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School of Physics and Electronics, Guizhou Normal University, Guiyang 550001, China
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Taking the advantage of “parity kicks” pulses, we investigate the non-classical correlation dynamics and quantum state
transfer in an atom—cavity—fiber system, which consists of two identical subsystems, each subsystem comprising of multiple
two-level atoms trapped in two remote single-model optical cavities that are linked by an optical fiber. It is found that the
non-classical correlations and the fidelity of quantum state transfer (between the atoms) can be greatly improved by the
parity kicks pulses. In particular, with decrease of the time intervals between two consecutive pulses, perfect non-classical
correlation transfer and entangled state transfer can be achieved.

Keywords: atom—cavity—fiber system, quantum state transfer, parity kicks pulses

PACS: 03.65.Ud, 03.67.—a, 42.50.Pq

1. Introduction

The superposition principle is one of the most striking
features of quantum mechanics, which leads to the quantum
entanglement, that cannot exist in classical physics. Quantum
entanglement, introduced by Einstein, Podolsky, and Rosen in
1935,[11 is a fundamental and fascinating quantum effect and
plays a key role in quantum information processing.># How-
ever, some researches denote that entanglement is not the only
type of quantum correlation useful for quantum information
processing and there exists another non-classical correlation
which is more general and more fundamental than quantum
entanglement. Such a correlation, is called quantum discord
by Ollivier and Zurek ! with a definition based on the differ-
ence between the quantum mutual information and the classi-
cal correlation and is nonzero even for separate mixed states.
It has been demonstrated both theoretically and experimen-
tally that the quantum states with nonzero quantum discord
but without entanglement, can be responsible for the achieve-
ment of quantum speedup in certain computational tasks.0-8!
In addition, much recent attention has been paid to investi-
gate the quantum discord in a variety of systems, such as spin
chain,*~'"! quantum dot,['? NMR, 3] and accelerated qubit
systems.[14]

On the other hand, the cavity QED (quantum electrody-
namics) system is regarded as an alternative promising can-
didate for non-classical correlation engineering and quantum
information processing.!'>"!7! In particular, during the past
years, much attention has been paid to the possibility of quan-
tum information processing realized via the atom—cavity—fiber
systems, which can be used to implement quantum communi-
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[18-34] For example,

cation and engineer quantum logical gates.
Bose et al. proposed a scheme to realize the effective quantum
gates between two atoms in distant cavities coupled by opti-
cal fibers.!'”] Yang et al. presented two schemes for realizing
quantum logic gates between two atoms trapped in two sep-
arate cavities connected by an optical fiber.?>>!1 Shen et al.
considered two dissipative schemes for preparing the steady-
state entanglement of two atoms trapped in distant cavities
coupled by an optical fiber.?>?3 In Refs. [24,25], Wu et al.
investigated two schemes for realizing and engineering the
qutrit—qutrit maximal entanglement of two atoms held in sep-
arate cavities coupled by an optical resonator. In Ref. [26],
Yang et al. explored the the deterministic coherent manipu-
lation of two atomic qutrits trapped in separate cavities cou-
pled through an optical fiber. Ye et al. studied the possibility
of generating effective three-dimensional entanglement of two
distant atoms separately trapped in two optical cavities con-
nected by an optical fiber.[>"] Zhong proposed a scheme for
fast quantum-information transfer in a two-dimensional quan-
tum network. 311 Furthermore, it has been also demonstrated
both theoretically and experimentally that a quantum network
in which the transfer of an atomic quantum state and the cre-
ation of entanglement between two nodes can be realized by
the atom—cavity—fiber system.[3?]

In the present paper, we will investigate the influence of
the parity kicks pulses on the multiatom non-classical corre-
lation and entangled state transfer of a system consisting of
two identical subsystems. Each subsystem contains multiple
two-level atoms, trapped in two remote cavities connected by
an optical fiber. It is found that the amount of non-classical
correlation and the fidelity of entangled state transfer can be
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enhanced by applying a train of parity kicks pulses. In partic-
ular, with decrease of the time intervals between two consecu-
tive pulses, the optimal non-classical correlations transfer and
entangled state transfer can be achieved. Furthermore, we will
explore also the exchange of the quantum information flows of
this system by a witness of trace distance. It is shown that the
exchange of the quantum information between the atoms and
the fields can be switched off via the parity kicks pulses when
the optimal quantum state transfer is accomplished.

2. Dynamical evolution of the model with parity
kicks pulses

We now investigate a system (as shown in Fig. 1) con-
sisting of two identical subsystems, 3> which include multi-
ple two-level atoms trapped in two distant single-mode optical
cavities coupled by an optical fiber, where the system is driven
by the parity kicks pulses. Here, we consider that the two sub-
systems are independent and the atoms in the same cavity are
separated enough, which means the atoms have no direct in-
teraction with the other one. Under the case of the short fiber
limit, the Hamiltonian of the whole system with parity kicks

pulses can be written as follows:[3%-30]

H = Hy+ H; + Hp (D

with

M-lk

2
Hy = (a)ca}aj + O)afj) + Z O)fb;bj,
=

=1
4
Hi =Y g;(J;aj+He.)+vi[bi(a] +a}) +Hel
j=1
+ Valba(a} +a) +H.cl, 2)

where a; and a; are the creation and annihilation operators
of the j-th cavity field with frequency a, b; and b; are
the creation and annihilation operators of the j-th fiber mode
with frequency @y, g; is the coupling constant between the
mode of the j-th cavity and trapped atoms, Vv; is the cou-
pling strength with fiber mode j; J5 = zf.ﬁl o (j) with o7 (j) =
(lei){eil — |gi)(gil)/2 for atom i in cavity j, JJT and J; are the
collectively arising and lowering operators for the atoms of the
Jj-th cavity which can be defined as

N;
ﬁzgﬁm, 3)

where N; is the number of atoms of the j-th cavity, GIT =
lei)(gi| and o, = |g;)(e;| are the atomic spin flip operators
of the i-th atom in the j-th cavity. |e) and |g) represent ex-
cited and ground states of the atom, respectively. In this paper,
we assume frequencies @, @y, and ®, are equal, which means
that the interaction between each other are resonant. In addi-
tion, for simplicity, we set Vi = v, = v, N; = N in the present
research.
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Fig. 1. The schematic diagram of the system investigated in the current
paper.
Furthermore, in Eq. (1), Hp is the Hamiltonian of the par-

ity kicks pulses and can be described as![*°!

Hp = V(t)azaz + V(t)ala;;, @)
where

Vi)=Y 0(t—T —n(T+7))0((n+1)(T +1)—1),
n=0

0(t) is the usual step function, T is the time interval between
two consecutive pulses, the pulse height V{y and the pulse width
7 satisfy the condition VT = 7, which means that we consider
the 7 pulse only. For the case that the pulse is strong enough,
i.e., the duration T — 0, the time evolution operator with the
pulse can be derived as

Up = exp{—i[Ho + Hi + Hp] 7}

~ exp[—in(abay + alay)],

which leads to

UpUyUp = Upexp|—i(Hy+ H;)T|Up
= — exp[—i(Hy — H1)T]. ©)
According to Eqgs. (4) and (5), it is not difficult to obtain

the time evolution in the presence of parity kicks pulses at time
t=tyy+t' =2N(T + 1)+t as

Uo(t') UV, 0<¢<T,
U(t) = , N , (6)
UO(t - T)UP(T)UO(T)[UC] ) T<r< 2T7
where N = [t/2T], [ --- ] denotes the integer part, and the ' is

the residual time after N cycles. Uy(z) = exp[—i(Ho + H1)t]
describes the evolution operator corresponding to the original
Hamiltonian without the parity kicks pulses and U is the time
evolution operator for an elementary cycle 2(T + 7) which can
be expressed as

UC = UP(T)U()(T)UP(T)U()(T). (7)

Next, we begin to calculate the dynamical evolution of
this system with parity kicks pulses. First, we assume that
the initial state of the total system is prepared in the following
form
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[¥(0)) = (af1l,N = 1)1[1,N = 1)3+ B|0,N)1|0,N)3)
®|0,N)2®[0,N)s @ |000>C162f1 ® |OOO>6304f2’ ®)
where, o and 3 are complex numbers with the condition

|a|? + |B|*> = 1; the state |0,N) represents that N atoms are
all in the ground state as the computational basis |0), and the

state |1,N — 1) represents that N — 1 atoms are in the ground
state and one atom in the excited state as the computational
basis |1).

By making use of the Eqgs. (6) and (8), it is not difficult to

figure out the state of the whole system at time ¢ is

[¥(1)) = o [AA(2) 91) +BB(t) 92) +CC(1)|¢3) + DD(1)|9s) + EE(1)|9s)]
® [AAL(1)|96) +BB1(1)|¢7) + CC1(t)|9s) +DD1(1)|go) + EEL(t)10)]

+ B10,N)1]0,M)21000) 3,10, ¥)510,N)4/000) 5 ©)
with
- Yoo - Lo - G0 Gs(1)
A == e ) = G = S Y i
AR Yooy — G0 Cs(1)
BB(I)— WC1(I) 2C2(l‘)+2C3(l) 2\/1+2r2 2\/1—1—21*27
o) = —%cza) _ %Q(r) + %q(;) + %Cs(t)7
PO == a0 Ui O g S
EE(t) = %Cz(t) + %C3 o %C4(t) + %cs o),
___r 1o 1o Gl) Co(t)
A = = e a G+ 3 G =3 Gl = s Y e
" et 1oy G0 Cio(7)
BB1(t) = WC6(I) 2C7(l)+2Cg(t) Wit 2\/14—21/‘27
CC1(t) = —%C7(t) — %Cs(t) + %Cg(t) + %Cm(t%
DD1(t) = _ﬁc6(t)_ﬁc9(t)+ﬁclo(t)a
EE1(t) = %Cﬁ(t) + %Cg(t) + %Cg(t) + %Clo(t),
|¢1) = [0,N)1|1,N — 1>2|000>01¢'2f17 |¢2) = |1,N — 1>1|07N>2|000>01C2f1?
|¢3> = ‘05N>] ‘OaN>2|010>6‘102f17 |¢4> = |0’N>1 |O’N>2‘001>6162f17
|¢s5) = [0,N)1]0,N)2[100)¢, 2, 7, |96) = [0,N)3|1,N — 1)4]000) 5, 1,
|¢7> = ‘lvN_ 1>3|07N>4|000>03€4f2> ‘¢8> = |07N>3|07N>4|010>C3C4f27
|¢9> = ‘OaN>3‘OaN>4|001>C3c4f27 |¢10> = |07N>3|07N>4|100>C3C4f2» (10)
where
C1(1) = = (PIV 1) = 3 (@IV O]+ 3 (@1IU (O10) — s 1 [U10) 1) + 5 s U0 5,
Ca1) = = (U 0)]01) = 5 (U )02} + 5 (021U (0)]3) — s (@I (D] 0) + 5 s (U 1) 05)
C5(1) = = (@IV O = 3 @IV O102) + 3 (@1 010~ S s (lU0) 1) + 5 sl 1)),
Cut) = = (@IU 101} = 3 @V (O] + 3 (@uIU (O] = s 1) 1) + 5 sl 1) 05,
() = = (0sIU (1) 01) = 5 (05l 1) 02} + 5 (051U (0] ) — s (@5IU (D)) + 5 s (05l 1) 05)
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Colt) = = s (9ulU (1) 05) = 506l 1) 07) + 5 (061U (0] ) — 2s (61U 0] 9) + 5 s lU 1) 10
1) = = @V ()00} = 3 @11V ()0 + 5 @11V ()08} — 5 U 1) 9) + 5 s arlU 1) 010,
Co(1) = = (U 0)]06) = 5 (U0 o7+ S (R IU0]8) — s (I (0]69) + 5 s U D) 10,
Cot) = = (BIV () 00} = 3 (V0 + 3 IV O8]~ s BIU 0 5) + s I 0) 010,
Cult) = == (0ulU (0165) = 5 (0lU (]g7) + 5 (P0ll (0)195) = s (POl (O] ) + 5= (@ulU 1)1,
00) = = s 00) = s )+ s 64)

920 = 3160) — 3102) — 3195+ 3105), Ls) = 3101} + 5100) — 3165) + 316s),

04) = — s 00) = S 0n) 4 5100) — s ) + 3105,

105) = 5190+ S 0n) 4 510+ s )+ 55).

196) = == 108) = 5 10) + ———Ioh),

197 = 3106) — 3167) — 3168) + 31010}, 18) =~ 3196} + 5107 — 3 168) + 5 1610),

09) = — s 96) — 5 97)+ 3160 — sl 9) + 5160

010) = S 00) + 3 )+ 5160 + s )+ 51600) (an

From Eq. (10), we can find the coefficients

AA(r) = AAL(r),

By making use of Eq. (9),
sis {|1I,N — 1)1|1,N —

BB(t)
CC(t) =CC1(t), DD(t)=DD1(t), EE(t)=

= BBI1(1),

in the standard product ba-
1)3,|1,N — 1)1]|0,N)3,|0,N){|1,N —
1)3,]0,N)1]0,N)3}, it is not difficult to obtain the reduced den-

sity matrix of atomic piles 1,3 by tracing over other degrees

a13(t) 0 0 f13(l)
0 b 0 0

EEL(®). Pl = Bo(t) enry o [0 12
@) 0 0 dis(t)

with the following explicit element expressions for the above
matrix:

ai3(1) = |of*|BB(1)°[?,

bi3(t) = |o|BB(t)AA (1) + |ot*|BB(1)CC(1)|* + et *|BB(1)DD(1)|* + |oc*|BB(1)EE (1) P,

c13(1) = [a*|AA(1)BB(1)[* + |ec*|CC(1)BB(r) * + | |DD(1)BB(r)|* + |o*| EE (1) BB(1) |,

di3(1) = |’ |AA()** + | |CC ()P + [al?|DD()* 2 +|a?|[EE(1)*? + 2|a*|AA(1)CC (1) * + 2| *|AA () DD(1)|

+2|(x\

fi3(t) = a*BB(1)%, fis(1) =

[AA(1)E

E(1)]* +2|a?|cC(r)DD
a*BBB(1)>.

()]? +2]al*|CC(R)EE (1) * +2|a* DD EE(1)* + B,

13)

Similarly, in the standard product basis {|1,N — 1)2|1,N — 1)4,|1,N — 1)2|0,N)4,|0,N)2|1,N — 1)4,|0,N)2|0,N)4}, the re-
duced density matrix of atom piles 2 and 4, can be written as

a24(1) 0 0 faul)
pun=| O Pl w0 | (14)
) 0 0 du(r)
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where
axn(t) = |a*|AA (1),
baa(t) = ||’ |AA(1)BB(1) > + ||’ |AA(1)CC(1)]* + |at[*|AA (1) DDt
c2(r) = |a*|BB(t)AA(1)|* + | a*|CC(1)AA(t)|* + ||| DD (1) AA(t
da4 (1) )

|
+2|af|BB(1)E
falt) = aB*AA(1)?, f5,(1) = o BAA(r)*.

3. Transfer of non-classical correlations with
parity kicks pulses

In this section, we investigate the transfer of non-classical
correlation (quantum entanglement and quantum discord) with

parity kicks pulses. To quantity the quantum entanglement,

[37]

we adopt concurrence.”’! For a two-qubit system, the concur-

rence can be defined as follows:

Clpag) = max{v/A — VA — V23— V/A,0},  (16)

where A; are the eigenvalues in decreasing order of the spin-
B A B . . .

0y )pap(0, ®0y), in which pjp is

the complex conjugate of pap, and o, represents Pauli ¥ ma-

flipped operator pap(o;' ®

trix and its expression is

ayz(? _01>. (17)

In addition, it is not difficult to see that the density matrix
p13(7) and po4(t) is the form of X-states, namely,

asg(t) 0 0 faB(t)
pu) = | o 0 90
fig) 0 0 dag(t)

(18)

Therefore, the concurrence can be easily computed as!3?!

—/bag(t)cap(t)}.  (19)

On the other hand, to quantify another type of non-

C(pap) = 2max{0,|fap(t)

classical correlation (quantum discord) which is different from
entanglement, we utilize the quantum mutual information to
figure out total correlation including non-classical correlations
and classical correlations. For a bipartite quantum system, it
can be defined as!!

1(pag) = S(pa) +S(pr) — S(pa). (20)

where S(p) = —tr(plog, p) is the von Neumann entropy. For
the X states, S(pap) equals Y, A;1og, A;. Thus the quantum
mutual information can be rewritten as

Z)L log, Ai, (1)

=1

I(pag) = S(pa) +S(pB)

?+ laPIAA(EE ()P,

)
)P+ |aP[EE(D)AA() P,

= |a*[BB(1)*|* + |a*|CC(1)?* +|al’|DD(1)** + |a*|[EE(1)*|* + 2] a*|BB(1)CC (1) |* + 2| c|*| BB (1) DD(1) |
E(1)*+2|a?|cC()DD(1)* +2|a*|CC(EE(1)[* +2|a*[DD(1)EE (1) * +| B,

5)

with

1
A= 3 {(Pu +pa4) = \/(Pll — Pas)? +4|P14|} ,

1
A3 = 3 {(Pzz +p33) £ \/(Pzz —p33)? +4|P23|} . (22)
In addition, the classical correlation can be express as

C'(pag) = maX{S Pa) Z PeS(pr)} (23)

where {F;} is a set of complete projectors preformed on the
(1/pi)Trg[(I @ Pe)pan(I @ Fi)]
Trap[(I ®
Po)pap(I® Py)] is the probability. Therefore, the quantum dis-

subsystem B locally. py =
is a conditional density operator, in which p; =

cord can be expressed as

0(pas) =1(pag) — C'(Pag), (24)

where the difference between the total correlation and the clas-
sical correlations is used to quantify quantum discord.

According to Eq. (18) and the method introduced in
Ref. [39], the analytical expression of the quantum discord of
the two-qubit system can be obtained. Here, we do not list the
concrete expression of the quantum discord because it is rather
long and complex.

Next, we investigate the non-classical correlations (en-
tanglement and quantum discord) transfer in this system. In
panel (a) of Figs. 2 and 3, we plot the simultaneous non-
classical correlations of atomic traps 1 and 3 (Cy3 and Q13) and
atomic traps 2 and 4 (Cy4 and Q»4) without parity kicks pulses,
as a function of rescaled time \Wgt, for parameters r = V1.5,
o =+/0.5, and B= +/0.5. It is not difficult to find that the non-
classical correlations transfer from atomic traps 1, 3 to atomic
traps 2, 4 can be completed. In particular, the perfect non-
classical correlations transfer will be achieved at some point in
time. However, from panel (a), we can see clearly that the non-
classical correlations between atomic traps 2 and 4 (Cy4 and
0»4) will decrease and be close to zero during the time evolu-
tion, which means that the non-classical correlations transfer
cannot always be achieved.
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Fig. 2. (a) Dynamics of quantum entanglement between atomic traps
1 and 3 Cj3 (black solid line) and atomic traps 2 and 4 Cy4 (red solid
line), under free evolution with parameters r = \/ﬁ, o = +/0.5, and
B= V0.5. (b) Dynamics of quantum entanglement Cj3 and Cy4 for
different pulses interval 7 with parameters r = V1.5, a = /0.5, and
B =+/0.5. Cy3 for T = 0.5 (black solid line), Co4 for T = 0.5 (red solid
line), and Cy4 for T = 0.1 (blue solid line).

The influence of the parity kicks pulses on the non-
classical correlations transfer between atomic traps 1, 3 and
atomic traps 2, 4 are displayed for different pulses interval T
in panels (b) of Figs. 2 and 3. We find that the amount of non-
classical correlations of atomic traps 2, 4 (Cy4 and Qo4) can
be increased by the pulses, and the nonclassical correlations
can recover to their maximum values (i.e. close to 1 ) at the
points try. Furthermore, it is obvious that the variation period
of nonclassical correlations equals to 27" and the amplitude of
nonclassical correlations of atomic traps 2, 4 (Co4 and Qy4) is
smaller for pulses with shorter time intervals 7. This means
that the parity kicks pulses can be used to improve the effect of
transmission of the non-classical correlations and control the
duration time of the completion of non-classical correlations
transfer to be longer. That is to say, the parity kicks pulses
can switch off the interaction between the atoms and the fields
once the non-classical correlations transfer is achieved.
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Fig. 3. (a) Dynamics of quantum discord between atomic traps 1 and 3
Q13 (black solid line) and atomic traps 2 and 4 Qo4 (red solid line), un-
der free evolution with parameters r = \/ﬁ, o= \/(ﬁ, and B = V0.5.
(b) Dynamics of quantum discord Q13 and Qo4 for different pulses in-
terval T with parameters r = \/ﬁ, o =+/0.5, and B = V0.5. Q)3 for
T = 0.5 (black solid line), Q24 for T = 0.5 (red solid line), and Q»4 for
T = 0.1 (blue solid line).

4. Fidelity for the quantum entangled state
transfer with parity kicks pulses

In this section, we survey entangled state transfer between
two atom traps with parity kicks pulses. To quantify the degree
of entangled state transfer, we adopt the fidelity, which is in-

troduced by Nielsen and Paulina Marian#0-41]

F(p1,p2) = (wilp2|y1). (25)

From Eq. (8), it is not difficult to find the target state |¥h4)
of the transmission is

¥54) = (at|1,N = 1)2|1,N = 1)4+ B|0,N)2|0,N)4)
® [0,N)1 ®|0,N)3® [000)c,c, 5, ®|000)csc,7,- (26)
According to Egs. (8), (25), and (26), we can derive the

fidelity F(r) of the entangled state transfer from atomic traps
1, 3 to atomic traps 2, 4 as

F(t) = |o|*|AA(t)*|* + 2|aB|* (IBB(t)CC(t)|* + |BB(t)DD(t)|* + [BB(t)EE(t)|* + |CC(t)DD(t)|* + |CC(t)EE (1) >
+ |DD(1)DD(t)*) + |aB > (|1BB(¢)** + |CC(¢)*|* + |DD(t)*[* + [EE(1)*|*) + | B|*, 7

where AA(t), BB(t), CC(t), DD(t), and EE(t) are defined in Eq. (10).
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Fig. 4. The fidelity of the quantum entangled state transfer as a func-
tion of rescaled time \/Ngt with parameters r = \/G, o= \/(ﬁ, and
B = /0.5 for different pulse intervals T of the pulses: 7 = 0.4 (red
dashed line), and without parity kicks pulses (black solid line).

In Fig. 4, the fidelity for entangled state transfer (a|1, N —
Dyi|1,N — 1)3 + B|O,N)1|0,N)3) ® |0,N)2 ® |0,N)s —
(OC|1,N— 1>2|]7N_ ]>4+ﬁ|O’N>2|OvN>4) ® |O’N>1 ® |07N>3
is displayed as as a function of rescaled time \/Ngt, with pa-
rameters 7 = /1.5, & = /0.5, and B = 1/0.5 for different
pulse intervals T of the pulses. From the black solid line of
the figure, we can find that entangled state transfer can be im-
plemented under free evolution and the perfect transfer will be
achieved at some point in time. But the amount of fidelity will
decrease and remain below 0.6 for a long time, which means
that the entangled state transfer can not always be completed
and the state of atomic traps 2,4 stays in the separable state
longer.

Comparing the red dashed line with the black solid line of
Fig. 4, it is obvious that the amount of fidelity can be enhanced

by the pulses, and the fidelity can recover to maximum values
(i.e. close to 1) at the points foy. Furthermore, it is clearly
found that the variation period of fidelity equals to 27" and the
amplitude is smaller for pulses with shorter time intervals 7.
This means that the quality of transmission of the entangled
state can be improved and the longer time of the the target
state |WP4) of atomic traps 2, 4 can be maintained by applying
the parity kicks pulses.

In order to further understand why the fidelity for entan-
gled state transfer can be increased by the parity kicks pulses,
we investigate the influence of the parity kicks pulses on the
exchange information between the atoms and the fields by em-
ploying the trace distance. The trace distance, introduced by
Breuer, Laine, and Piilo,[*?! is used to measure the behavior
of non-Markovian process and explore the transfer of quan-
tum information in a quantum system. [*3#*] Some results have

[45.46] Ag a measure of

been identified by several experiments.
state distinguishability between two quantum states p; and po,

the trace distance can be defined as!*?]
1
D(p1,p2) = iTr|P1 —p2, (28)

where the norm of an operator A is defined as |A| = VA*A.
Besides, it is worth noting that the trance distance is preserved
under unitary transformation U, namely,

DUPUT,UpUT) = D(p1,p2). (29)

By making use of Egs. (8), (14), and (28), the trace of
atomic traps 2, 4 can be derived as

D(p24(0), p24(1)) = %{IOCIZ(IAA(t)zl2 +[BB(1)*[? +|CC(t)* [P +|DD(1)* [P +|EE(1)**) + 2|t *(JAA(1) BB(1) > + |AA (1) CC 1)

+|AA(t)DD(t)|* + |AA(t)EE(t)|*) + 2| a|*(IBB(t)CC(¢)|* + |BB(t)DD(t)|* + | BB(t)EE(t)|*)
+2|a|?(|CC(t)DD(1)|> + |CC(t)EE(1)|> + |DD(1)EE(1)[*) — 1}, (30)

where AA(t), BB(t), CC(t), DD(t), and EE(t) are defined in
Eq. (10).

In Fig. 5, we plot the trace distance D(p»4(0),p24(¢)) as a
function of rescaled time /Ngr for different time intervals T
of the pulses. It is not difficulty to find from the black solid line
(under free evolution) that the trace distance D can exceed its
initial value, corresponding to the fact that information flows
from the atomic traps 1, 3 to the atomic traps 2, 4, which means
that the transferring entangled state from the atomic traps 1, 3
to the atomic traps 2, 4 have been implemented. From the fig-
ure, it is obvious that the trace distance D may decrease and be
close to zero during the time evoluton, namely, the information
is leaking from the atomic traps 2, 4 to the other subsystem.
This phenomenon implies that the target state of the transmis-
sion can not always be achieved.

0.6

0.5F L e e e

0.4

0.3 F

D(p,,(0), p,,(t))

0.2F

0.1}

Fig. 5. Trance distance D(p24(0),p24(¢)) as a function of rescaled time
Wgt with parameters r = \/ﬁ, o= \/(E, and § = /0.5 for different
pulse intervals T of the pulses: T = 0.4 (red dashed line), and without
parity kicks pulses (black solid line).

Comparing the red dashed line with the black solid line
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in Fig. 5, we can see clearly that the trace distance can be
enhanced by applying the parity kicks pulses, which means
that the parity kicks pulses can suppress the interaction be-
tween the atoms and the fields, and prevent the information
contained in the atomic traps 2, 4 from leaking to the other
subsystems, namely, the parity kicks pulses can lead to the
decrease of the information flowed back. The physical expla-
nation of this phenomenon is that the parity kicks pulses can
protect quantum information between atomic traps 2, 4 and
prevent the quantum information from flowing into the fields
or other bipartite subsystems. This result indicates that the
interaction between the atoms and the fields can be switched
off and the target state of the transmission (i.e., |¥54)) can be
protected by applying the parity kicks pulses.

5. Conclusions

In the present paper, we investigated multiatom non-
classical correlations and entangled state transfer of a system
consisting of two identical subsystems (as shown in Fig. 1).
Each subsystem contains multiple two-level atoms, which are
trapped in two distant single-mode optical cavities that are
connected by two optical fibers, where the subsystem is driven
by parity kicks pulses. It is shown that the amount of non-
classical correlations of atomic traps 2, 4 (Co4 and Q»4) and
the fidelity of the target state of the transmission can be effec-
tively enhanced with the help of the parity kicks pulses, and
the increased amplitude is larger for shorter time intervals of
the control pulses. Particularly, the non-classical correlations
and the fidelity can recover to their maximum values (i.e. close
to 1) at the points t, and the amplitude of non-classical cor-
relations and the fidelity is smaller for the pulses with shorter
time intervals 7', which demonstrate that the nearly perfect
non-classical correlations transfer and entangled state trans-
fer can be realized, if the time interval of parity kicks pulses
to be infinitely small, namely, 7 — 0. Furthermore, in or-
der to further understand why the fidelity for entangled state
transfer can be increased by the parity kicks pulses, we also
study the influence of parity kicks pulses on the information
exchange between the atoms and the fields by employing the
trace distance. It is shown that trace distance of atomic traps
2,4 can be enhanced by applying the parity kicks pulses, which
indicate that the pulses can protect quantum information be-
tween atomic traps 2, 4 and control the quantum information
to flow back from the other subsystems to the atomic traps
2.4 immediately, that is, the parity kicks pulses can be used to
protected the transfer of the non-classical correlation and the
quantum state. This result implies that the interaction between
the atoms and the fields can be switched off and the target state
of the perfect transmission (i.e., |¥4)) can be realized by ap-
plying the parity kicks pulses. The method adopted here may
provide a way to improve the manipulation of quantum logic
gates!?>21] and the implementation of quantum information
tasks[?4-% in atom—cavity—fiber system. Furthermore, it can

even be used in the open coupled-cavity QED system to polish

up the performance of quantum information processing. 2223

References

[1] Einstein A, Podolsky B and Rosen N 1935 Phys. Rev. 47 777
[2] Ekert A K 1991 Phys. Rev. Lett. 67 661
[3] Bennett C H, Brassard G, Crepeau C, Jozsa R, Peres A and Wootters
W 1993 Phys. Rev. Lett. 70 1895
[4] Bennett C H and Wiesner S J 1992 Phys. Rev. Lett. 69 2881
[5] Ollivier H and Zurek W H 2001 Phys. Rev. Lett. 88 017901
[6] Braunstein S L, Caves C M, Jozsa R, Linden N, Popescu S and Schack
R 1999 Phys. Rev. Lett. 83 1054
[71 Meyer D A 2000 Phys. Rev. Lett. 852014
[8] Datta A, Shaji A and Caves C M 2008 Phys. Rev. Lett. 100 050502
[9] Werlang T and Rigolin G 2010 Phys. Rev. A 81 044101
[10] Yang Y, Wang A M, Cao L Z, Zhao J Q and Lu H X 2018 Chin. Phys.
B 27 090302
[11] MazieroJ, Guzman H C, Celéri L C, Sarandy M S and Serra R M 2010
Phys. Rev. A 82 012106
[12] Fanchini F F, Castelano L K and Caldeira A O 2010 New J. Phys. 12
073009
[13] Soares-Pinto D O, C¢ leri L C, Auccaise R, Fanchini F F, deAzevedo
E R, Maziero J, Bonagamba T J and Serra R M 2010 Phys. Rev. A 81
062118
[14] Datta A 2009 Phys. Rev. A 80 052304
[15] Rauschenbeutel A, Nogues G, Osnaghi S, Bertet P, Brune M, Raimond
J M and Haroche S 2000 Science 288 2024
[16] LiuT K, Liu F, Shan C J and Liu J B 2019 Chin. Phys. B 28 090304
[17] Rauschenbeutel A, Nogues G, Osnaghi S, Bertet P, Brune M, Raimond
J M and Haroche S 1999 Phys. Rev. Lett. 83 5166
[18] LiY L and Fang M F 2010 Chin. Phys. B 19 030311
[19] Serafini A, Mancini S and Bose S 2006 Phys. Rev. Lett. 96 010503
[20] YangZ B, WuHZ, SuW Jand Zheng S B 2009 Phys. Rev. A 80 012305
[21] Ye S Y, Yang Z B, Zheng S B and Serafini A 2010 Phys. Rev. A 82
012307
[22] Shen L T, Chen R X, Wu H Z and Yang Z B 2014 Chin. Phys. B 23
040303
[23] ShenL T, Chen XY, Yang Z B, Wu H Z and Zheng S B 2012 Europhys.
Lett. 99 20003
[24] Wu H Z and Yang Z B 2013 Chin. Phys. Lett. 30 124203
[25] Wu H Z and Yang Z B 2014 Chin. Phys. Lett. 31 024206
[26] Yang Z B, Ye S Y, Serafini A and Zheng S B 2010 J. Phys. B: At. Mol.
Opt. Phys. 43 085506
[27] Zhang C L and Chen M F 2015 Chin. Phys. B 24 070310
[28] Li W A and Wei L F 2012 Opt. Express 20 13440
[29] Zhang Y Q, Zhang S, Yeon, K H and Yu S C 2011 Chin. Phys. B 20
120310
[30] Ye S'Y, Zhong Z R and Zheng S B 2008 Phys. Rev. A 77 014303
[31] Zhong Z R 2016 Sci. Rep. 6 8
[32] Mohamed A B A and Eleuch H 2018 J. Opt. Soc. Am. B 35 47
[33] Ritter S, No lleke C, Hahn C, Reiserer A, Neuzner A, Uphoff M, Mii
cke M, Figueroa E, Bochmann J and Rempe G 2012 Nature 484 195
[34] Vogell B, Vermersch B, Northup T E, Lanyon B P and Muschik C A
2017 Quantum Sci. Technol. 2 045003
[35] YinZ Q and Li F L 2007 Phys. Rev. A 75 012324
[36] Vitali D and Tombesi P 1999 Phys. Rev. A 59 4178
[37] Wootters W K 1998 Phys. Rev. Lett. 80 2245
[38] O’Connor K M and Wootters W K 2001 Phys. Rev. A 63 052302
[39] Ali M, Rau A R P and Alber G 2010 Phys. Rev. A 81 042105
[40] Nielsen M A and Chuang I L 2000 Quantum Computation and Quan-
tum Information (Cambridge: Cambridge University Press)
[41] Marian P and Marian T A 2007 Phys. Rev. A 76 054307
[42] Breuer H P, Laine E M and Piilo J 2009 Phys. Rev. Lett. 103 210401
[43] Laine E M, Piilo J and Breuer H P 2010 Phys. Rev. A 81 062115
[44] Lainel E M, Piilol J and Breuer H P 2010 Europhys. Lett. 92 60010
[45] Liu B H, Li L, Huang Y F, Li C F, Guo G C, Laine E M, Breuer H P
and Piilo J 2011 Nature Phys. 7 931
[46] TangJS,Li CF Li Y L, Zou X B, Guo G C, Breuer H P, Laine EM
and Piilo J 2012 Europhys. Lett. 97 10002

010305-8


http://dx.doi.org/10.1103/PhysRev.47.777
http://dx.doi.org/10.1103/PhysRevLett.67.661
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1103/PhysRevLett.69.2881
http://dx.doi.org/10.1103/PhysRevLett.88.017901
http://dx.doi.org/10.1103/PhysRevLett.83.1054
http://dx.doi.org/10.1103/PhysRevLett.85.2014
https://doi.org/10.1103/PhysRevLett.100.050502
http://dx.doi.org/10.1103/PhysRevA.81.044101
http://dx.doi.org/10.1088/1674-1056/27/9/090302
http://dx.doi.org/10.1088/1674-1056/27/9/090302
http://dx.doi.org/10.1103/PhysRevA.82.012106
http://dx.doi.org/10.1103/PhysRevA.82.012106
http://dx.doi.org/10.1088/1367-2630/12/7/073009
http://dx.doi.org/10.1088/1367-2630/12/7/073009
http://dx.doi.org/10.1103/PhysRevA.81.062118
http://dx.doi.org/10.1103/PhysRevA.81.062118
http://dx.doi.org/10.1103/PhysRevA.80.052304
http://dx.doi.org/10.1126/science.288.5473.2024
http://dx.doi.org/10.1088/1674-1056/ab37f6
http://dx.doi.org/10.1103/PhysRevLett.83.5166
http://dx.doi.org/10.1088/1674-1056/19/3/030311
http://dx.doi.org/10.1103/PhysRevLett.96.010503
http://dx.doi.org/10.1103/PhysRevA.80.012305
http://dx.doi.org/10.1103/PhysRevA.82.012307
http://dx.doi.org/10.1103/PhysRevA.82.012307
http://dx.doi.org/10.1088/1674-1056/23/4/040303
http://dx.doi.org/10.1088/1674-1056/23/4/040303
http://dx.doi.org/10.1209/0295-5075/99/20003
http://dx.doi.org/10.1209/0295-5075/99/20003
http://dx.doi.org/10.1088/0256-307X/30/12/124203
http://dx.doi.org/10.1088/0256-307X/31/2/024206
http://dx.doi.org/10.1088/0953-4075/43/8/085506
http://dx.doi.org/10.1088/0953-4075/43/8/085506
http://dx.doi.org/10.1088/1674-1056/24/7/070310
http://dx.doi.org/10.1364/OE.20.013440
http://dx.doi.org/10.1088/1674-1056/20/12/120310
http://dx.doi.org/10.1088/1674-1056/20/12/120310
http://dx.doi.org/10.1103/PhysRevA.77.014303
http://dx.doi.org/10.1038/s41598-016-0016-1
http://dx.doi.org/10.1364/JOSAB.35.000047
http://dx.doi.org/10.1038/nature11023
http://dx.doi.org/10.1088/2058-9565/aa868b
http://dx.doi.org/10.1103/PhysRevA.75.012324
http://dx.doi.org/10.1103/PhysRevA.59.4178
http://dx.doi.org/10.1103/PhysRevLett.80.2245
http://dx.doi.org/10.1103/PhysRevA.63.052302
http://dx.doi.org/10.1103/PhysRevA.81.042105
http://dx.doi.org/10.1103/PhysRevA.76.054307
http://dx.doi.org/10.1103/PhysRevLett.103.210401
http://dx.doi.org/10.1103/PhysRevA.81.062115
http://dx.doi.org/10.1209/0295-5075/92/60010
http://dx.doi.org/10.1038/nphys2085
http://dx.doi.org/10.1209/0295-5075/97/10002

	1. Introduction
	2. Dynamical evolution of the model with parity kicks pulses
	3. Transfer of non-classical correlations with parity kicks pulses
	4. Fidelity for the quantum entangled state transfer with parity kicks pulses
	5. Conclusions

