http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics D

Entropy of field interacting with two two-qubit atoms

Tang-Kun Liu(X1# B2), Yu Tao(fd45%), Chuan-Jia Shan(¥4% %), Ji-Bing Liu(X]4%1%)
Citation:Chin. Phys. B . 2018, 27(9): 090303. doi: 10.1088/1674-1056/27/9/090303

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Comparative analysis of entanglement measures based on monogamy inequality

P J Geetha, Sudha, K S Mallesh
Chin. Phys. B . 2017, 26(5): 050301. doi: 10.1088/1674-1056/26/5/050301

Entanglement properties between two atoms in the binomial optical field interacting with two
entangled atoms

Tang-Kun Liu(x)3# B), Kang-Long Zhang(5k B£%), Yu Tao(Fd5%), Chuan-Jia Shan(ffif% %), Ji-Bing Liu(X14k &%)
Chin. Phys. B . 2016, 25(7): 070304. doi: 10.1088/1674-1056/25/7/070304

Entanglement dynamics of a three-qubit system with different interatomic distances

Feng Ling-Juan, Zhang Ying-Jie, Zhang Lu, Xia Yun-Jie
Chin. Phys. B . 2015, 24(11): 110305. doi: 10.1088/1674-1056/24/11/110305

Monogamous nature of symmetric N-qubit states of the W class: Concurrence and negativity
tangle

P. J. Geetha, K. O. Yashodamma, Sudha
Chin. Phys. B . 2015, 24(11): 110302. doi: 10.1088/1674-1056/24/11/110302

Reduction of entropic uncertainty in entangled qubits system by local JJ-symmetric operation

Zhang Shi-Yang, Fang Mao-Fa, Zhang Yan-Liang, Guo You-Neng, Zhao Yan-Jun, Tang Wu-Wei
Chin. Phys. B . 2015, 24(9): 090304. doi: 10.1088/1674-1056/24/9/090304


http://cpb.iphy.ac.cn/EN/abstract/abstract72685.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract69881.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67651.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract67651.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65769.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65766.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65766.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract65372.shtml

Chin. Phys. B Vol. 27, No. 9 (2018) 090303

Entropy of field interacting with two two-qubit atoms*

Tang-Kun Liu(X¥% )", Yu Tao(F§5%), Chuan-Jia Shan(¥.4£5%), and Ji-Bing Liu(Xl| 4k %)
College of Physics and Electronic Science, Hubei Normal University, Huangshi 435002, China

(Received 9 February 2018; revised manuscript received 25 June 2018; published online 28 August 2018)

We use quantum field entropy to measure the degree of entanglement for a coherent state light field interacting with
two atoms that are initially in an arbitrary two-qubit state. The influence of different mean photon number of the coherent
field on the entropy of the field is discussed in detail when the two atoms are initially in one superposition state of the Bell
states. The results show that the mean photon number of the light field can regulate the quantum entanglement between the

atoms and light field.
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1. Introduction

In 1935, Einstein et al.!'l and Schrodinger?! proposed
the concept of entangled states respectively. Quantum en-
tanglement is a distinctive feature of quantum physics, and
it is very useful in quantum information processing, includ-
ing quantum communication and quantum computation.3-6!
In order to quantitatively describe the degree of entanglement
between microsystems of the light field interacting with the
atom, Phoenix and Knight!”! studied the entanglement and dy-
namics between light fields and atoms using von Neumann
quantum entropy theory. Thereafter, the coupling entropy
characteristic between the light field and the atom has attracted
a great deal of attention, the entropy of quantum systems has
been studied, and many results have been obtained. ®~'8 How-
ever, the above literatures are based on the eigenvalue method
for calculating the reduced density operator of the atom of

19.20] we formulated the

the subsystem. In the previous work,|
quantum entropy of the interaction between two two-level en-
tangled atoms and a light field of the coherent state and the
Schrodinger cat state by using the eigenvalue method to cal-
culate the reduced density operator of the light field of the
subsystem. In this paper, we investigate the quantum field en-
tropy in a system of arbitrary two qubit atoms interacting with
the coherent state light field. For our purpose, we choose the
initial atoms in four different states and examine the evolu-
tion characteristics of the quantum field entropy by means of
numerical calculations.

2. Theoretical model and its solution

We consider a system composed of two identical two-
level atoms resonantly interacting with a single-mode cavity
field simultaneously, the Hamiltonian of the system in the ro-
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tating wave approximation can be written as (i = 1)1

1 2 2
H=Qd'a+ 0Y 0i+g) (a0 +acf), (1)
i=1 i=1

where a™

and a are the creation and annihilation operators
of the field mode, @ is the atomic transition frequency, and
of = |ei)(ei], o;" = |e;)(gi|. and 6, = |g;)(e;| are the spin op-
erators of the i-th atom (i = 1,2). |e) denotes an excited state
of the atom, |g) denotes a ground state of the atom, and g is
the atom—field coupling constant.

The two atoms are initially prepared in an arbitrary two-

qubit state

[¥.(0)) = aler,e2) +b|g1,82) +cler,82) +d|g1,e2), (2)

where |a|? +|b[?> + |c|> +|d|? = 1. The radiation field is ini-
tially prepared in a single-mode coherent state
w0) = L Al =Y e T, @)
f = n|n) = [ —|n),
n=0 n=0 \/’?
where @ = |a|e'?, |a|? is the mean photon number of the
coherent light field, and ¢ is the phase angle of the coherent
field.
When two atoms interact with the light field, the system
state vector at any time will evolve as

[¥s(1)) = |a)ler,e2) +|B)ler,g2) +V)|g1.e2)
+10)lg1,82)s €]

where

=

A(m,1)[n), |B) =} C(n,1)ln),

E)
I
D1

n=0 n=0
7 = ioD<n,t>|n>, 15) = iomn,mn» s)
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According to the Schrodinger equation, the following results
can be obtained:

A(n,r)

=al,—1

0 +3)(C+d Fu1sin(y/2(2n+3)gt)

n+1 n—|—1 2(n—|—2)bF
22n+3) |V 2043 @ TN gz Ve
x [1—cos (v2(2n+3) gt}, n=0,1,2,..., 6)

B(n,t)

= bF,—1

m(cﬂlm,] sin(y/2(2n — 1)gt)

X [1 —cos(\/mgt)} , n=234,..,

1
B(1,1) = bF cos(V/2gt) — i\ﬁ(c—kd)Fosin(ﬁgt),
B(0,1) = bFp, (M
1
C(n,t) = (c d)F+ (c+d)F,cos(+/2(2n+1)gr)
(n+1)
F,
[ 2+1 Ty 2n+lb"+]]
xsin(y/2(2n+1)gt), n=1,2,3,.
1 1
C(0,1) = 2(0 d)Fo+ = (c+d)F0cos(\[gt)
—iiﬁbFl sin(v/2g1), (8)
1
D(n,t) = —E(c—d)F,,—i—E(c—l—d)Fncos(\/Z(Zn—&—l)gt)
.1 2n 2(n+1)
—is a4y 2 bE,
‘2[ 1 e ? ”“]
xsin(/2(2n+1)gt), n=1,2,3,...,
1 1
D(0,t) = —E(c—d)Fo-i-i(c—i—d)Focos(\fth)

—i %\/EbFl sin(v/2g1). 9)

3. Field entropy

The reduced density matrix of the light field of the sub-
system is given by

ﬁﬁeld(nat) = Tratomﬁsystem(n;t)
= la)(a|+[B){Bl+|v){v|+[6)(8]. (10)

The eigenvalues of the reduced density matrix of the light field

r—— -1, (an

1 1 K (%)
)= —vatyrag a0
1 1 N 191
(t) 5\/5*5 VJFm*I, (13)

_1 1 N 191
774(1‘)—5\/6»]"‘51/7"‘%—?. (14)

A] = 1922—31911934' 12‘(94,

Ay =205 — 9 a3 + 2707 + 27010y — 120204,
V24, Yp

=M+ —4A}+ A}, A=

p 2+ i T45, 3P +3\3/§7

_ 9 2% _ 9 4

1=3 3 A=y A

5= — 03+ 40,0, — 805, (15)

= —((e|e) + (BIB) + (¥v) +(8]9)), (16)

O = {afa)(B|B) + {afa) (V) + (afa)(5]6) + (BIB) (1Y)
+(BIB)(818) + (111)(818) — [l B)*| — (e[ )
~[(el8) P~ [(BINI* — (BIS)I* — [{(118) %, (7

= —(ala)(BIB)(¥]Y) — {a]a)(B|B)(5|5)
— (afa) (1) (8]8) — (BIB)(¥]7)(5]5)
— (BIv)(v16){8[B) — (| B){Bv)(¥lx)
— {aln)(Bla)(VIB) — (a]6)(Bla)(5|B)
—{(a[B)(B|6)(S]a) — {a|¥)(V|)(5]ex)

— (a[8){rla)(8[y) — (BI&){rIB)(S]7)

(o) (BIV) I+ (er o) [(BI ) I* + (erler) [(¥18)

(BIB)I{ct|8)I” + (BIB)|{ly) > + (BIB) (1)

N @lB)P + (NIBIS) P + (117 (et]8)

(6 (818) ([ )[> + (818)I(BI7)[*, (18)
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The quantum field entropy can be defined as follows:

Z %(1) In5i (s 20)
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4. Numerical results and discussion

For the atomic system of an arbitrarily two-qubit state,
in this paper, it is a superposition of different Bell states. In
the numerical processing, the evolution of the quantum field
entropy S¢(¢) in four superposition states is prominent for the
atoms that are initially in two types of Bell states. Therefore,
when the atoms are in the following four types of initial states,
the quantum properties of the system are significant.

When the two atoms are initially in a superposition state
of two Bell states, namely,

[¥,(0)) = \% %(|el7e2>+‘glvg2>)

1
+72(‘617g2>+|g1a62>) y (21)

the temporal evolution of the quantum field entropy S¢(r) is
shown as Fig. 1.

1.2 (a) 1.2 (b)
1.0 1.0
0.8 0.8
wy 0.6 wy 0.6
0.4 0.4
0.2 0.2
00 20 40 60 80 100 0 20 40 60 80 100
gt gt
1.2¢ (c) 1.21 (d)
1.0 1.0
0.8 0.8
v 0.6 wy 0.6
0.4 0.4
0.2 0.2
0 0
0 20 40 60 80 100 0 20 40 60 80 100

gt gt
Fig. 1. (color online) Evolution of S¢(z) with scaled time gz versus differ-
ent |a| fora=b=c=d=1/2. From (a) to (d), |a| = 0.5,3.5,7.0,10.0,
respectively.
Time evolution characteristics of the S¢(#) versus different
|ct| are shown in Fig. 1 for the atoms initially in

¥, (0)) = % [%uel,eﬁﬂgl,gz»

+ \2(|e1,g2>+lgl,€2>)1~

The results obtained by the numerical methods show that the
period of the field entropy evolution becomes longer with the
increase of the mean photon number of the light field, and
meanwhile the field entropy decreases. That is to say, when
the light field parameter takes a suitable value, quantum en-
tanglement between the coherent field and the two atoms can
be kept for much longer time. Furthermore, the numerical re-
sults show that the time evolution characteristics of S¢(¢) for
a=b=—c=—d=1/2 are nearly the same as those for
a=b=c=d=1)2.

When the initial state of the two atoms is

¥, (0)) = \% %<|ehez>—|g1,gz>>
+%<|e1,gz>+\ghez>> @

Similarly, the temporal evolution curves of Sg(r) are shown in
Fig. 2. The results indicate that the number of oscillations of
the field entropy is apparently increased compared to the re-
sults in Fig. 1 and the field entropy can be kept as a larger
value. Moreover, because the atom is initially in the superpo-
sition state, the period becomes irregular. In addition, the light
field parameter || has a strong effect on the time evolution
of S¢(#) in the system. It can be observed that the results for
a=-b=—-—c=—-d=1/2anda=-b=c=d=1/2 are

similar in the evolving curve of Sg(r).

1.21 (a) 1.21 (b)
1.0 1.0
0.8 0.8
wy 0.6 w 0.6
0.4 0.4
0.2 0.2
0 20 40 60 80 100 O0 20 40 60 80 100
gt gt
1.21 (¢) 1.27(d)
1.0 1.0
0.8 0.8
wy 0.6 wy 0.6
0.4 0.4
0.2 0.2
0 20 40 60 80 100 OO 20 40 60 80 100

gt gt

Fig. 2. (color online) Evolution of S¢(r) with scaled time gr versus differ-
ent |¢t| fora=—b=c=d=1/2. From (a) to (d), |&| =0.5,3.5,7.0,10.0,
respectively.

When the initial state of the two atoms is

W, (0)) = \% \%(|€1>€2>+|81782>)

1
- %(|ehg2>_ g1,€2)) ] (23)

Time evolution of S¢(¢) is shown as Fig. 3. It is shown that
the evolution period of the field entropy changes and the max-
imal field entropy gradually increases compared to the results
in Figs. 1 and 2. The above results correspond with the fact
that a different initial state can lead to a different evolution of
entropy of the coherent light field. It is also found that the
numerical result of field entropy S¢(f) is almost the same for
a=b=c=—-d=12anda=b=—c=d=1/2.
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141 (a) 141 (b)
1.2 1.2
1.0 1.0
. 0.8 . 0.8
0 0.6 0 0.6
0.4 0.4
0.2 0.2
0 0
0 20 40 60 80 100 0 20 40 60 80 100
1.4 1.4
1.2 ) 1.2 (d)
1.0 1.0
- 0.8 - 0.8
N 0.6 “ 0.6
0.4 0.4
0.2 0.2
0 0
0 20 40 60 80 100 0 20 40 60 80 100
gt gt

Fig. 3. (color online) Evolution of S¢(r) with scaled time gz versus differ-
ent|a|fora=b=—c=d=1/2. From (a) to (d), |a| = 0.5,3.5,7.0, 10.0,
respectively.

When the initial state of the two atoms is

W, (0)) = % \%(|e1,ez>—\g1,gz>)

1
+ \ﬁ(‘51782>_|81;62>) . (24)

Time evolution of S¢(¢) is shown as Fig. 4. With the increase
of the mean photon number, the maximal field entropy grad-
ually decreases for this initial state. The mean photon num-
ber can control the quantum entanglement between the atoms
and light field. The numerical results are almost identical for
a=-b=—-c=d=1/2anda=-b=c=—-d=1/2.

0.8 0.8; (b
0.7 (2) 0.7 (b)
0.6 0.6
0.5 0.5
W 0.4 W 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 0
0 20 40 60 80 100 0 20 40 60 80 100
gt gt
0.81 (c 0.81 (d
0.7 © 0.7 ()
0.6 0.6
0.5 0.5
w 0.4 W 0.4
0.3 0.3
0.2 0.2
0.1 0.1 L AN
0
0 20 40 60 80 100 0 20 40 60 80 100
gt gt

Fig. 4. (color online) Evolution of S¢(¢) with scaled time gz versus different
|a| fora=—b=c=—d=1/2. From (a) to (d), |a| = 0.5,3.5,7.0,10.0,
respectively.

Through the entropy theory of atoms and light field pre-
sented by Phoenix and Knight, the entropy is a very useful

measuring method of quantum entanglement of the quantum
state. The time behavior of the field and atomic entropy can
reflect the evolution of quantum entanglement between the two
atoms and the light field. The higher the entropy, the greater
the entanglement. In Figs. 14, the results show that the field
entropy evolution curve starts at 0, indicating that there is no
entangling between the light field and the two atoms at the
initial moment. The oscillation of the temporal evolution has
larger range and irregularity for smaller |@|. With the increase
of light field parameter |c|, the oscillation frequency of the
temporal evolution speeds up, and the phase backward shifts.
This phenomenon shows that changing || can control the en-
tanglement between the atoms and light field.

5. Conclusion

The quantum field entropy evolution properties of the co-
herent light field interacting with two two-qubit atoms has
been studied. The influences of the mean photon number on
the temporal evolution of the quantum field entropy between
the light field and two atoms are discussed for the two atoms
initially prepared in four specific states. The result shows that
the amplitude and phase of the field entropy can be changed
by the mean photon number. The mean photon number of the
light field and the setting of the initial state of the two two-
level atoms play important roles in the evolution of the field
entropy and the entanglement between the atom and the field.
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