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Analytical approach to dynamics of transformed rotating-wave
approximation with dephasing
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We study the dynamics of the Jaynes—Cummings model within transformed rotating-wave approximation (TRWA).
We analyze this model coupled to a dephasing reservoir, through the Lindblad formalism in the master equation. Then, we
examine the expectation value of the number operator. Finally, we investigate the validity of this model under dephasing

using the Mandel parameter and the total number of quanta.
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1. Introduction

The Jaynes—Cummings model (JCM) is a very attractive
model proposed in the physics of photon—atom interaction and
has long been of interest to physicists. This model with the
rotating-wave approximation (RWA), where the antirotating
term g(a' o, +ac_) is neglected, is described by a Hermitian
Hamiltonian which is exactly solvable.!!=3! This approxima-
tion is used in the weak coupling regime (g/® < 1) and weak
field amplitude. [+

The antirotating term ignored under RWA is wrongly in-
terpreted as a non-conservative term which violates the energy

conservation. 2301 However, according to
dH 1 oH
— = —[H,H]|+ —=— =0, 1
dr ih[ I+ ot )

which means that H is time independent; the antirotating term
does not change the total energy.

However, it was found later that this term does not con-
serve the total number of quanta in the system,!”! defined by
the operator

N=da+0o,+1. )

In recent years, much effort has been devoted to numer-
ical solutions of JCM without RWA in the quantum optical
literature. Furthermore, a number of researchers have shown
that it is possible to obtain an approximate solution to the JCM
without RWA.[8-191 On the other hand, the authors in Ref. [11]
proposed a transformed rotation wave approximation (TRWA)
using a unitary transform. They also claimed that this new ap-
proximation has the effect of counter-rotating terms but with
a simple mathematical structure of the rotating wave approx-
imation. The main goal of the present paper is to check the
validity of the results obtained in the recent work by Gan and

fCorresponding author. E-mail: m-mirzaee @araku.ac.ir
© 2013 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/22/9/094203

Zheng.['! As we show, the absence or presence of the dephas-
ing, has no effect on the Mandel parameter. While we expect
that our results would be affected by noise.

The rest of this paper is organized as follows. In Section
2, we first review the interaction between atom and field in
the system and the TRWA model. In Section 3, we study the
expectation value of a'a and the Mandel parameter and prove
that the number of photons in the presence of dephasing is a
decreasing function of time. In Section 4, we present the ex-
pectation value of o, and study the behavior of the expectation
value of o versus time. Finally, we demonstrate that our re-
sults are inconsistent with what we expected. Our conclusions
are summarized in Section 5.

2. Transformed RWA

In this section, we introduce the transformed rotating-
wave approximation (TRWA). It is well known that the Hamil-
tonian of the JCM consisting of both rotating and counter-

rotating terms is given by!!!]

1 4 1 +
H:596x+wala+§gcz(a+al), 3)

where @ and Q are the field and atomic transition frequencies,
respectively and g is the coupling constant, a(a’) is the anni-
hilation (creation) operator of the EM field, while o; (i = x,y,z
is the atomic operator defined as oy |e¢) = |e),0x|g) = —|g),
where |e) and |g) represent the excited and ground states, re-
spectively.

In order to investigate the effect of the counter-rotating
terms, we apply

§= %GZ(aT —a) 4)

to Eq. (3) and obtain H' = exp(s)H exp(—s).['!l Using Egs. (3)
and (4), we obtain

H' = H)+H]|+H), 3)

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

094203-1


http://dx.doi.org/10.1088/1674-1056/22/9/094203
mailto:m-mirzaee@araku.ac.ir
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 9 (2013) 094203

1 2
Hj) = EnQGx—kwaTa—f—we(Z—e), (6)

1 .
H| = 5g(l—8)(aT—i—a)(rz—l—ET]QIG},%S(CIT—a), 7

1 8 (%

2.QGX{cosh [ws(a —a)] —n}

Yoio L sinn | Se(a—a)| —nSe(a —
+2.Qlo'y{smh{w8(a a)} nws(a a)}. (3)

If we introduce € and 1) as

()

IR ®

2
we have
H| :nﬂge[aTa—kam]. (10)

So far, no approximation is adopted. Here, we neglect
H’z, because this term describes double and multi boson tran-
sitions which are related to O(g*). As pointed out in Ref. [11],
the exact ground state of Eq. (5) is |g,0) with the energy of the

ground state explained by!!!]

1 g

The energy of the excited states are

1 1
E2n+l = <n—|— 2)0)—2\/(0)—n9)2+g’2(n+1)

g2
*WEQ*E% (12)
1 1
Expir = <n+ 2) o+ 5\/((97 nQ)2+g%(n+1)
2
— e2-e), (13)

where g’ = 2gnQ /(0 +n2). We should notice that all ex-
pecting values of parameters in our paper depend on the dif-
ference between the atomic transition frequency and the field
frequency in a different way. By showing 1 to be less than
1, we could have introduced (| — n2]). This quantity is
larger than the difference between the atomic transition fre-
quency and the field frequency that is calculated in the JCM
with RWA. Therefore, we prefer to use conditions allowing us
to be far from RWA regime, instead of the RWA and its limita-
tions. We use the TRWA, which does not rely on the assump-
tion of near resonance and weak coupling, essentially. Next,
in addition to checking the validity of this approximation, we
calculate the Mandel parameter.

3. Calculation of the expectation value of a'a
and the Mandel parameter

An interesting subject in physics is to determine whether
the behavior of a system is governed by classical or quantum

mechanics in various conditions. Experimental observations
confirmed the quantum nature of light.['?) In quantum optics,
the observation of sub-Poissonian statistics is a clear signature
of the quantum nature of light. Authors in Ref. [13] stated
that the field in the JCM exhibits many nonclassical effects
in time evolution, such as sub-Poissonian behavior. In this
direction, the Mandel parameter measures the deviation from
the Poissonian distribution and the negative value of this pa-
rameter shows sub-Poissonian statistics. On the other hand,
Poissonian statistics yields zero value for the Mandel parame-
ter whereas the super Poissonian statistics corresponds to the
positive value for it. We define the Mandel parameter,®!?]
which determines the sub- or super-Poissonian behavior of a
system as follows:

((An)?) — (n)
(m) 7

—(n)?, and n is the number operator.

o) = (14)

where ((An)*) = (n*)
With this construction explained above, we calculate . First of
all, we focus on the time derivation of (a'a) from |g,0). As we
know, we can drive the time evolution of the number operator
according to

(a'a) = (g,0]exp(—s)Bexp(s) |3, 0) (15)
with
B=A"exp(s)a'aexp(s)A (16)

and A = exp(s) exp(—iHt)exp(—s). After some calculations,
we obtain

2,2

_ syl + £g + £°g syl
B =exp(iH't) [a a— %(a—i—a )+4(02] exp(—iH't). (17)

On the other hand, using the above relations and Eq. (4),
the effect of the exp(s) on the ground state is expressed as fol-
lows:

e2g? > eg\" 1
= - — 2
exP( 4w2>{nzl(2w) Vo
2n—1
£g 1
+ | = ——e,2n—1)+1g,0) ». (18
(%) e D+ls '} as)
Using Eqgs. (18), (11)—(13), we obtain

£g ’g’
[a*a — %(aJraT)GZ + w] exp(—iH't)e’|g,0)

oo 2n
= 6_8282/8w2{ Z (Sg) ! e_iEZnt
n=1 20 V2n!

)
- %(\/2n|e,2n— 1)+ v2n+ 1 e, 2n — 1>)}

2n—1
+ <Sg> l efiEZ)zflt
20 (2n—1)!
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2,2
£°g
X |:<2n—1+4(02> |e,2n—1>

— 28%(\/2117—1|g,2n72> +\/27n|g,2”>)}

2.2
s E°g &g
+e 1E§’<4w2 |g,0>——2w e71>>}.

Therefore, inserting Eqs. (16) and (19) into Eq. (15), we
obtain

(a'a)

:{Z_<§§)>4m+221m!

m=1

1
ir[ — - _ 24 02
X exp [n( w+2\/(a) nQ2)>+g%m

19)

+;\/(wng)2+g’2(m+1)>}

+ Y —(z(f)) ey (0 - nep+gts
o

EGe) mw

1
~ - _ 2,02
X exp {n(a) 2\/((» nQ)>+g"”m

Wo-n2rsgn-)]

- (;‘2;)22005 {a)—kzr]ﬂ - %\/(a)— nR)*+g?(m— l)t]
(&)l o)

gzgz €g 2 82g2
xexp(—4w2>+<2w 2+42exp a0 )| (20)

Consequently, imposing the initial conditions on Eq. (20),
we find the time evolution of (a’a). For instance, we present

two different conditions: resonance condition where @ = Q2 =
1,e=0.5, g =0.1 (Fig. 1(a)), and condition where ® = 0.5,
Q=1,e=0.5,g=0.1 (Fig. 1(b)). Through the ideal system
without any damping as shown in Fig. 1, both Figs. 1(a) and
1(b) encompass alternate features.

Essentially, due to the dissipative system, to represent an
exact solution of a real physical problem, we pay attention to
dephasing. In other words, we have the loss of nonclassicality
as a result of decoherence. Decoherence is a phenomenon of
the quantum theory where the loss of coherence occurs and the
interference effects are lost. The decoherence has irreversibly
converted quantum behavior into classical behavior.

By using the quantum trajectory approach, 4! the Hamil-
tonain of the system under dephasing is described by

ivphetc
-

where ¢(c') is a lowering (raising) operator of a system. In

H//:H

2

our procedure it is determined by o, , and ¥p, is a dissipative

rate under dephasing. Then, we have

H' —H— 1Ypn!
5,

Eventually, with the same process, which is used in the previ-
ous section, we find

(22)

(a'a) = exp(—ymt)(a'a)r, (23)

where (a'a); is exactly the same as Eq. (19).

6
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Fig. 1. (color online) Time variations of (n) with initial conditions of (a)
0=02=1,=05¢=01land(b)2=1,0w=0.5,=0.5,¢=0.1.

()

0 20 40 60 80 100

Fig. 2. (color online) Time variations of (r) in the presence of dephas-
ing in two different initial conditions: (a) w =2 =1, =0.5,g=0.1,
Yon=0.1,and (b) =1, 0 =0.5,£ =0.5, g = 0.1, b = 0.1.
To illustrate the time evolution of (a'a) in the presence
of dephasing, we present the schematic of this procedure with
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¥oh = 0.1 in Fig. 2. Note that other parameters are the same
as those in Fig. 1. As shown in Fig. 2, the number of photons
in the presence of dephasing is a decreasing function of time.
This result is not in agreement with the prediction in Ref. [7]
in which it was indicated that the JCM without the RWA in-
creases with time.

In the presence of dephasing, for two different initial con-
ditions, Mandel parameter is shown in Fig. 3. As we can see,
both systems have a sub-Poissonian behavior (Q < 0). In this
case, we see that in the presence of dephasing, the quantum
correlation appears. Although we expect that, under dephas-
ing, the system leads to the loss of quantum effects. So we be-
lieve that in the presence of the dephasing, quantum behavior
must be converted into classical behavior, and in this condi-
tion, the Mandel parameter yields non-negative value in some
times.

0 20 40 60 80 100
SV ah
—0.2} I;‘ “ / | A
A M s \ /
A / *
. oap) \/ \/ \ ) v
S T \)
S —-0.6f |
\
~1.0 &‘ (2)

= AR
A_O.GZ \ \ W ( |
S I
THI |

Fig. 3. (color online) Mandel parameters in two different initial con-
ditions: (a) ¥ =Q2 =1,€=0.5, g=0.1, Yoh = 0.1, and (b) 2 =1,
®0=05,¢=0.5,¢=0.1, %, =0.1.

4. Expectation value of o,

For studying the time evolution of the number of quantas
(N), not only does (a'a) play an important role, but also (o)
does. Thus in this section we focus on calculating the time
evolution of (o), essentially.

By using a calculation method similar to that in the pre-
vious section, we compute the following expression:

(0y) = (g,0l e AT e’ (a,)e *Ae’|g,0), (24)

where

s -s_p( €8 _&
e’(oy)e —D<w>6++D< w)c, (25)

with D(B) = exp[B(a’ — a)]. Using Eqgs. (24) and (25), we
obtain

<Gx> _ 6—8282/(4w2){eiEgt <g’0|
2m
: £g 1
FE [ore () fem
mz=’1 [ 20 (2m)! &:2m|
2m—1
+eiE2”’1’(88> L (e,2m — l@
20 (2m—1)!
(3ol -2)
0] 0]
] €g 2n 1
4 elEZnt <) 7271
Zl[ 2w) a2

+ eiE2nflt sig o ; |e 2}’! — 1> (26)
20 2n—1)!

Finally, we obtain

() = {Zexp[uEgEzmr](jf,)zn_l

X

n=1
. (801D(=p)|g,2n—1)
2n—1)!
2m+2n—1
+ Z exp[i<E2m - E2n—1)l] £7g
(5)
. (&:2m[D(=P)|g.2n—1)
(2m)!(2n—1)!
. g 2m—1
+m;1 expli(Eam—1 — E,)t] (20))
o (e,2m—1|D(B) |e,0)
(2m—1)!
2m—1+2n
+ Z GXP[i(Eszl _EZn)t] (;(i)
(e,2m—1|D(B)|e.20) \ _(eq/ (202
(2n)!(2m—1)! }e ¢ . @7

In this study, we note that we need the numbers of initial
and final states of photons, in addition to the use of the partic-
ularity of Laguerre polynomials. It means that, in the 2nd and
the 4th terms of Eq. (27), we should consider the decrease and
the increase of photons in each transition. Thus, three different
conditions may appear as follows:

I) 2m—1<2n and 2m—1<2n-2,
M) 2n>2m—1>2n-2,
) 2m—1>2n and 2m—1>2n-2. (28)

Therefore, assumptions I and III describe the conditions in
which the initial and final numbers of quantas are much dif-
ferent. On the other hand, assumption II satisfies the situa-

tion that initial and final numbers of quantas are nearly small.
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Therefore, in this approach, equation (27) has three different

constructions

(0y) = exp (— ifzz) {nZ:l (;’;)2"1(2”1_1)!(_3)2;11
X exp {it(—nf_ (n_;)w

+;\/(w—n!2)2+g’2n)}

e 2m—1 1 "
) zi> G B

m=1
X exp [it((m—2>a)
—% (a)—nQ)2+g’2m+n£Q>}+K}, (29)

where K can be described by assumptions so that if assump-
tion I is satisfied, we have

K=Y (;i)zmﬂnl{ {exp(it(MJr—N))}

m=1
n=1

5\ 2n—2m—1
x (_(gzl ) LZn 2m— 1(|ﬁ|2)
+ [exp(ir (M- —Ny))]

5\ 2n—2m+1
(_ﬁ) 2n 2m+1(|ﬁ| )} (30)

(Zn)! 2m 1

If assumption II is satisfied, then

Koy (88)2’””"1{[@@@;(1‘4+N»}

X

20

m=1
n=1

2m—2n—1
% (ﬁ) Zm 2n— l(|ﬁ‘ )

(2m)| 2n 1
+[exp(it (M- —Ny))]
~\ 2n—2m-+1
x (ﬁ()z,q)! L3 (1B )} 3D

Finally, if the previous conditions are not satisfied, the third
condition is tested

K=Y (;i)zmﬂnl{ {exp(it(MJr—N))}

m=1
n=1

% (ﬁ)2m72n ' 2m 2n— 1 |ﬁ| )

(Zm)' 211 1
Hlesp(r(M- ~N.))
2m—2n+1
e R (] e

In the above equations, we have

1 1 2 )
My = <m2> w+§\/(wfns2) +g%m,

1 1 2’

1 1 2 /
N+:(n—2)0)+2\/((0—n9) —|—g2n,

1 1 2 /
N_= (n_Z)w_Z\/(w_nQ) +g?n.
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Fig. 4. (color online) Time variations of (—ay) with initial conditions
@o=02=1,e=05¢g=01%=0,b)2=1,0=05,=0.5,
g=01L%=0,c)0=2=1,€=05,g=0.1, %p =0.1, and (d)
Q=1,0=05,=0.5,¢=0.1, %, =0.1.

So far, we have presented an analytical solution of (o).

In order to illustrate more clearly, in the presence and the ab-

sence of dephasing, (—o,) versus ¢ with different initial con-

ditions are shown in Fig. 4. As an example, we assume n = 1

and m = 5.
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Fig. 5. (color online) Time evolutions of (N) in two different Initial conditions: (a) ® =2 =1, =0.5, g=0.1, Hh=0.1,(b) 2 =1,
a):O‘S,e:O‘S,g:O‘l,yph:O.l,(c)w:Q = 1,8:0.5,g:0.1,’J/phZO,and(d)Q =1, w:O.S,s:O.S,g:O.l,yph:O.

Finally, in regard to Eq. (2), we present time evolutions of
(N) (the number of quanta) for two different initial conditions,
(w=Q2=1,€=05¢=01,%,=01, Q2 =1, 0=0.5,
€=0.5, g=0.1, %n = 0.1), with and without dephasing in
Fig. 5. As we see in Figs. 5(a) and 5(b), the total number of
quanta is a decreasing function of time and is not conserved.
In other words, the annihilation of the total number of quanta
can be viewed as a result of dephasing. On the other hand in
the absence of dephasing the number of quanta is conserved.

5. Conclusion

In this paper, using the TRWA used in Ref. [11], we in-
vestigate the dynamics of the Jaynes—Cummings model with
transformed RWA under dephasing. we also calculate the time
evolutions of the number state and o;. It is shown that (a'a)
in the absence of dephasing is an oscillating function of time,
while in the presence of dephasing it has a damping behavior.
Finally, considering the definition of the Mandel parameter,
we find the plot of this parameter versus time. It is shown
that the system has a quantum behavior with and without de-
phasing. However, as expected, the quantum systems under
the noise, due to the decoherence effect, should be close to
the classical regime. In addition, we conclude that the total
number of quanta in the presence of dephasing is a decreasing

function of time and is not conserved. However, in the absence
of dephasing, the number of quanta is conserved. Thus, the re-
sults obtained here indicate that by using the TRWA, the nature

of the system has changed and the results are inconsistent with

those of a similar system which is not under the RWA. [-13!
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