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Abstract

In this paper, we study the dynamics of the atomic inversion, scaled atomic Wehrl entropy and
marginal atomic Wehrl density for a single two-level atom interacting with SU(1,1) quantum sys-
tem. We obtain the expectation values of the atomic variables using specific initial conditions. We
examine the effects of different parameters on the scaled atomic Wehrl entropy and marginal
atomic Wehrl density. We observe an interesting monotonic relation between the different physi-
cal quantities for different values of the initial atomic position and detuning parameter.
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1. Introduction

Quantum entropy, is considered the main generalization of the Boltzmann classical entropy, proposed by von
Neumann [1]. It has been applied, as a measure to many aspects in quantum information processing such as
guantum entanglement, photocount statistics, quantum decoherence, quantum optical correlations, purity of the
guantum states, accessible information in quantum measurement. The quantification of entanglement is neces-
sary to understand and develop the quantum information theory. For this reason different entanglement measures
have been used for the mixed and pure states such as concurrence [2]-[5], entanglement of formation [6] [7], and
negativity [2] [3]. In this way, the concurrence and negativity are used as a good entanglement measure for
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mixed state, but the von Neumann entropy has been proposed for pure state entanglement [1], all these measures
to test whether a given quantum state is separable or entangled. Also, some interesting physical phenomenon is
observed as a result of entanglement measure, such as “entanglement sudden death” (ESD), entanglement sud-
den birth (ESB) [8]-[14].

The Wehrl entropy (WE) is more sensitive in distinguishing states than the von Neumann entropy since WE is
a state dependent [15]. The concept of the Wehrl phase distribution (WPD) has been developed and shown that
it serves as a measure of both noise (phase-space uncertainty) and phase randomization [16]. Furthermore, the
WE has been applied to some dynamical systems, too. In this respect, the time evolution of the field WE for the
Kerr-like medium has been discussed in [17] [18] showing that the FWE gives a clear signature for the forma-
tion of finite superposition of coherent states (cat-like states) as well as the number of coherent components tak-
ing part in the superposition. For the trapped ion system the WE gives an information on the dynamical proper-
ties and entanglement of the system [19] [20]. On the other hand some features of WE and WPD of a single-
Cooper pair box placed inside a dissipative cavity have been discussed [21]. It is shown that phase damping
leads to generating long living correlation of the system.

Different entanglement measures and quantifiers for mixed and pure states have been proposed, such as the
negativity and atomic Wehrl entropy. The relation between mixed state entanglement and the atomic Wehrl en-
tropy (AWE) has not been studied widely. However, there are some attempts to quantify the pure state entan-
glement by using AWE. In this context, the entanglement evaluation with AWE and atomic Fisher information
has been investigated [22] [23]. It has been found that entanglement of a two-level atom can be measured by
AWE and their marginal distribution. On the other hand, atomic Wehrl entropy was used as an entanglement
measure for a mixed state two-level system in the presence of intrinsic decoherence [24]. It found that the in-
formation about entanglement is obtained by comparing the results for the atomic Wehrl entropy and negativity
with the analytical results for a simple case.

Realistic quantum systems are not closed, which causes the rapid destruction of crucial quantum properties.
Therefore, the unavoidable interaction between a quantum system, understanding the dynamics of entanglement
measures and finding the correlation between different phenomenons may stimulate great interest. In the present
article, our main interest is to investigate the evolution of the scaled atomic Wehrl entropy (AWE) of a single
two-level atom and SU(1,1) quantum system in the presence of detuning parameter, which leads us to address
the question: Can the AWE be used as a indicator of the entanglement and dynamical properties of the system in
the presence of non-linear terms?

The article is organized as follows: In Section 2, we introduce the model of the single two-level and SU(1,1)
quantum system in the presence of detuning parameter. The definitions of the scaled atomic Wehrl entropy,
atomic inversion and marginal atomic Wehrl density are introduced in Section 3. We conclude the main results
with some remarks in Section 4.

2. The System Hamiltonian

The Hamiltonian which describe the interaction between a single two-level atom and SU (1,1) quantum system
take the following form

H = ok + ok + 0,8, +Q,8,, + (KK, + kWS, ), 1)

where @ is the frequency of the system, Q, is the energy and S are elements of the SU (11) group ob-
eying the following commutation relation

[Si2Su | = Sudy Sy, )
while k, and k, satisfy the following commutation relation
[k, k. ]==k..[k_,k,]=2k, and [S; k., |=0. ©)
The Heisenberg equation of motion for any operator O is given by
i‘L_?=[o,H],(h=1) (4)
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thus, the equations of motion for S, and k, are given by

i djtll _ [511l H ] - ﬂ{k@k@slz _kJ(rl)kEZ)Sm}' (5)
0S5, O (2) @)
IT:[SZZ,HJ:_l{k— kS, kK] 821}’ (6)
Ak o ®)2) @)
|T:[kz ,H]:—ﬂ{kf k®s, —kPk's,, ), @
dk® e @2 (2
= = [k H ] =-2{k"KPs, - kK S, ®)

dS, _.dS, . dk ¥ i dk? _

0 9
dt dt dt dt ®

then
S, —S,, + k! +k!? = constant of motion

In this case, we have N, =k@"+sS,, N,=k®—s,, are constant of motion. Therefore, the Hamiltonian

takes the following form Z
H = ok +,k? +QS, +Q,S,, m(kﬁ”k@su + k£1>k£2)321),
H, = ok + 0,k® + Q5 +Q,S,,,
Hy =@ (N, =S )+ @,(N, +S,,) + QS +Q,S,,,
Hy =a N, +o,N, +(Q — @) Sy +(Q, +@,)S,,,

1 1
H, = N, + o,N, +(Ql—col){§(sll—822)+E(SM+822)}

+(Qz+a)2){%(8n+822)—%(Sn—822)}, (10)

Q-0,-Q,-
Ho = N, + N, + (1= = e =)

(811 _Szz)l
A
Hy =& N, + o,N, +E(311 _Szz)v

A
H =N, +o,N, +E(511—Szz)+ H

int?

H=N +C+H,

int

with A=Q, - -Q, — o, . We note that[N,C] =0, therefore

int

where C :%(S11 —S,)+H

[NH]=0=[H,C], ie. N and C are constants of motion, where N =N, +o,N, the time evolution
operator is defined

U (t) =exp(-iHt), (11)

thus
U (t) =exp(—ie;N;t)exp(-iw,N,t)exp(-iCt), (12)

where
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exp(—ioN;t) =

exp(—iw,N,t) =

where

we note that
KOk® 12 = 12k,

also
Kk ® s = kK@,
N
ci=| 2 ,
A 2

C4—{ y 0}
= ‘01 .
Hy

i -ict)® (-ict)’ 22
exp(—iCt) =1+ ICt+( ) +( ) +---:I—iCt—iCt
1! 21 3! 2!
COS,ult _%Sln ,Ltlt Zia Sin ,uit kfl)kfz)
exp(-iCt) = in st " #1- inut |
g A W @) gt 4 A SN A
H 2w

for simplicity we can write

C

+1

3!

(13)

(14)

(15)

(16)

(1)

(18)

(19)

(20)

oo, (1)

(22)
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F, F
U(t):|: 1 12:|, (23)
FZl I:22
where
F,=exp _ia)l[kil) +£jt—ia)2 (kf) +ljt COS‘u,lt—ESIn it ,
o] 40+ i (72 ot
. (24)
F,, =-ilexp| —io (kgl) _l)t —iw, (kEZ) _ljt SIn gt |(+1)k£2),
2 2 Hy

F,, =exp| -io, kgl)_i t—iw, kgz)_it cos,uznﬁsmﬂzt .
2 2 2w

The time evolution for the expectation value of any operator can be calculate through the following relation

(o())=(¥()o(v)¥ ()= <‘I’(O)|UT(t)O(t)U (t)|‘I’(O)>, (25)
Now the initial state of the system can be written as
|‘P(O)> = |‘P(0)>SU(2) ®|‘P(0)>SU(1‘1) = (cos§|e)+sin§| g>j| m,k), (26)
where
(1)|m1 m,, kK, ) = (my +k )|y, m, k),

(m, +k, )| m,my kK, ),

JOmg k) (my +2k ) [ +2,m, kg k),
k' |m,m,, k,,k, \/m )(m, +2Kk, ) [m,m, +1,k;,k, ),
|mmkkzm|mlmkk
\/mz+—2k|m1m2 ~1,k;, k, )

0 6 .0
|‘P(t)>=U(t)|‘P(0)>=[F“cosz+Flzs|n j|m1 m,ky, K, )|e) + (Fﬂcosz+ Fzzsmzj|ml,m2kl,k2>|g>, (28)
Substituting from Equation (26) in Equation (28), then the final form of the wave function can be written as

. . H i gl)Jrl Ziwo | k(2
|‘P(t)>={(cos;ﬁt—%&“L—Mt}osg—iﬂ%k@k(z)sing}e o 0 i )|ml m,, k., k,)|e)

Cio (K@ L) (2_1
_1{ sin gt kf)kf)cosg—[cos;zzt ES nﬂzt]SmQ}e wl{ jt “’z(k zjt|ml,m2,kl,k2>|g>.
4 2 2 2

K [my,m,, k,,k,

2) =
)=
kY m,m,, k. k,)
)
)
)=

(27)

k®|m,m,. k,,k,

(29)

Then the wave function can be written in the form

|‘P(t)> = A(t)|m,m,, k, k, )|e)+ B(t)|m, m, kK, )| g), (30)
and consequently the density matrix p(t)=|¥ (t))(¥(t)| becomes

p(t)={A(t)|m1,mz,kl,k2)|e)(e|<k ky,m,,m | A" (t) +B(t)|m, my, k., k)| g)(g](ky, k. m,, m | B (t)

31
+B(t)[m, my, kK, )| g) (e[ (K, ky,my, m | A" (1) +A(t)|m my, kK, )| ><g|<k2,k1,m2,m1|B*(t)}, 31

where
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o+ L i 2+ ;
H

(km ) (km 1) _ _ (32)
—i — = lt=i t
B(t)=e ” (Cos,uzt 'AM]sing—ilef)kf)cosg},
2w 2 H, 2
and
IA@)[ +[B() =1. (33)

Thus the expectation value for any operator can be calculated through
{O(1)=(¥(0)[o(1)|¥(0))=(¥(1)|0(0)| ¥ (1), (34)

where |‘I’(O)> and |‘P(t)> are defined by Equations (26) and (30). With the help of Equations (32), (34), the
expectation values for the atomic operators o,, o, and o,

A? sin gutsin gt E(Slnﬁﬁtcosﬂzt+COSMtS'”ﬂztj}Sin(wl+wz)t (35)

i
(o, (1)) = S sin e{cos #1008 it == " > . m

2 sin gtsin ut i_A[sin 4t cos ot N COS 4t sin st ]}
(36)

<O' (t)> = —sm 64 cos wt cos pt ——
4 ity 2 i Hy

><Cos(a)1 +a)2)t,

2 ain?
<Uz(t)>=0052gﬂcoszﬂﬁ%sm zﬂltJ PR +1)(m1+2k1)(m2+1)(m2+2k2)}
7 I

2

+S|n22{2/12 sin” pat 1(m1+2k1—1)m2(m2+2k2—1)—1}.
@37)

Where we have used the abbreviations

A,
:\/TJJ (m+1)(m+2k),

(38)
AZ
iy = \/T+Azm(m+ 2k -1).

3. Scaled Atomic Wehrl Entropy and Marginal Atomic Q-Function

In this section, we will use the scaled atomic Wehrl entropy as an entanglement quantifier between single two
level atom and SU(1,1) quantum system.
The scaled atomic Wehrl entropy can be written in terms of the atomic Q function as [25] [26]:

(39)
In the above equation S, (0,0,t)=-Q,(0,9,t)InQ, (6, d,t) is the atomic Wehrl density and
Q.(®,®,t) isthe atomic Q -function which is defined as [27] [28]
1
Q. (0,0,1)= o <® <I>|pA |® d>> (40)

where P, (t) is the reduced density of the atom and |®,cD) is the atomic coherent state which is defined in
the following form

|©,®) =cos(®/2)|e)+sin(©/2)e" |g), (41)
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where ® and @ is the atomic phase space parameters. Then the atomic Q -function can be written in terms

of the expectation values of the atomic variables o,, o, and o, as follows

Q. (0®,®,t)= i{u(az (t)>cos®+[<aX (t))cos +<<7y (t)>sin CD]sin @}. (42)

It is worth noting that from the definition (39) the SS,, (t), cannot be negative as a result of the Q, isa
non-negative function. As it is generally difficult to find a closed form for the SS,,, (t) numerical techniques
have to be used. Nevertheless, at particular values of the interaction parameters the exact form can be obtained.
The shifted (scaled) S, (t) satisfies the following inequality

0<SS,, (t)<In2. (43)

By integrating the atomic Wehrl density S, (©,@,t) over the atomic variable @, we obtain the marginal
atomic Webhrl density as follows

2n
o = | S,sin©de. (44)
0

4. Some Statistical Aspects

In this section, we discuss and present some statistical aspects such as the atomic inversion pz( )= L <0' (t)> ,
scaled atomic Wehrl entropy SS,,, (t) and marginal atomic Wehrl density S, . We have considerefl the time
has been scaled “one the unit of time is given be the inverse of the coupling constant A7

The atomic inversion of the atom is one of the important atomic dynamic variables of the system. This in fact
would give us information about the behavior of the atom state during interaction time. In Figure 1, we have
plotted the dynamical behavior for different values of the involved parameters. We concentrate on the variation of
the initial atomic position @ from the excited state, i.e. @ =0 to the superposition state, i.e. 6 =m/2 as well
as on the excitation number m , which is in analogy with the usual Jaynes-Cummings model, corresponding to
the number of photons. Firstly, we consider that the system is initially in the excited state =0 and the absence
of the detuning parameter & =0. It is observed that the atomic population inversion has a regular and periodic
oscillation where the amplitude of oscillation is decreased when &6 =5 (see Figure 1(c)). Figures 1(b), (d) de-
pict the effect of the superposition state (i.e. & ==/2), where the amplitude of oscillations is very small when the
detuning parameter is taken into consideration (see Figure 1(d)).

0.5 / @ 057 (b)

Mol <4V
A ./.\JM J Q\S&/\/\ .

p,(t)
(=)

% 314 6.28 9.42 12.56 0 314 6.28 9.42 12.56
scaled time At scaled time At
0.57 (c) 0.51 )
- J\(W\ /\ J\WWW\ w\w NW\ R VA AVAVYAVAVVAVAVAY)
0.5 . . 0.5 . . v ;
0 3.4 628 942 1256 157 18.74 0 3.14 6.28 9.42 12.56
Figure 1. Time evolution of the atomic inversion p,(t) for ¢=0, k =k, = and the excitation number m, =m, =1

and with different values of the initial atomic position 6 and detuning parameter &, where (@) (5,6)=(0,0), (b)

(5,9):[0,%},(@ (6,0)=(5,0) and @) (5,9):(5,2).

2
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Figure 2 depicts the dynamical behavior of the scaled atomic Wehrl entropy SS,, for different values of de-
tuning parameter and initial atomic position when the phase shift between the two levels is neglected and the exci-
tation number is taken to be the unity. From Figure 1(a), one can infer that before the interaction the scaled
atomic Webhrl entropy is equal to zero and information about energy levels is not available. This implies that en-
tanglement cannot be performed before the interaction is switched on. As the scaled time goes on, one see that
SS,y 1S growing and reaches a local maximum value but after a sometime interaction the difference between
local maximum and local minimum becomes bigger. The system returns on its separable state (i.e. SS,, =0) at
gt =mn, where m=0,12,---. The high amount of entanglement is achieved around the half of periodic time at
gt =(2m+1)x. The amplitude of SS,, is decrees which means that the case of weak entanglement between
the two-level atom and input field when the effect of the detuning parameter is taken into account (see Figure
2(c)). It is observed that the dynamical behavior of SS,, is completely changed when the two-level atom starts
the interaction from the superposition state (6 =m/4). In general one can see that the high amount of entangle-
ment is achieved during the time evolution in the comparison with the upper state case (6 =0). On the other
hand SS,, =0 is dropped to zero at gt =(2m+1)x. Finally, Figure 2(d) presents the influence of the detun-
ing parameter on the evolution of SS,, when the initial atomic position 6 =x/4.

Now we are in a position to discuss the evolution of the marginal atomic Wehrl density S, as a function of
the time and atomic phase space parameter @ for different values of initial state setting and detuning parame-
ter. It is interesting to mention here that the behavior of S, (t) for different values of the non-fluctuating com-
ponents of Rabi frequency. It is observed that S, (t) oscillates between minimum and maximum peaks during
the time evolution. The distribution of the marginal atomic Wehrl density peaks in depending the initial state
setting of the two-level atom when the effect detuning parameter is neglected. The behavior of S, (t) peaks
becomes regular and periodic when the effect of the detuning parameter is considered. In this case there the ini-
tial state setting has weak effect on the dynamical behavior of S, (Figure 3).

5. Conclusion

Quantum entanglement is a key resource which distinguishes quantum information theory from classical one. It
plays a central role in quantum information and computation. In this paper, we have discussed the problem of
the interaction between two-level atom and SU(1,1) quantum system. The model was considered when the two-
level atom is initially in superposition state and the expectation values of the atomic variable are obtained

(@ (b)
0.6 0.6
~ 05} 05
= 04 = 04
< <
2 03 »n 03
wn
0.2 0.2
0.1 0.1
0 0 s : +
3.14 6.28 9.42 12.56 0 314 628 9.42 12.56 157 18.74
scaled time At scaled time At
(© (d)
0.6 0.6
e 0.5¢ %0_4
zZ 04 o
@A 03 &% 02
0.2h 0
0.1
0 . . ) -0.2 . . . . . )
0 3.14 6.28 9.42 12.56 0 314 628 9.42 12.56 157 18.74
scaled time At scaled time At

Figure 2. Time evolution of the scaled atomic Wehrl entropy SS,,, (t), for ¢=0, k =k, :% and the excitation number

m,=m,=1 and with different values of the initial atomic position & and detuning parameter & , where (a)

(5,.6)=(0,0), (b) (5,9):(0,2),@) (5,6)=(5,0) and (d) (5,9):(5,%).

©,
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628 9.42

scaled time A t

scaled time A t scaled time k t

Figure 3. The surface plot of the marginal atomic Wehrl entropy S, (t) versus the scaled time At and the phase space

parameter @ for ¢=0, k =Kk, 1 and the excitation number m =m, =1 and with different values of the initial
4

atomic position @ and detuning parameter &, where (a) (5,0)=(0,0), (b) (5,9):(0,2], (¢) (6,6)=(5,0) and (d)

(6,0)= [5%) :

analytically. Using the scaled atomic Wehrl entropy the system entanglement has been investigated. The analy-
sis herein has been carried out at two distinct considerations of the detuning parameter and initial atomic state
setting. Our results show that the SU(1,1) quantum field-atom interaction considering the effect of the initial
state setting and detuning parameter has much richer structure. The initial atomic state position and detuning
parameter has an important role on the dynamics of the atomic inversion, scaled atomic Wehrl entropy and mar-
ginal atomic Wehrl density.
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