation it is important to distinguish between
is a key element in many-body physics. Correlations caruantum and classical aspects of correlation in a
be both from classical and quantum sourtgsPuantum ~ COmMposite quantum state. Such nonclassical correlations
entanglement is a special quantum correlation and hag'e characterized as quantum disc8@i[ Quantum
been recognized not 0n|y as a Vita' Concept in physics bug|SCOrd, Wthh quan“ﬂes nonCIaSS|CaI Correlat|0ns Of
also a prime resource for quantum information processingnore general and more fundamental type than
(QIP)[2,3,4,5]. However, the entanglemen$,[7,8,9,10,  entanglement, was introduced by Ollivier and Zur8g|[
11,12,13,14] is not the only type of quantum correlation and is defined as the difference between the quantum
and there exist quantum tasks that display quantuninutual information and the classical correlation. It is
advantage without entanglemenfl5[18,16,17]. The largly accepted that quantum mutual information is the
discovery that separable quantum states can exhibifformation-theoretic measure of the total correlatiomin
non-classical correlation other than entanglement has le@ipartite quantum state. Another interesting fact is that
to a new understanding of the quantum aspects of #&luantum discord is present in typical instances of a
physical system. It has been demonstrated botHnixed-state quantum computati@d, even when
theoretically [19,20,21,18,55] and experimentally§6,56, ~ €ntanglement is absert1,22,56]. Moreover, it has been

57] that other nonclassical correlation can be responsibléroposed as the key resource present in certain quantum
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communication tasks and quantum computational models Our analysis is focused on the dynamics of a class of
without containing much entanglemen21[5859]. In states having an "X"-structure density matrix, namely the
addition to its conceptual role, some recent res2ifis] extended Werner-like states (EWL). This class of states
suggest that quantum discord and not entanglement maglays a crucial role in many applications of quantum
be responsible for the efficiency of a mixed state basednformation theory, such as teleportati@f] and
guantum computer. For this purpose, enhancement ofjuantum key distributiol§0]. Moreover, such a choice
guantum discord is important for some quantumwill give us the chance to study how non-classical
algorithms that could work well in absence of correlations and entanglement dynamics and their revivals
entanglement. For implementations of those algorithms inare related to the purity and the amount of entanglement
the case that entanglement approaches zero, quantuaf the initial state. We also focus on the interplay between
discord should be larger than ze4d]. Therefore, it is  entanglement and correlations for the qubits states when
important to study, characterize and quantify quantumthey are pulse-controlled. We investigate the connection
and classical correlations. between these two quantities, comparing concurrence,
crinutual information and quantum discord dynamics for
initial EWL states, and finding clear correlations between
them when various shapes of field inside a nonresonance
: A cavity are considered. In other words, the influence
teleportation9 and quantum key distributioB[). (Pang—bang control, detuning and type of photon

However, the interaction between the environment an distribution inside the cavity on dynamics of the above
guantum system of interest can destroy quantum Y y

coherence and lead to decoherence, as a resulpentmned quantities when the two qubits coupled

entanglement degradation. The possibility of preventing'r?g:rzigﬂzgﬂ)é t;a%vgnqi%?grt:c?% ;'e$h§2255yt?igggha?e
ﬁ;pivr?;c::gg $Q:ar;%:§m§ Zthggﬁ)gg:floﬂsg %]; S'qguna'lfrﬁjminitially in either Fock or.thermal states. .

systems, aimed at processing, communicating or storin ffe-gz\?epal—?:r;;ﬁo%rigﬁn%?dt;;fr%%vg&ngnfg(r:ltmznéggle d
information. To this end, one must understand and mode . . . .

all of the relevant features characterizing the enviromnenmooigel’C";rxgg&gﬁfs;ﬂtzetrri]\?eénalfglIitv?lg'dngbpogtegjczlg
of the physical system to be protected. It is therefore ofg 9 ' hich i ’ lculated fy |
great importance to prevent or minimize the influence of ensnyb_ operator which Is calculate h or genera
decoherence in the practical realization of quantumg'g%ﬂuq:lt;ﬁuf;aﬁ;gurseev(;?; ;Te%%ﬁht t?) 3sgritss;rre\zlsegnte d
g‘efggmc?etggn%rdoigssr'ggéctsgnirrihﬂﬁiﬁ;g%g{p:c’gg%haveSepciaI cases of gene(ally Qerive(_j formula tha_t are
44,45,46]. One of the protocols to prevent the quantum pzr;\?:&gf[?odnsl?s SfeCsSén:/gglilr?’Sgéslzcirlizﬁlogu?fcg#c%irigr?l
decoherence is dynamical decoupling strategies [26- 28?S showed in S(fd’ Y

by means of a train of instantaneous pulses("bang-bang )

pulses)fi3,44,45,54]. Several applications for this
strategy of bang-bang control were propo@3#7,48.  » Effective Hamiltonian of two-mode Raman
Recently, experimental realizations of the quantum led del

"bang-bang” control have been reporte&1]52,53], coup mo

where experimentally suppression —of ~polarization |, yig section we derive the effective Hamiltonian we use
decoherence in a ring cavity using bang-bang decoupling, gy,qy the dynamics of two qubits interacting with
technique has been performad] qguantized two-mode Raman coupled mod24, 5,26,

A problem of quantum discord dynamics of two 27,54]. The Hamiltonian of the system, in the rotating
effective two-level atoms independently interacting with wave approximation in presence of bang-bang pulse, can
two quantized field modes through a Raman interaction inbe written as
the presence of phase decoherence has been already H = Hi + Hp, 1)
studied in Ref$4]. However, the schemes doesn’t take \yhere,
advantage of bang-bang control of the two qubits during w
interaction. In addition, a scheme for investigating Hi; = aqa%a1+a>2a£a2+ zaz+g(a1a£a++a1aza,)
guantum correlations for the cavity quantum
electrodynamics system consisting of two noninteracting CHetH 5
two-level atoms each locally interacting with its own = o+ Hint, @
quantized field mode by bang-bang pulses has been algg the Hamiltonian of one atom interacting with its own
presented]3. Again, the scheme doesn't take advantagequantized two-mode Raman coupled mo@@&|p4] in
of nonresonance two field modes Raman interaction. Ir2@bsence of bang-bang pulse, with
this paper we are motivated by the aim of investigation of T t W t t
quantum correlations of two qubits from a different point Ho = @1;a1 +waa + 5 % Hine = 9(a18,0 +a,220- ),
of view. (3)

About entanglement, dense work has been performe
for bipartite systems, because it plays a crucial role in
many applications of QIP theory, such as
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The operatorso, and o. represent, respectively, the which leads to

atomic spin flip, raising and lowring operators Ci(Ho—H T
characterizing the two-level atom with transition UpUo(T)Up = —e (Fo~Hin T, (12)

frequencyw. The parameteg is the atom-field coupling
constant andy (aiT) are annihilation (creation) operators
of theit" mode light field of frequencies. While[23],

Hp = Vo, i@(t —T—n(T+1)0((N+1)(T+1) 1),

4)
is the Hamiltonian for a train of identical pulses of
duration 1, where T is the time interval between two
consecutive pulses and the amplitudeof the control
field is specified to bérﬂ , Which means that we consider
the r-pulse only.

this condition is valid for the stroboscopic dynamics of
the system. Focusing on the stroboscopic evolution at
times ton[28], the evolution is driven by an effective
average Hamiltoniai2[3 43

U (tan) = [Uc]N = exp[—iHer rtan].

For sufficiently shorfl[28], the effective Hamiltonian is
accurately represented by the following Hamiltonian

(13)

Herr = Ho—iger (21830, — ajap0. ). (14)

_gAT

The coupling paramet@es s = 5

is proportional to the

In absence of bang-bang pulse, following the samedetuningA and the time interval between two successive

procedure of Ref.47], in terms ofSJ(2) generators, we
can write the Hamiltonian Eg2J in the form
Hi = wiKi+ Ko + A+ gvKiK2(Sy +S-),  (5)
1+0y

where,K; = aIal + 5% Ko = a£a2+ % are constants
of motion in the Hamiltonian, and = (w+ w, — wy).

_ 0 _ a0
Note thTat the three operato8 = %, S; = T and
_ yapo- . . .
S = i, are introduced. Again, with the help of

U (2) dynamical algebraic structure, we can diagonalize

the Hamiltonian Eq.5) by the unitary transformatio@[]
6(Kq,K
U :exp[%(&r—s—) ; (6)
where
2g+/K1K
B(ky,Kz) = tan + VL2, @
and get transformed Hamiltonian
Hi = (wiKi 4 wpKa) +2Q (K, K2) S, (8)
where
A2
Q(Ki,Ko) =1/ 7 +9%KiKa. C))

In terms of EQ.9), it is not difficult, with the help of an
U (2) dynamical algebraic structure, to write down the

pulses. Obviously, the interaction between the atom and
field is averaged to zero by the bang-bang pulses when
T — 0. With the help of theSU (2) algebraic structure as
before, the evolution operator at tintgg can be expressed
as

U (ton) = exp(—i(w Ky + wpKo)ton) [COQQeff (K, K2)ton]

SiN[Qerf (K1, Ka)ton]
Qett (K1, K2)

N2
Qeff(KlaKZ) = T""ggfleKz

In general, at a certain time= tyy + f, the evolution
operator is given byi3,47)

—i(A%o+ Hers —Ho)

with

] (15)

(16)

Ult) — Uo(®)[UN, 0<f<T
(0= U (f—T)UpUg(T)[UN T<t<2T’
(17)

whereN = [t/2T], [-] denotes the integer part, afiek t —

2NT is the residual time afteX cycles. It is now easy to
calculate the time-dependent reduced density operator of
the atomic subsystem which will be starting point of our
future calculations.

time evolution operator in the absence of control pulses3 Reduced density operator

field directly adJo(t) = e Mt as

Up(t) = exp(—i(wiKi + wpKa)t) [coiQ(Kl, K2)t]
_i_2 (Aogz+ 2Hin) Sin[Q2(Ka, Kz)t] }

Q(K1,K2) (10)

In presence of control pulses field, with strong enough

pulses, i.e. the duration— 0, the time evolution operator
can be approximated &4

Up(T) = exp[ —iHT| mexp[—igaz], (11)

Dynamics of correlations and entanglement of two qubits
prepared in EWL states have attracted much attention.
Here, we concerned with the reduced density operator of
atomic sub-system prepared initially in generalized EWL

states of non-maximally entangled states part, as

o (0) =rlE) (€l + 1.

where we focus ofé) to be either of Bell-like stateisp)
(two excitations) of¥) (one excitation) as

(18)

|®) = ulee) +v|gg), (19)
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4 Quantum measure
|¥) = ulge) +vleg). (20)
Forr = 0, the EWL states become totally mixed, while
they reduce to the Bell-like pure sta@) or |#) in the
case ofr = 1. | is a 4x 4 identity matrix. The density
operator of the four cavity fields are initially expressed as

As already mentioned above, the definition of quantum
discord is based on quantum mutual information, which
contains both classical and quantum correlations. For a
bipartite system pag, its total correlations can be
measured by their quantum mutual informati®#[

p:(0) = Zopnn|nn><nn| ©S pulkk)(kk,  (21) 1(p"®) = S(p™) + S(p®) — S(p™®), (29)
" k=0 wherep”(p®B) denotes the density operator of pA(B)
where, for thermal field state, we exprgmg, as andS(pag)) = —Tre(a)(Pagl0gpas) is the von Neumann
—m entropyB]. The classical correlation, which depends on
Prm = n.{l(@#, m; = (e“Pi —1)71, (22) the maximal information obtained with measurement on
= (24 my) M) one of the subsystems, is given Bg[35]
and m; is the mean photon number at the inverse C(p"8) = S(p”) — supS(p B|{Bk})], (30)
temperaturefj. For Fock number statepn, can be {By}

expressed as . . . .
where{By} describes a set of one-dimensional projectors
Prm = 117181 (23) {Bid proJ

for subsystenB, S(p”B|{Bx}) = Tk pkS(px) is the based-
In terms of initial states Eq<.§, 21), the full initial state  on-measurement quantum conditional entropy, ppne-

operator (atom-field) is ﬁ(l ® By)p”B(I ® By) is the conditional density operator
B £ with the probabilityp, = Tr[(I ® By)p(l ® By)]. Then, the
P(0) = pi(0) ® pgw (0). (24)  quantum discord is defined as the difference of the total
At any timet, the reduced density operator of the two correlation and the maximum classical correlatidg,[
atoms can be derived by tracing out the cavity fields, e@(pAB) - (pAB) _ C(pAB). (31)
Paalt) = Trs (U<1) (t)U(2> (t)p“’(O) Quantum discord includes quantum correlations that can
a be present in states that are not entan@8&dfrevealing

o e that all the entanglement measurements such as
% nnkk) (nnkkl U @1 yu @1 ¢ 25 concurrence, entanglement of formation, etc, do not
n;k;) Pnpx A | ®) ©) @5 capture the whole of quantum correlation between two
i) (e (i ) ] ) mixed separate systems. To this end, as a comparison with
Wh?fheU (t)(i = 1,2) is the evolution operator acting on  an entanglement measure will be fruitful and may shed

reduced density operator, EQ5) spanned by an arbitrary e employ Wootter's concurren&j representing the
two-atom product states, becomes entanglement0,41] as a comparison. Concurrendé]
is considered as an important quantifier of entanglement

pél pO pO pé“ dynamics of quantum system. Concurrence attains its
paalt) = | ¢ p22 p23 e (26)  maximum value of 1 for maximally entangled states and
pas Y pu vanishes for separable states. Concurrence is defined by
Apparently, the matrix representation shows two-qbit e(t) =maxv A — VA2 —VAs— V), (32)
statesB4], with the eigenvalues, where{A;} are the eigenvalues of the matrix
1 *
Ao = > [(Pn+ Pasa) £ \/(Pll— Pas)? + 4|Pl4|2} , (27) R=p(oy@oy)p*(oy©oy), (33)

with p* denoting the complex conjugatepfindp”(®) are

1 . .
Aoz = 5 [(p22+p33) + \/(,022— p33)2+4|p23|2} . (28) the Pauli matrices of the atondsandB.
where, expressions (i, j = 1,2,3,4) will depend on ]
the product states we intend to use. 5 Special cases

Performing the reduced density operator enables us to

calculate any related phenomena of interest. In the nexb.1 Case 1. EWL state includes two excitations
section we will give a brief survey about quantum Bgll-like state

measures we are going to use through our future analysis,

namely, quantum discord, mutual information and In this case, in the product basis
concurrence. lee) = |1), |eg) = |2), |ge) = |3), and|gg) = |4), the X
@© 2015 NSP
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structure is preserved during the evolution, but with

_ _ hil 0 0 i
P14 = par =0, while ps= 3y Z PrnPrce? " (k1 +1,ko).o7 (N, np + 1)
=9 [ N1,N2=0ky kp=0
pu= ) ; pnnpkk{|42/(k1+ 1,ko)[?[| B (g, np+1)|2 i}
n1,Np=0kq ko=0 o (kl, kz-l— 1);2%(n1+ 1, n2), (38)
where
x p11(0)

& (mn)=(em-—1nU(t)em-1n); m>1 (39)
4|97 (k1 + 1, kp)|?] o7 (M + 1, np) | p22(0)

#(mn) ={(g,mn—1U(t)jgmn—1); n>1 (40)
Here 0;;(0)(i,j = 1,2,3,4) are given by EqZ4) with
p11(0) = rluf> + & paa(0) = rjv2 + L
+| B (ke ke + 1) (M + 1, n2)|2944(0)}7 (34)  p2a(0) = 455 = p33(0), and pz3(0) = ruv* = p3,(0).

Now, the quantum mutual informatiom(p) can be
expressed as

+| B (ke ko + 1)[?| B (N1, N2 + 1) [*p33(0)

P 5 S propuc] |0+ Ll 2 2.+ 1
ny,N2=0kq,kp=0

4
1(p) =S(p™M) +S(p?) + ZAi logy i, (41)
x p11(0) =

) 5 where the quantitie§(p?) andS(p(?)) are the marginal
HA K+ 1ko) |7 (M + 1,12)["022(0) entropies of the density operatprt) with p()(i = 1,2)
are the reduced density matrices of the ith atom where
+] o (ku, k2 + 1)|2| Z (N1, n2 + 1)[?p33(0)
S(pW) = —(p11+ P22) 1005 (P11 + P22)

+|~Q{(k17k2+1)|2|52f(n1+1, n2)|2p44(0)}, (35)

—(P33+ Pa4)10G, (P33 + Paa), (42)

P33= z pnnpkk{|%(k1+ 1,k2)|?|.7 (ng,na+1)[2
N1,N2=0kq,kp=0

S(p?) = —(p11+ p33) 10g, (P11 + P33)

xP1a(0) —(P22+ Pa4)10G5(P22+ Paa). (43)

For classical correlatio€(p), following procedures of
Ref.[34], an explicit and simple expression can be
calculated by

C(p) = S(p*) —min{S;, S}, (44)

+.o7 (K + 1, ko) [P Z (e + 1,n7)[*p22(0)
+|B(ky, k2 +1)|?|.o7 (N1, np + 1) |*p33(0)

+|%’(kl,k2+1)|2|%’(n1+1,n2)|2p44(0)}, (36)  where

[ee]

Pas= Z pnnpkk{|%(kl+1,k2)|2|.;a7(n1,n2+1)|
50

ny,N2=0ky,

Paa + paslog, P22 ]’ (45)

=-2 lo
2 S {p44 % P22+ Pas P22+ Pas

2 C1Dilpaal?
xp11(0) 82:_21<P11+P33+( 1)!|p23]

2(p11+ P33)

2 2 il
+| B (ki + 1, ko) |“| (1 + 1,n2) |“p22(0) «log, P11+ P33+ (—1)'o23) ) (46)
2(p11+ P33)
+|.o7 (K1, ko + 1)[?.7 (N1, Nz + 1)|*p33(0) For concurrence, the following simple analytic expression
can be easily obtained as
+]. (ky, k2 + 1) [ (g + 1,2)|*aa(0) }, (37) Ce(t) = max0,2/p11Pas— 2/P22033),  (47)
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5.2 Case 2: EWL state includes one excitation see Figs. Ib,d). Whenr = 1, atoms are initially
Bdll-like state maximally entangled, bang-bang control diminishes
atomic correlation, specially when detuning is high, while
For this initial state, in the product basis atoms return maximally correlated as soon as detuning
lge) = |1), |ee) = |2), |gg) = |3), and|eg) = |4), theX  returns considerably small. In this case, bbtnd 2 fall
structure is also preserved during the evolution, but withdown to the possible minimum, while applying condition
023 = P32 = 0, while p11, P2z, Pas and pas can be  of small detuninig they reach their maxima, respectively,
obtained, respectively, by replacing on time sacle periods e# 27t. This can be understood for

p11(0), P22(0), p33(0), P44(0) by
P22(0), p44(0),p11(0), p33(0) in  Egs. @437). The
element p14(0) can be obtained by replacing
o (K + 1,kp) and o/ (kg ko + 1) by their conjugates in
P23, EQ.38). Recalling Eq44), an expression for
classical correlatiol©(p) can be obtained, whei® can

be obtained from E46) by replacingos4 by p11 andpoo

by ps3 and vice versa fo6, in addition to replacing,s

by p14. In this case, the concurrence can be expressed as

Ce(t) = max0, 2|p23| — 2\/P22033), (48)

6 Discussion of the numerical results

To analyze, figures representation of mutual information
I, quantum discord2 and then entanglemenCg
dynamics with considered specific initial atomic EWL
states given by Eqs18-20) are depicted when the cavity
fields are initially in either Fock or thermal states. Our
analysis is focusing on the effect of the variation of
detuning paramete®, time interval T between two
consecutive pulses, and purity parametewhile change
of photon number inside the cavity is also considered. ¢

At first, it is worth mentioning that, C and.2 behave
in a similar manner regardless of any particular type of
EWL with r = 1.0,y = v = %2 (Bell-like state) of
interest. For this special cagey;(0) = p44(0) = %2 and
p22(0) = p33(0) = 0 for Bell-like state|®), Egs.@9),
while  for Bell-like state |¥), Eqgs.e0),
p22(0) = p33(0) = Z5, and p11(0) = pas(0) = 0. This
resulted in same expressionsloC and 2, Egs.@9-31). d
This can be clear on recalling previous indicated details
of obtainingpij(i, j = 1,2,3,4) in case of EWL state of 1
second case Eq4&4§, 20), Subsec5.2

For fields of a product of Fock states, the results were
shown in mesh graphs Fig$.4). To put our results in
perspective, we took a snapshot when = 1, 0
Figs.@,3,5,6). It can be seen from the figures thand 2
vanish and revive periodically with time as> 1/3 and
are always zero forr < 1/3[2334]. Periodicity is 13 g um
preserved according to the relatiétﬁl—T (n is the number Fig. 1: Fock state field(t,r) and.2(t,r) for ky = ko — Ny = np —
state value) regardiess of change in any other parametersg g 1 — 0.6, where(a,c) & = 0.6, and(b,d) & = 0.001.
Interesting is the effect od, where, regardless of EWL
state type, adjusting a kind of slight difference between
field modes and atomic levels frequencies has clearlypboth Q¢ and gess in EQ.(16) are proportional tod,
positive effect on correlation between two atoms. As awhere the contribution irJ (t;y) will come only from
result, correlations appear earlier where dark period ofcogQest(K1,K2)ton] which causes amplification  of
time, at whichl and 2 vanish, becomes clearly shorter, correlations amplitudes. Moreover, as b6k andges
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are proportional tad and Qef¢ (k) is not sensitive tk 5 a
when T is smallR3, amplification of correlations

amplitudes occurs only on long time intervals between 15

two consecutive pulses. Taking into consideration these

details, we can conclude that, on on-resonance interaction -1

bang-bang pulse control loses its efficiency. This can be
understood if we notice that lign,q |U (ton)| = 1. o5\ A

The effect of bang-bang pulses can be noticed clearly ok

when the two atoms are initially prepared in the 0

maximally entangled pure state, see Figsa(d 3). We

can see clearly that the quantum discord between the two 2

atoms can be enhanced by the pulses because the

increased amount of quantum mutual information is s

always larger than the classical correlation and the _ Y
quantum discord recovers to its initial value at the points

ton. The increased amount of the quantum correlations is 0_5".‘ YA
larger for longer time interval$ of the control pulses. It VA

is worth noting that, correlations strength changes to ) -

maximun more rapidly on considerably small detuning, to

the extent that variation in time intervlilbetween pulses 1

loses completely its efficiency except for the role of

acting as a shift tool of periods, see Fi@b(d). This 0.8

result conflicts with that found in Re2p], where each 0.6

atom interacts locally with single field mode. For higher 4 ;
number state inside the cavit = 10, we can o foy
approximateQess as Qe = geif vVKiKz. In this case, 0.2 1
correlations exhibit rapid Rabi oscillations almost samil ok

to the case when bang-bang control is absent, see Fig. °

(3b,d). Worthy note that such effect of increasing the

number state contained in the cavity is in contrary to 1

similar studies in literature without bang-bang control, 0.8

see for exampld, 7]. Moreover, it is worth pointing out

that different choices oft andv do not give dynamics of o Y
quantum correlations qualitatively different from the €as 0.4
treated here.  Focusing on entanglement, preserving 02 /
parameters’ values as previously indicated, concurrence '

Ce was depicted in Figs¥6). It is well known that for o5 0

any Bell statsCe(p(0)) = 1, which can be seen clearly g um
from our graphical results. Interestingly and s_,urprisisg i Fig. 2: Fock state field (t) and 2(t) for ki = kp = ny = np —
the various orders of entanglement as a functionaofdr 0, andr — 1.0 where(a,c) 5 — 0.6, and(b,d) & — 0.001 for

that depend on EWL state type. This can be easily noticeiifferent T: T — 0.0 (black curve)T — 0.1 (dashed-dotted blue
by comparing dark periods of time, whe®e is zero, of  ¢rve) T = 0.6 (dashed red curve).

our two considered cases. For case 1 where EWL state
includes two excitations Bell-like state, given m1,
figures show that, dark period of time is extended to

larger values ofr; r < 0.54 on absence of detuninid , ) i
while it diminishes on presence of detuninig effect. other kinds of nonclassical correlations appear. The
Moreover, in contrary to concurrenc€e, mutual appearence of ESD and ESB can be deduced from Egs.

informationl, and quantum discor? are different from ~ (47) where entanglement dynamics is a function of the
zero even if a quantum systems is separ@i@?).  Population of the super-radiant state,/Pz(t)ps3(t) for
Comparing Figs.1c,d) and ga,b), we noticeCe behaves the particular initial state of Eq1). Therefore whenever
periodically similar to.2 with only one difference, such the population p22(t)pss(t) reaches its relative
that, in periods where2 dead and born asymptotically, maxima, the state attains a maximum value of mixedness,
Ce dead and born suddenly, which means entanglemerihe  time-dependent part of the concurrence
sudden death and sudden birth. Hedgand.2, showthe  2/p11(t)paa(t) — 21/p22(t) p33(t) becomes negative and
existence of quantum correlation where concurrenceentanglement disappears. On the other hand, whenever
shows that the two atoms are separable. As seen from ththe population of the super-radiant state reaches a
figures, although concurrence shows no entanglementninimum, the population of thel1) excited state and the
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Fig. 3: The same as Fig) but fork; = ko = n; =n, =10.0. Fig. 4: Fock state fieldsg (t,r) for ky = ko = np = np = 100,
T = 0.6, where(a,b) d = 0.6, and(c,d) d = 0.001. up: EWL
state Eqs.18,19); down: EWL state Eqs18,20).

|00) ground state have their maxima, and the system goes

toward a Bell- like state Eq.10). As a consequence the

system becomes purer and entanglement is agaien considering case 2, where EWL state includes one
recovered. When the system is prepared in a Bell-likeexcitation Bell-like state. Comparing Figslajb) and
state as the one of ERQ) there is no ESD, however, itis (4c,d), we notice similar periodical behaviors with
still of interest to analyze the asymptoticall-dead andasymptotically death and birth in boe and |. Here
-birth entanglement related to such type of EWL state.concurrence is directly given by the coherence between
For the Bell staté¥), Eq. 20), entanglement has exactly the |10) and|01) states. Since the coherence vanishes in
the same dynamics of the population of the super-radianasymptotic way, entanglement can be smoothly generated
state, see Eq46). Moreover the zeroes of entanglement put it cannot suddenly appear. This result actually
and super-radiant 2 p2o(t)p33(t) coincide. For those depends on the type of EWL state. It is worth noting that,
times, in fact, the system goes into the ground state whiclit has been shown that, ESD does not occur for the same
is pure and factorized. When some population returns irBell-like state (with one excitation) as in EQQ) even if

the super-radiant state entanglement is recovered, and ththe two qubits are coupled to structured reser@é&irpr if

state is again mixed. This behavior can be notices clearlyhe dipolar interaction between the qubits is includ&t[
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g t/mt

g t/Tt

k2 =n; =np =100.

Fig. 6: The same as Figh) but fork;

ko =ny =ny = 5.0, and

0.6, and(c,d) &

(t) for kg

Fig. 5: Fock state fieldsg
r = 1.0 where(a,b) &

0.001 for different

0.1 (dashed-dotted blue curve),

0.6 (dashed red curve). up: EWL state Edk3,

EWL state Eqgs.18,20).

T: T = 0.0 (black curve),T =

T

19); down:

nonclassical correlation. A general shared property
between both cases is that the revivals of correlations

appear roughly when the state becomes purer.

A clearer insight can be visualized from behavior

snapshot whem = 1, Figs. @a,b, 6¢c,d) and Figs. 3c.d,

concurrence is directly

Strictly speaking, in this case,

given by the coherence between fi€) and |01) states

as in Eq.48 and since the coherence vanishes in6a,b). From the figures we see clearly the effect of long
asymptotic way, there cannot be ESD for any generictime interval T between pulses and considerably small

state with maximum one excitatid®if]. Analogously,

detuning on creation of maximally entangled atoms,

entanglement can be smoothly generated but it cannotvhere entanglement attain its maxima and minima at

suddenly appear. This result does not depend on theame times as the case when bang

-bang pulses are absent.

degree of purity of the state. Here, we realize thatAs the number state increases, where all other parameters

to number statek

periods of half of case 1. Hence, for this type of EWL become higher with considerable large time peribd

concurrence collapses and revives asymptotically withkept as above, sensitivity dRes¢ (k)
state, concurrence can be more efficient for quantifyingbetween two consecutive pulses,

we notice rapid increase

Natural Sciences Publishing Cor.
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2

1 g t/m ’ o
Fig. (7) continued

0
Fig. 7: Thermal sate field(t,r) (left colmn) and2(t,r) (right

colmn) forky =kp =n; =np; =0.1,for @=0.6 T =0.0), 0 =
0.6 T =0.6),and § = 0.01T = 0.6), respectively.

of the mean photon numbek;. Situation now is

completely different. Keeping the time interval long
to correlation maxima for the same change in parameter@nd fixed such thal = 0.6, effect of detuning is kept
under consideration. with no change in shape, while correlated atoms (almost

Turning our attention to case of interaction with fixed correlation amplitude) can be obtained when mean

initially thermal field. Bearing in mind figures order Photon number decreased near vacuum, see &d).(In
details as in Fock state, graphical results are showed i§as€ wherer = 1 the two atoms remain maximally
figs. (7-10). Figures shape displays interesting and correlated astime developes.
surprising results. For mesh graphs, we keep time interval For concurrence, results are more interesting and
between two consecutive pulses fixed suchlas 0.6, surprising. Bearing in mind the settings as indicated
while cases oflf = 0.0 are depicted as a reference case.above, for EWL state of two excitations Bell-like state,
We have assumed a thermal filed with various meanEgs. (L8, 19), the dark period of time, during which the
photon numbers in the cavity is applied. In absence ofconcurrence is zero, is shorter for smaller values of mean
bang-bang pulses but detuning is highand 2 begin  photon numberg;, in contrary to Fock state. In this case,
maximum when interaction is switching on, then they for bigger mean photon numbers, probability of
fluctuate around half of this value see Fig(As soon as interference between modes waves is highly occurred and
driven bang-bang pulse are switched band.2 startlive  interaction between subsystems is invocked in wider
from half of their maximum while fluctuate and peak at areas. This actually means that entanglement sudden
about~ 2T which means shifted peak to the right bg2 death(ESD) phenomenon can be diminished by proper
of time scale. If detuning considerably decreased, keepingetting up of mean photon number inside the cavity, see
small mean photon numbek; such ask = 0.1, Figs. ©c, 10b). Moreover, with same setting of efficient
fluctuations preserved with peaks localized at sameparameters, ESD may disappear absolutely if interaction
position for bothl and 2 but with higher amplitudes begins while atoms prepared initially in EWL state of one
reach their maximum values when bang-bang pulses werexcitation Bell-like state, Eqs18, 20), see Figs. 4, 10).
switched on. The interesting here is the effect of changd~urthermore, on considering samll mean photon number
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Fig. (8) continued

m

ig. 8: The same as Figl) but for (k; = kp = My = My = 0.5,
—06), (q—ky = — =05 5=001) and ky = kp —
L= = 0.01,5 = 0.6).

S| o>

one excitation Bell-like state, ESD disappears where

entanglement between them vanishes asymptotically. In

adddition, when the cavity contains thermal field
near vacuum inside thermal cavity, entanglement growsgistribution, as possible as preserving the mean photon
faster towards maximum with change in purity parameterumber small near vacuum, maximally correlated qubits
r towards pure entangle states of the atoms, see Figsan be obtained where almost linear correlation extended
(%.,f, 10d,e). Note that entanglement also fluctuates withover all time scale can be shown regardless of change in
initially appeared peak shifted towards right as indicatedany other parameters.

above in case off and 2. We emphesize that the

optimized steady entagled atomic state with ~ 1 can

be obtained on starting interaction with atomic systemA cknowledgement

initially in EWL state Eq.18, 20). It is apparent that, for

high mean photon numbers, entanglement fluctuates an@lhe author are grateful to the anonymous referee for a

the amplitudes depend on EWL state type. careful checking of the details and for helpful comments
that improved this paper.
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