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non-Markovian squeezed reservoir*

Wang Fa-Qiang( A1),
Laboratory of Photonic Information Technology, School of Information and Photoelectronic Science and Engineering,

South China Normal University, Guangzhou 510006, China

Zhang Zhi-Ming(3K%/#)T, and Liang Rui-Sheng(#:Hi4:)

(Received 16 July 2008; revised manuscript received 11 August 2008)

The decoherence of two initially entangled qubits coupled with a squeezed vacuum cavity separately is investigated
exactly. The results show that, first, in principle, the disentanglement time decreases with the increase of squeeze
parameter r, due to the augmenting of average photon number of every mode in the squeezed vacuum cavity. Second,
there appear entanglement revivals after the complete disentanglement for the case of even parity initial Bell state,
while there occur the entanglement decrease and the entanglement revival before the complete disentanglement for the
case of odd parity initial Bell state. The results are quite different from those for the case of qubits in a vacuum cavity.
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1. Introduction

In recent years, the entanglement dynamics of
qubits coupled with an environment has attracted
Much work has been devoted to
the phenomenon termed ‘entanglement sudden death’

much attention.

(ESD).'=1%] Tt is shown that spontaneous disentan-
glement for a two-level atom model may take only
a finite time to be completed, while local decoher-
ence (the normal single-atom transverse and longitu-
dinal decay) takes an infinite time.l And, for a non-
Markovian reservoir of initially vacuum cavity, there
exists a revival phenomenon, which allows the two-
qubit entanglement to reappear after a dark period of
time, during which the concurrence is zero.['?! In gen-
eral, the characteristic of the environment plays an
important role in the evolving of multi-particle entan-
glement. Up to now, many typical environments have
been investigated, such as, vacuum, squeezed vacuum,
multimode vacuum cavity, single mode cavity and so
on.

Recently, cavity systems with very strong cou-
plings have been discussed.['®) Generally, in atom-field
cavity systems, this ratio of the coupling strength
to the atomic transition frequency is typically on
the order of 107 — 1076,
become, in the order of magnitude, larger in solid

However, the ratio may

decoherence, squeezed reservoir, non-Markovian, qubit

state systems, and the full Hamiltonian, including
the virtual processes (counter-rotating terms), must

be considered.['7]

In this paper, we focus on the
decoherence of two qubits strongly coupled with a
non-Markovian squeezed vacuum reservoir by using
the method given in Ref.[18]. In Section 2, the
reduced non-perturbative non-Markovian quantum
master equation of atom is derived and its exact so-
lution is obtained. In Section 3, the decoherence of
two initially entangled atoms, coupled with two cav-
ities separately, is discussed. The conclusion is given
in Section 4.

2. Model and exact solution

2.1. Hamiltonian and non-perturbative
master equation

Now we restrict our attention to two noninteract-
ing two-level atoms A and B coupled individually with
a cavity field. We first consider the Hamiltonian of the
subsystem of a single qubit coupled with its reservoir
as

H=H,+ H, + Hg, (1)
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where
o,
Ha :(AJO?, (2)
H, = Z WkaLaka (3)
k
H, =(04 +0-) ng (a£ + ak) ) (4)
k

Here, wy is the atomic transition frequency between
the ground state |0) and excited state [1), o, =
[1){(1]—10)(0], o+ = |1)(0] and o_ = |0)(1| are pseudo-
spin operators of the atom, the index k labels the field
mode of the reservoir with frequency wy, a,Tc and ay are
the creation and annihilation operators of mode k re-
spectively, and g, is the frequency-dependent coupling
constant between the transition |1) — |0) and the field
mode k.

The reduced non-perturbative non-Markovian
quantum master equation of the atom could be ob-

tained through path integral®!
0 .
&pa =—iLapa

- /t ds(Lore Eot=s) g o7 1Lo(s=0) 4
’ (5)
where Ly , £, and L, are Liouvillian operators de-
fined as
Lop =[Hy + Hy, p),
Lap =[Ha, pl,
Larp =[Har, pl,

and (...), denotes partial trace of the reservoir.
Then, we assume that the reservoir is initially in

a squeezed vacuum statel1]
pr = [ Skl0x) (0|5}, (6)
k

where

Sy = exp(re_iaakchkakc,k — reieazdkaic_k) (7)

with r and 6 being squeeze parameters, and |0;) is
the vacuum state of mode k. The central frequency
of squeezing device is wy = ck., which corresponds
to a multimode squeezed vacuum state with the cen-
tral frequency equal to the atom transition frequency.
And the spectral density of the reservoir is in the
Lorentzian form!2-20l

J(w) 2292{5@ —wg) + 0(w+wk)}
k

1 A2
27 (w — wo)? + 72’

where y represents the width of the spectral distribu-
tion of the reservoir mode, and it is related to the
correlation time of the noise induced by the reser-
voir by 7. = 1/7. The parameter \ is related to the
subsystem-reservoir coupling strength. There are two
correlation functions in this model,2Y i.e.

o = / J(w)e i wmwoltqy, = ?e_'yt, (9)

and
_ [ i(wtwolt g, = E (=y+i2wo)t
g = J(w)e dw = 5 ¢ ,  (10)
—00

where a; comes from the rotating-wave interaction
and «g arises from the counter-rotating wave inter-
action.

So, the non-perturbative master equation of the
subsystem could be derived from Eq.(5) as

0
&pa = — Fpa + [EoJO +€+J+ + €_J_]pa

+ [voKo + v Kt +v_K_]p,, (11)

where Jy, J4, J_, Ko, K+ and K_ are superoperators
defined as

Jopa = [% pa} ;
Jipa =04pa0+,
J—pa =0_pao—,
Kopa =(040—-pa + pao+0— — pa)/2,
Ky pa =04 pac—,

K_pos =0_pao,

and

r=2M"f 4 2(M% " + MTal)
+ (2N + 1)(f + o),

g0 = — 120wy + 2(M T — MTf — MTal?)
— (2N + 1),

ey =2M f +2M"a+ (2N +1)(f + a),

e_ =2Ma* +2M*f + (2N + 1)(f + a*),

Vo :2(aR - f)a

vy =2[MEf 4+ MER + Mo’ + Nf + (N +1)af,
v =2[MEf+ MBaf 4+ Mol + (N +1)f + Na',

)\"}’(1 _ e—('y+i2w0)t)

f =201~ exp(—1)),

b
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where N = sinh? r; M = —e'? sinhr coshr; o, of, a*
and ME M!, M* are real part, image part and conju-
gate of @ and M, respectively; N is the average photon
number of every mode in the squeezed vacuum cavity.
Here, M and M* represent the phase-dependent cor-
relation between different modes as (byb),) and <b£bg),

respectively.!'

2.2. Exact solution of master equation

The time evolution of density operator in Eq.(11)
could be obtained with algebraic approach given in
Ref.[22] because the superoperators herein satisfy
SU(2) Lie algebraic communication relations, i.e.

s J4] pa = — 2Jopa,
[Jo, J+] pa =+ Jxpas
(K-, K4] pa = = 2Kopa,
(Ko, K+] po =+ Kipa,
[Ki, J;] =0, (12)

where i, j = 0, +. By directly integrating Eq.(11), the

formal solution is obtained as[23!

pa(t) =e
% Tefot dt(voK0++v+K++v_K_)pa(o), (13)

—I'k Tefor dt(€0J0++E+J++€7 J,)

where 7' is time ordering operator and

Iy = (2M® 42N +1)(F + &%) + 2m'al),
1— —(y+i2wq)t
B
- / v+ 12w
a= adt = -
0 2(7+ lsz)
=\F 4 io/7
a* =alft —ial,

F(t) = Mt — [1 —exp(—=11)]/7}/2

with &®, &’ and &* being real part, image part and
conjugate of a, respectively.

The exponential functions of superoperators in
Eq.(13) could be disentangled into the following
forms:23]

~ t . . .
Telo dt(sodotter Jite o) _ eI+t gdodogi-T- (14)

and

Tefg dt(voKo++vi Kp+v_K_) _ (ki Ky gkoKogk K-

(15)
where j4, jo, j— and k4, ko, k_ satisfy the following
differential equations:

Xy =py —p- X3+ poXy, (16)
Xo =po — 2p_X4, (17)

and

X_ = p_exp(Xo), (18)

=v for X = k.

Using the results above, the exact solution of the

where p =€ for X = j;

master equation Eq.(11) is obtained as

pa(t) = e THp(t), (19)
where
) 1pa" (0) + mpg?(0) 2p5°(0) + ¥l (0)
p =
P (0) + 15" (0) 1p°(0) + ppg'(0)
(20)
[ =¢ho/2 ekl 2p |
=g )
n=eko/2  p=e k2 (22)
g=e 7 p =l (23)
x =% 4 e_j°/2j+j,, and
y=e 7%, (24)

2.3. Concurrence

In order to investigate the entanglement dy-
namics of the bipartite system, we use Wootters
concurrence. 4! For simplicity, we assume that the two
subsystems have the same parameters. The concur-

rence of the whole system could be obtained as!®!

Ce zmaX{O a, 2}, (£=9, V),
= 2F’“(\/p23P32 —V/P11p414),
co =2 21* (\/prapar — \/P22p33), (25)

corresponding to the initial states of |@) = 3|01) +
n|10) and | &) = (3]00) 4+ n|11), respectively, where (3 is
real and 0 < 3 < 1, n = |n|e'? and % + |n|> = 1. For
maximum entanglement Bell state, 3 is equal to v/2/2.
The reduced joint density matrix of the two atoms, in
the standard product basis B = {|1) = [11),]2) =
[10),]3) = |01), |4) = |00)}, could be obtained by us-
ing the method presented in Ref.[12]

pi1 0 0 puy

0 0
pAB — ¢=2T P22 P23 ’ (26)
0 p32 p3z O

par 0 0 pag
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where the diagonal elements are

p11 = 1p11(0) + Impaz(0) + mips3(0) + m?paa(0),
p22 = lpp11(0) + Imp22(0) + mpp33(0) + mnpas(0),
p33 = lpp11(0) +

pas = p°p11(0) + prpa2(0) + npps3(0) + 1 pas(0),

pmp22(0) 4 nlps3(0) + nmpas(0),

and the nondiagonal elements are

p1a = 2°p14(0) + 2ypas(0) + yps2(0) + v par (0),
p23 = x7p14(0) 4 2gp23(0) + yrps2(0) + yqpa1 (0),
p32 = r2p14(0) + 1yp23(0) + qrp32(0) + qypa1(0),
par = 1°p14(0) + rqp23(0) + qrp32(0) + ¢° pas (0).

3. Numerical results and discus-
sion

In order to study the effects of non-Markovian
squeezed reservoir on the decoherence, we assume that
A is equal to 10 in Eq.(8), which could be realized in
a high-Q cavity.['?

First, we focus on the effects of squeeze param-
eters on the decoherence of two qubits with initial
maximum Bell entanglement states |®) and |¥), re-
spectively.

(A) For wy = 10y and 3 = v/2/2, figures 1 and 2
show that for the case of initial maximum Bell state

g :
c 'l":
g 0
5 l:,' l'ln,,l" -
3
@]
Fig.1. Concurrence C¢ as a function of vt and 6 with

A =107, wo = 57, B =+2/2 and r = 0.2.

| ), the concurrence first decreases to a certain value
and then revives before it vanishes, while that period-
ically vanishes and revives with its revival amplitude
damping for the case of initial maximum Bell state
| 7). It also reveals that the amplitude and the dura-
tion time of entanglement revival are different for the

case of m/2 < 6 < 37/2 from those for the cases of
0<6<m/2and 37/2 <0 <2m.
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Fig.2. Concurrence C'y as a function of vt and 82 with
A =10y, wo = 57, B =+v2/2 and r = 0.2.

(B) For wy = 10y and 8 = v/2/2, figures 3 and
4 show that for r < 1, the concurrence first decreases
to a certain value and then revives before it vanishes
for the case of initial maximum Bell state |®), while
that periodically vanishes and revives with amplitude
damping for the case of initial maximum Bell state
|#7). And the concurrence decreases monotonically
and vanishes permanently after a short time for r > 1.
The results exhibit that the disentanglement time de-
creases with the increase of squeeze parameter r for a
fixed value of 6, due to the increasing of average pho-
ton number of every mode in the squeezed vacuum
cavity.

The above results also reveal that the decoher-
ence behaviour of concurrence is sensitive to squeeze

parameters but insensitive to initial state.
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Fig.3. Concurrence C¢ as a function of vyt and r with
A =10y, wo = 57, 3 =+/2/2 and 0 = /4.
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Concurrence

2.01.0

Fig.4. Concurrence C'y as a function of vt and r with
X =10v, wo = 5v, B=+2/2 and 6 = /4.

Then, for the fixed squeeze parameters 6 = /4
and r = 0.2, the decoherences for different initial
states are discussed.

(A) The decoherence behaviour of C'y is discussed
as follows.

(i) From Figs.5-7, we could find that the concur-
rence C'¢ decreases and revives before it vanishes per-
manently. With the ratio of the coupling strength to
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Fig.5. Concurrence Cp as a function of vt and 32 with
A =107, wo = 507, § = w/4 and r = 0.5.
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Fig.6. Concurrence Cp as a function of vt and 32 with
A =107, wo =57, 6 = 7/4 and r = 0.5.

the atomic frequency increasing, the time of entangle-
ment revival decreases because of the increasing of the
average value of correlation function s, correspond-

ing to the counter-rotating wave term.

Concurrence

1.0 0 B2

Fig.7. Concurrence Cg as a function of ¢ and 52 with
A =107, wo = 2v, 6 =7/4 and r = 0.5.

(ii) For wog = 3y and A = 20, figure 8 ex-
hibits that the concurrence Cg decreases monotoni-
cally and vanishes permanently in a short time even
in a non-Markovian squeezed reservoir, which arises
from the strong interaction between atom and the non-

Markovian squeezed reservoir.
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Fig.8. Concurrence Cg as a function of vt and 52 with
A =207, wo =27, 0 =7/4 and r = 0.5.

(B) The decoherence behaviour of C'y is discussed
as follows.

(i) From Figs.9-11, we find that the concurrence
periodically vanishes and revives with its revival am-
plitude damping. With the ratio of the coupling
strength to the atomic frequency increasing, the time
of entanglement revival decreases. There appears an
entanglement revival after a period of time of disen-
tanglement, which is different from that of the case of
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Fig.9. Concurrence C'y as a function of 4t and 82 with
A =107, wo =507, § = /4 and r = 0.5.

\\\\\a i

\ ‘
,z" \ o,, 70K
’ll' " lll'l ’l‘ ‘0
\\ j” iz \\\ m(\\ ,;Zié,zzzzz’;;z:'
‘ ' I"\\ l,, lll ' ‘ll ”lllll oo I’
0 I
’,‘, :,,,,;;::,,,,,;:Z’

'llll sy

Concurrence
=}
o

Fig.10. Concurrence C'y as a function of v¢ and 82 with

\ ‘\\\\
“\\\}? I

N
NN "; \\ “\\‘\

\ o"ln, 'Ilfl (L 2

‘\\‘ K Il/ “ ‘Q; :,,,,, 'ln,,

0"‘ o

0
il

A =10y, wo = 57, 0 = w/4 and r=0.5.
| "“ \\\ \\i
I

0

'..

Concurrence
o
ot

2074
lll/ Y5555 ;”,,,,, 1755527
27555% ’ I oo s ol

"
,

s
0027

N 1ese o rrssy,
/"\'”””'”” I ll
A 7% ,lll 'l‘

|
==
==

ln,, %44 557

Fig.11. Concurrence Cy as a function of vt and 82 with
A =107, wo = 2v, 0 = w/4 and r=0.5.

(ii) For wy = 3y and X =
dynamics of concurrence C'y is almost the same as

207, the evolution

that in Fig.8. Unlike the two cases above, the evolu-
tion behaviour of concurrence C'y becomes symmet-
ric because of the strong coupling of atom with non-
Markovian reservoir and the effect of counter-rotating
wave interaction.

The above results reveal that in principle, the de-
coherence of C¢ is symmetrical with respect to (32
because of the symmetry of initial state |®), while
that is unsymmetrical with respect to (32 because
the initial state | ) is unsymmetrical with respect to
3. However, the strong coupling and the counter-
rotating wave interaction could make the decoherence
of C'y symmetrical with respect to 2. With coupling
strength enhanced, the memory effect of the counter-
rotating wave terms becomes dominant because the
average value of correlation function as increases. The
results are quite different from those for the case of
qubits in a vacuum cavity.'?

4. Conclusion

The reduced non-perturbative quantum master
equation of atom in an initially squeezed vacuum cav-
ity is derived and its exact solution is obtained. The
decoherence behaviours of two qubits with squeeze pa-
rameters and other parameters are discussed.

The results show that the decoherence behaviour
of two qubits in the squeezed reservoir is dependent
on the squeeze parameter, the ratio of the coupling
strength to the atomic transition frequency and the
ratio of the width of reservoir spectral density to the
atomic transition frequency. First, in principle, the
disentanglement time decreases with the increase of
squeeze parameter r, due to the increasing of average
photon number of every mode in the squeezed vac-
uum cavity. Second, there appears the entanglement
revival after the complete disentanglement for the case
of even parity initial Bell state, while there occur the
entanglement decrease and the entanglement revival
before the complete disentanglement for the case of
Third, with the cou-
pling strength enhanced, the time of entanglement re-

odd parity initial Bell state.

vival decreases due to the effect of counter-rotating
wave term. Fourth, there exists the entanglement re-
vival due to the memory effect of the non-Markovian
squeezed environment.
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