Commun. Theor. Phys. (Beijing, China) 36 (2001) pp. 331-334
© International Academic Publishers

Vol. 36, No. 3, September 15, 2001

Normal Ordering Solution to Quantum Dissipation and Its Induced Decoherence*
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Abstract We implement the normal ordering technique to study the quantum dissipation of a single mode harmonic
oscillator system. The dynamic evolution of the system is investigated for a reasonable initial state by solving the
Schrédinger equation directly through the normal ordering technique. The decoherence process of the system for the

cases T'=0 K and T # 0 K is investigated as an application.
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1 Introduction

The quantum dissipation of a single-mode harmonic
oscillator coupled to a reservoir with an extremely
large number of degrees of freedom has been intensely
studied’ =5 in the past decades with various methods,
such as master-equation approach, Langevin approach.
By using the Markovian master-equation approach, the
effect of dissipation on a macroscopic superposition of two
coherent states of a harmonic oscillator was studied.[0 Tt
shows that the superposition of the system will be trans-
formed into a classical mixture state due to the effects of
the environment,!”) which is called decoherence process.
The rate of the decoherence is proportional to the distance
between the two states, which has been demonstrated in
cavity QED experiment.[® The wavefunction structure of
a single-mode boson system plus a bath of many bosons is
studied for both factorization case!®1% and partial factor-
ization case.'!) Tt shows that when the Brownian motion
effect is ignored in certain conditions the total wavefunc-
tion of the total system can be written in a form of a
product of the bath and system components. Based on
the result,'") we have studied the decoherence process of
excitons in an idealized quantum well placed in a lossy
cavity.['?l The result shows that the coherence of exci-
tonic superposition is reduced in an oscillating form due
to the dissipation of the optical cavity. In Refs [13] and
[14] by solving the Heisenberg equations, the state vec-
tor of a driven-damped oscillator system evolved from an
initial coherent state has also been solved explicitly.

As far as our knowledge is concerned, the dynamic
evolution of a damped oscillator system is only investi-
gated by implementing the Heisenberg—Schrodinger pic-
ture transformation (HSPT).['M131] Can we solve the
Schrédinger equation directly and get the state vector of
a damped harmonic oscillator system without HSPT? To
answer this question, in this paper, we firstly apply nor-
mal ordering technique (NOT) to study the time evolution

of a damped harmonic oscillator. The explicit form of the
state vector of the total system evolved from an initially
factorized coherent state is calculated. Besides, as one of
the applications, we will devote ourselves to studying the
decoherence behavior of the quantum dissipating system.
For zero-temperature case, the decoherence time of a su-
perposition of two coherent states due to dissipation is
given in an explicit form which agrees with the previous
results.[88] The effect of finite temperature of the reservoir
on the decoherence rate is also investigated.

This paper is organized as following: in Sec. 2, we
develop the NOT to solve the dynamic evolution of a
damped harmonic oscillator under certain initial condi-
tion. In Sec. 3, the decoherence of a superposition state
of the single mode boson system is investigated. In sub-
section 3.1, the decoherence process of the system in the
case of zero temperature is studied for a factorized initial
state. We find that, the decoherence occurs in a time scale
which is sensitive to the distance of the initial superposed
states. The temperature effect on the coherence evolution
of a damped oscillator is investigated in subsection 3.2 by
using NOT.

2 Normal Ordering Technique

The NOTM is firstly introduced to study the dynamic
evolution of a driven oscillator as well as that of two
weakly coupled oscillators without dissipation. In this
section we adopt the spirit of NOT to study the dissipa-
tion process of a single-mode boson system coupled with
a reservoir.

We consider a harmonic oscillator coupled to a reser-
voir which involves a large collection of systems with many
degrees of freedom, that is a damped oscillator. The reser-
voir is modeled as a harmonic oscillator bath, which in
practice can be the modes of the radiation or the quan-
tized modes of elastic vibrations (phonons) in a solid. The
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Hamiltonian for the system plus bath can be described as

H = hwa'a +h ijb;{bj +n Z(gjaTbj +he), (1)
J J

where a (a') denotes the annihilation (creation) operator
of the harmonic oscillator with frequency w, and b; (b;r)
is the annihilation (creation) operator for the mode of the
bath with frequency wj, which obeys the boson commuta-
tion relations [b;, bj] d; i/ g; denotes coupling constant
between the harmonic oscillator with frequency w and the
oscillator mode of the reservoir with frequency w;. The
model described in Eq. (1) can be exactly solved as long as
the coupling constant g; and the spectrum density of the
bath are specified explicitly.''] Here we adopt the spirit
of the normal ordering method to study the dynamic evo-
lution of a single mode oscillator with dissipation.

The state vector of the whole system obeys the
Schrédinger equation which has a solution of the form
[(t)y = U(t)]1(0)), where the time-evolution operator
U(t) satisfies iho,U(t) = HU(t) with the initial condi-
tion U(0) = 1. We assume that evolution operator has
its normal order form U(t) = U™ (t). Since the normal
form of any operator is unique, one can establish the one-
to-one corresponding relationship between the normal or-
dered evolution operator U™ (t) and an ordinary function
T (1), with UM(8) = (o, {8 U™ (1)[{8;}, ), where
B} = 181)]52) - - |Boso). Such a corresponding relation
defines a map R~! |

UM = O () = (o ABHU 0B} ) - (2)
We may also define the inverse transformation N |

N: UM @) - U™ () =U(t). (3)

One can write the Schrodinger equation in the normal

ordering form. With the operator R~1, that is, taking di-

agonal coherent state matrix elements of both sides of the
normal ordered Schrédinger equation and get a c-number

equation of U™
) +Z“’J’6 (9 + 5)5*)

i9,0™ = [wa (
+Zgja*(5j + 87};) +Zg;g;(a+ ai*)}gm ()
J J

Now we need to solve the equation for U™ (t) with the
initial condition U™ (0) = 1.
Let

U™ = exp [AO‘*O‘ + ZBJﬂWJ Z B;.y 556y

+ch5a+ZDa5J}, (5)
where the prime in 3" denotes sum over index “j” and
“3” with the condition 7 # j’. Substituting Eq. (5)
into Eq. (4), we get the coupled equations for the time-

dependent coefficients
Bj = —iqu(l + B)
Cj = —iw;C; — ig;i(1+A4),

(6a)
(6b)
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Dj = —iwD; — ig;(1 + By) 12 9By ; (6¢)

A=—iw(1l+A4)-i) gCy, (6d)
j

B;j = —iw;B; ; —ig; Dy (6e)

with the initial condition A(0) = B, /(0) = C;(0) =
D;(0) = 0. The solution of Eqs (6) is easily obtained
by using Wigner-Weisskopf approximation,!!

A(t) = u(t) — 1, Bj=e Wit —1, (7a)
Cj(t) = u;(b), Dj(t) = v;(t), (7b)
By (t) = v, (1), (Tc)

where for the bath with the frequency spectrum distribu-
tion p(w),

u(t) _ e—iazte—wt/2 (8&)
i(wj—@)t o—7t/2 _ 1
e! e
(t) = —g*e —iw;t , 8b
i(wj—@)t o—t/2 _ 1
e! e
(1) = —a. 71th , 8
v;(t) gje W — @+ 172 (8¢)
o) gigy e it (eiwfw)tefvt/z,l
P wy —0+1y/2\ wj— 0 +iy/2
i(wj—w],/)t -1
-0, (s4)
Wi — wj/
here v = 27p(w)|g(w)|? is the damping constant of the

oscillator induced by the coupling to the environment,
@ = w + Aw is the renormalized physical frequency and
Aw is the lamb frequency shift

o0
Aw=—P / AACHIICH ] (9)
0 (A) — W
where “P” denotes the Cauthy principal part.
If, as an example, the initial state of total system is

[¥(0)) = ey @ {53;}1) (10)
where [{8;}) = [];16;) denotes multimode coherent state
of the bath, at any time ¢ the total system will evolve into

[(¢)) *’ +Zﬁjv] >

. !
@ [{Be " + auy(t)+ v, (08, 1), (1)
j/
where we have used the sum rule,

‘O‘“(t) + DBy (Yf)‘2 + ™1+ ay ()
i

+ Zl”j,j’ OBy =lal+> 18,
/ j

which is derived from the following normalized condition
(W(@)|(t)) = 1. We see from Eq. (13), due to the bath
fluctuation and the back-action of system on the bath, the
state vector evolved from factorized initial state becomes
fully entangled. If the Brownian effect caused by the terms
>_; Bjvj(t) can be ignored, the total state vector can be

(12)
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partially factorized.'*) We can further consider T' = 0 K
for the bath, that is, all the oscillator modes of the reser-
voir are in vacuum state initially. In cavity QED, this
means that we neglect the background radiation of cavity.
Then from Eq. (13), the state vector can be simplified as

[9(8)) = lau(t)) @ {au;(1)}) (13)

and the corresponding sum rule is

u(®)* + Z u (O =1. (14)

3 Decoherence of Superposition State of the
Harmonic Oscillator due to Dissipation
Recently the mesoscopic superposition state of the cav-

ity mode states8! has been prepared experimentally. The
phase shift between two components of the superposition
can be well controlled by adjusting the interaction time
between atoms and the cavity mode. Then the even and
odd Schrodinger cats of cavity states were prepared in
the experiment, with which a new scheme for logic qubit
encoding is proposed!’® to simplify the error correction
circuits and improve the efficiency of the error correction
in quantum computation. Decoherence process of the su-
perposed cavity state was also demonstrated in the exper-
iment. Due to the presence of dissipation in the cavity,
the coherent information of Schrédinger cat state will be
lost within a time scale which is sensitive to the size of the
meter states.

As an application, in this section we will study the
decoherence behavior of the damped oscillator described
by Eq. (1). Starting with Eq. (11), we will calculate the
decoherence factor, which is defined as the coefficients of
the off-diagonal element of the reduced density operator
of system, for both 7" = 0 K and finite temperature of the
heat bath.

3.1 Zero-Temperature Case

A single mode boson system coupled to a bath which
is composed of a collection of many harmonic oscillators
will result in the decohence process of the system, that
is, a superposition state of the system will be transformed
into a statistical mixture state due to the influence of the
bath. If the initial state of the total system is

[(0)) = (Cilen) + Cafaz)) @ [{0;}) (15)
that is, a superposition state for the system, and all the os-
cillator modes of the bath are in the vacuum states |{0;})

initially. Therefore from Eq. (15), the state vector of the
total system at time ¢ can be written as

[W(t)) = Cilequ(t)) @ {aru;(t)})
+ Calazu(t)) ® Hoou,;(1)}) (16)
where the explicit forms of u(t), u;(t) are given in Egs (8a)
and (8b), respectively. In addition, the sum rule

Z ui (O =1 = Ju(t)]? (17)

has been used in Eq. (16), which is derived from the con-
dition
(TP (t)) = [C1]* +|Caf* + C1C5 {az]ar)
+Cf02<061‘042>. (18)
The dynamic decoherence process can be investigated
quantitatively by calculating the reduced density matrix
Trr(|(¢))(P(t)]) of the system at any time ¢. Then we
will get the decoherence factor, which is defined as the co-
efficient of the non-diagonal elements of the reduced den-
sity matrix, such as

F(t) = [ J(eau;(t)|ozu;(t)
J
_ e(*%\a1|2*%|a2|2+aia2)2j Juy (1)1 . (19)
By using the sum rule of Eq. (17), the decoherence factor
becomes
F(t) = o (—3lar’—§laz® +ajaz) (1-|u(®)]?) (20)
The characteristic time 74 of the decoherence of the super-
position state is determined by the short time behavior of
|F'(¢)|, that is, the norm of the decoherence factor. Within
the time scale vt < 1, the decoherence factor can be sim-
plified as
F(t)=e =3P —$laz)?+af o)yt ) (21)
If we consider that oy = o, and ap = ae'®%, where Ay is
the phase shift of the initial superposed states. Then the
characteristic time is determined
7yt = 2lalysin®(Ap/2), (22)
where |a|? is the mean number of the oscillator. We can
define the “distance” D = |ag — aa| = 2|a|sin(Ap/2)
between the two superposed states. Substituting D into
Eq. (22), we obtain that the characteristic time 74 =
27,/D?, where 7, = 1/ is the life time of the oscillator
due to its energy dissipation. Our result shows that the
decoherence time is determined by both the phase differ-
ence of the meter states of initial superposition state and
the mean number of the quanta of the single-mode boson
field for a fixed damping rate. For a special case Ap = T,
which means that the system is prepared initially in an
odd and even coherent states, the norm of decoherence
factor of Eq. (20) becomes

()] = e 2ol (23)
as a function of time. It shows that the coherence of the
oscillator will decrease in the exponential decay rule.

3.2 Finite- Temperature Case

We assume that every oscillator mode of the bath is
initially in thermal equilibrium state, and the single-mode
boson is in a superposition of two coherent states. Then

the density operator of total system at ¢ = 0 reads
p(0) = ps ® pp (24)

with
ps = (Cilar) + Caaz))({a2|C5 + (a1|CT)

o= [TL0—pr e 215 s, (25b)
J

(25a)

(1)
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where (n;) denotes the mean occupation of the j-th os- By using the identity

cillator mode with frequency w; of the heat bath. From 1 9 9 . 1 Iy

Eq. (11), the decoherence factor becomes - d*Bexp(=AlBI" + ub +vf") = 2 exp(T) (28)

F(t) = eHlorP=dloaf+oia)-n®N T f; (26)
J

with

2
5 = /Lﬂje*\ﬁﬁ/(nﬁe(aé*aI)u*(t)vj(t)ﬁrC‘O.

m(n;) @)

with condition Re{A} > 0 and arbitrary p and v, we ob-
tain f; as
fi = e~ iloa—aalPlu@®Pl; (O ()

(29)
Substituting f; of Eq. (29) into Eq. (26), we get

F(t) = o(—ElarP=$laz*+aia) (1-[u(®)[?) e*i|0‘2*a1‘2‘u(t)‘2zj lvj ()12 (nj)

= €

where we have used the relation, 3]

Z v ()% (n;) = (1 — e ™),

here 7 = (e™/k3T _ 1)~1 with k, being the Boltzmann
constant and 7T the absolute temperature of heat bath.
For low temperature, n ~ 0, the decoherence factor of
Eq. (30) will go back Eq. (20). While at high temperature,
. ~ kzT /hw, as the previous subsection, the characteris-
tic time 74 of the decoherence of the superposition state
is determined by calculating the norm of the decoherence
factor within the time scale vt < 1, that is,

F(t) = o(—3lar®—Flaz*+ajaz)yt

(31)

> efi(kBT/ﬁw)Mgfal\th

(32)
For a; = a and ay = ae!®% with Ay being the phase
shift between the “meter” states of the initial superposi-

tion state. Then the decoherence time is determined as
77t =2\alPy(1+ ks T/2hw) sin®(Ap/2) . (33)
As the previous subsection, we substitute the “distance”
D = |a; — as| = 2|a|sin(Ap/2) between the two super-
posed states into Eq. (33) and obtain the decoherence
time 74 = (27,/D*)[1/(1 4 kT /hw)]. Comparing with

(=zlon]?=glaz*+afaz) (1—[u(t)®) = flaz—a1*[u(t)*A(1-e ™)

; (30)

the zero-temperature case, we find that due to the finite-
temperature effect of bath the decoherence rate of the sys-
tem becomes faster.

4 Conclusion

The quantum dissipation process of a single-mode bo-
son immersed in a bath of bosons is studied by using the
NOT. The dynamic evolution of the total system is ob-
tained and used to study the decoherence behavior of the
system for both the zero-temperature case and the finite-
temperature case. Due to the influence of the dissipation
the coherence information of the system will be lost in a
time scale which is dependent on the distance of the initial
superposition state. For T' # 0 K, the finite-temperature
effect of the bath will decrease the decoherence time. One
can note that the normal ordering method can also be
used to study the dynamic evolution of a driven-damped
oscillator system.
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