
Zeitschrift: Helvetica Physica Acta

Band: 67 (1994)

Heft: 4

Artikel: The harmonic oscillator with dissipation within the theory of open
quantum systems

Autor: Isar, A.

DOI: https://doi.org/10.5169/seals-116658

Nutzungsbedingungen
Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich für deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veröffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanälen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation
L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En règle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
qu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use
The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 01.08.2025

ETH-Bibliothek Zürich, E-Periodica, https://www.e-periodica.ch

https://doi.org/10.5169/seals-116658
https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en


Helv Phys Acta 0018-0238/94/040436-14$1.50+0.20/0
Vol. 67 (1994) (c) Birkhäuser Verlag, Basel

The Harmonic Oscillator with Dissipation
within the Theory of Open Quantum Systems

By A. Isar

Department of Theoretical Physics, Institute of Atomic Physics
Bucharest-Magurele, POB MG-6, Romania
Internet: isar@ifa.ro

(12.VII.1994, revised 26.VII.1994)

Abstract. Time evolution of the expectation values of various dynamical operators of the harmonic
oscillator with dissipation is analitically obtained within the framework of the Lindblad theory for

open quantum systems. We deduce the density matrix of the damped harmonic oscillator from
the solution of the Fokker-Planck equation for the coherent state representation, obtained from the

master equation for the density operator. The Fokker-Planck equation for the Wigner distribution
function, subject to either the Gaussian type or the 5-function type of initial conditions, is also

solved by using the Wang-Uhlenbeck method. The obtained Wigner functions are two-dimensional
Gaussians with different widths.

1 Introduction

In the last two decades, the problem of dissipation in quantum mechanics, i.e. the consistent
description of open quantum systems, was investigated by various authors [1-6]. Because

dissipative processes imply irreversibility and, therefore, a preferred direction in time, it
is generally thought that quantum dynamical semigroups are the basic tools to introduce
dissipation in quantum mechanics. The most general form of the generators of such

semigroups was given by Lindblad [7-9]. This formalism has been studied for the case of damped
harmonic oscillators [8, 10, 11] and applied to various physical phenomena, for instance, the
damping of collective modes in deep inelastic collisions in nuclear physics [12, 13] and the
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interaction of a two-level atom with the electromagnetic field [14]. Recently [15], a family
of master equations, constructed in the form of Lindblad generators, was proposed for local
ohmic quantum dissipation.

This paper, dealing with the damping of the harmonic oscillator within the Lindblad
theory for open quantum systems, is concerned with the time evolution of various dynamical
operators involved in the master and Fokker-Planck equations, in particular with the time
development of the density matrix. In [16] the Lindblad master equation was transformed
into Fokker-Planck equations for quasiprobability distributions and a comparative study was
made for the Glauber P, antinormal ordering Q and Wigner W representations. In [17] the
density matrix of the damped harmonic oscillator was represented by a generating function.
We shall explore the physical aspects of the Fokker-Planck equation which is the c-number
equivalent equation to the master equation for the density operator. Generally the master
equation gains considerably in clarity if it is represented in terms of the Wigner distribution
function which satisfies the Fokker-Planck equation. It is worth mentioning that these master
and Fokker-Planck equations agree in form with the corresponding equations formulated in
quantum optics [18-25].

The content of the paper is arranged as follows. In Sec.2 we review the derivation of the
master equation of the harmonic oscillator. In order to get an insight into physical meanings
of this equation, we first split it up into several equations satisfied by the expectation values
of dynamical operators involved in the master equation. These equations are then solved

analytically. In Sec.3 we transform the master equation into the Fokker-Planck equation by
means of the well-known methods [4,26-30]. We extract the density matrix with the help of
the solution of the Fokker-Planck equation for the coherent state representation. Then the
Fokker-Planck equation for the Wigner distribution, subject to either the Gaussian type or
the 5-function type of initial conditions, is solved by the Wang-Uhlenbeck method. Finally,
conclusions are given in Sec.4.

Master equation for the damped harmonic oscillator

The rigorous formulation for introducing the dissipation into a quantum mechanical system
is that of quantum dynamical semigroups [2, 3, 7]. According to the axiomatic theory of
Lindblad [7, 9], the usual von Neumann-Liouville equation ruling the time evolution of closed

quantum systems is replaced in the case of open systems by the following equation for the
density operator p:

d^ mm (2.1)

Here, $t denotes the dynamical semigroup describing the irreversible time evolution of the

open system in the Schrödinger representation and L the infinitesimal generator of the
dynamical semigroup $t. Using the structural theorem of Lindblad [7] which gives the most
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general form of the bounded, completely dissipative Liouville operator L, we obtain the
explicit form of the most general time-homogeneous quantum mechanical Markovian master
equation:

dp(t)
dt ^ry~" 7jL""-wj '

2h
L(p(t)) -l-[H,p(t)] + i- £([ViP(t), V/] + [Vs,p(t)V}]). (2.2)

Here H is the Hamiltonian of the system. The operators Vj and Vj are bounded operators
on the Hilbert space of the Hamiltonian.

We should like to mention that the Markovian master equations found in the literature
are of this form after some rearrangement of terms, even for unbounded Liouville operators.
In this connection we assume that the general form of the master equation given by (2.2) is
also valid for unbounded Liouville operators.

In this paper we impose a simple condition to the operators H, Vj, Vj that they are
functions of the basic observables q and p of the one-dimensional quantum mechanical system
of such kind that the obtained model is exactly solvable. This condition implies [8] that Vj
are at most first degree polynomials in p and q and H is at most a second degree polynomial
in p and q. Because in the linear space of the first degree polynomials in p and q the operators
p and q give a basis, there exist only two C-linear independent operators V\, V2 which can
be written in the form

Vj Ojp + bjq, j 1,2, (2.3)

with Oj, bj complex numbers [8]. The constant term is omitted because its contribution to
the generator L is equivalent to terms in H linear in p and q which for simplicity are assumed

to be zero. Then the harmonic oscillator Hamiltonian H is chosen of the form

1 mu>,2

H H0 + ^(pq + qp), Ho ^f+'^12- (2-4)

With these choices and introducing the annihilation and creation operators via the relations

ff Vä^(at+o)' p V^r(at"a)' (2-5)

we have H0 Uu>(a)a + 1/2) and the Markovian master equation takes the form

-£ -(A + p)(a^a}p - a)pa)) + ~(D1 - /i)(paW - a)pa))

1 1

+-(D2 + X + iiv)(apa) — o)ap) + -(D2 — A — iuj)(a)pa — paa}) + He, (2.6)

where

D1 hmwDvl-^L + 2iD„), D2 \(mwDqq + ^). (2.7)
h muj h mw

Here we used the notations:

Dm -Z Y. I«/' DPP=- E I0/' DPq Dqp -,Re H a*jbi> A ~Im E a*jbJ>

J l,2 Z j l,2 L j=l,2 j~l,2
(2,
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where Dn, Dqq and Dm are the diffusion coefficients and A the friction constant. They satisfy
the following fundamental constraints [10]:

i) Dp,, > 0, ii) Dqq > 0, iii) DppDOT - D2pq > X2h2/A. (2.9)

In the particular case when the asymptotic state is a Gibbs state

pG(oo) e-^/Tre"^, (2.10)

these coefficients reduce to

X + p huj X — uh hio
——hmw coth ——--, Daa coth —-—,2 2fc7" qq 2 muj 2kT'dpp —rz—hmw coth -^-, Dqq - — coth -^-^, Dm 0, (2.11)

where T is the temperature of the thermal bath.

In the literature, master equations of the type (2.6) are encountered in concrete theoretical
models for the description of different physical phenomena in quantum optics [18-24], in
treatments of the damping of collective modes in deep inelastic collisions of heavy ions [31-

34] or in the quantum mechanical description of the dissipation for the one-dimensional
harmonic oscillator [4, 6, 28, 29]. A classification of these equations, whether they satisfy or
not the fundamental constraints (2.9), was given in [17].

The meaning of the master equation becomes clear when we transform it into equations
satisfied by various expectation values of operators involved in the master equation, < A >=
Tr[p(t)A], where A is an operator composed of the creation and annihilation operators.
Multiplying both sides of (2.6) by a and taking throughout the trace, we get

— < a >= -(A + iuj) < a > +u < a} > (2-12)
dt

Similarly, the equation for < a) > is given by

— < a) >= -(A - iw) < a1 > +u < a > (2-13)
dt

In the absence of the second term on the right-hand side of (2.12) and (2.13), the two equations

represent independently a simple equation of oscillation with damping. By coupling
(2.12) to (2.13) we get a second order differential equation for either < a > or < a* >. For

example, we obtain:

— < a > +2X— <a> +(X2 + u)2 - u2) < a >= 0, (2.14)
dt1 dt

which is the equation of motion for Brownian motion of a classical oscillator, but without the
term corresponding to random process. Because of the vanishing terms on the right-hand
side, we may equally state that (2.14) is the equation of motion with zero expectation value
of the random process. In the study of the Brownian motion of a classical oscillator, one
replaces the second-order differential equation of motion of the type (2.14) by two equivalent
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first-order differential equations [35] which are precisely the Langevin equations. Accordingly,
we may say that (2.12) and (2.13) are the Langevin equations corresponding to (2.14), but
without the random process term. The integration of (2.14) is straightforward. There are
two cases: a)p > w (overdamped) and b)/x < u> (underdamped). In the case a) with the
notation v2 p2 — uj2, we obtain:

< a(t) >= e~Xt[< o(0) > (coshi/t - i- sinhi/i) + - < af(0) > smhvt]. (2.15a)

In the case b) with the notation Q2 w2 — u2, we obtain:

< a(t) >= e~xt[< o(0) > (cosQt - i^- sin Ut) + ^ < a](Q) > sinClt]. (2.15b)

The expression for < a)(t) > can be obtained simply by taking the complex conjugate of the
right-hand side of (2.15).

For the computation of quantal fluctuations of the coordinate and momentum of the
harmonic oscillator, we need the expectation values of quadratic operators, such as a+2,a2

or oßa. The dynamical behaviour of these operators can be well surveyed by deriving the
equations satisfied by their expectation values. By following the same procedure as before,
employed in the derivation of (2.12), we find:

— < a2 > +2(X + iu>) < a2 >= 2u < a]a > +D1 + u, (2.16)
dt

— <a+2 > +2(X - iw) < a+2 >= 2u < a)a > +D\ + p, (2.17)
dt

— <ata> +2X < a^a >= «(< a+2 > + < a2 >) + D2 - X. (2.18)
dt

The solutions of these equations are readily obtained by transforming them into two differential

equations satisfied by the sum and the difference of two quadratic operators, < a2 >
and < a+2 >. We obtain:

~(< a2 > + < of2 >) + a4(< a2 > + < a+2 >) + (X2 + to2 - u2)(< a2 > + < a+2 >)
4 dtz dt

h(X + p)mwDqq - (X - /i)3ee + 2uDm] D, (2.19)
ih il b\Jj

~(< a2 > - < a+2 >) + X(< a2>-< a+2 >) + iu(< a2 > + < a+2 >) 2i%. (2.20)
2dt n

The solution of (2.19) is straightforward and with the help of which both equations (2.18)
and (2.20) can be immediately solved. We find:

<a >_e [(l-,-)Cie +(l + i-)C2e -l-C3] + 2X{x2_^)+i—, (2.21a)

< eta >= e-2X\^(C,e2^ - C2e~2vt) + C3] + ^(^^ + D2- A), (2.22a)
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for the overdamped case p > ui and

< a2 >= e~2Xt[(C, + zC2^) cos 2^ + (C2 - ic£) sin2fii - z^C3] + .^"^ + ''TT'Si il U) 2X{X* + il'') hX
(2.21b)

< a)a >= e-^f^Ci sin2fit - C2 cos2fii) + C3] + ^(TJT^i + ö2 " A)> (2-22b)

for the underdamped case u> > p. The expression for < a+2 > can be obtained by taking
the complex conjugates of (2.21a) and (2.21b). Here, Ci,C2,C3 are the integral constants
depending on the initial expectation values of the operators under consideration. In particular,

if Dqq Dpq 0 and /j Awe obtain for the underdamped case u> > ß the equations
written by Jang [31] for the model on nuclear dynamics based on the second RPA at finite
temperature. For time t —? oo, we see from (2.22) that

<a'a>=^xT^J2+B2-X). (2.23)

In the particular case when the asymptotic state is a Gibbs state (2.10), we get

4. 1, huj hu;
< a)a >= -(coth — - 1) (exp — - l)"1 =< n >, (2.24)

which is the Bose distribution. This means that the expectation value of the number operator
goes to the average thermal-phonon number at infinity of time. From the identity

oo

< a)a >= ^2 m < m\p(t)\m > (2.25)
m=0

it follows
< n >'n

<m\p(oo)\m>= r—-r. (2.26)1 v n (l+<n>)m+1 v '
In deriving this formula, we have made use of the identity Y,m=omx,n x/(l — x)2- The
expression (2.26) shows that in the considered particular case the density matrix reaches its
thermal equilibrium - the Bose-Einstein distribution, whatever the initial distribution of the
density matrix may be. When the initial density matrix < m|p(0)|m > is represented by a

distribution of the form Nm/(1 + N)m+1, where Af stands for the average phonon number,
the relation (2.25) implies that < a)a >= N. When the initial density matrix is characterized
by a distribution of the form

— Nme-N, (2.27)
m!

(2.25) implies that < a)a > becomes also N. Eq. (2.27) is nothing but a Poisson distribution.
If the initial density matrix is represented by a Kronecker delta 6ms, we see from (2.25) that
< ata >= s, which corresponds to the initial s-phonon state.

The physical observables of the harmonic oscillator can be obtained from the expectation
values of polynomials of the annihilation and creation operators. So, for the position and

momentum operators q and p via the relations (2.5), we can evaluate either the second

moments or variances (fluctuations), by making use of the results (2.15), (2.21), (2.22).
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3 Fokker-Planck equations

One useful way to study the consequences of the master equation (2.6) for the density operator

of the one-dimensional damped harmonic oscillator is to transform it into more familiar
forms, such as the equations for the c-number quasiprobability distributions Glauber P, anti-
normal ordering Q and Wigner W associated with the density operator [16]. In this case the
resulting differential equations of the Fokker-Planck type for the distribution functions can
be solved by standard methods [26-29] employed in quantum optics and observables directly
calculated as correlations of these distribution functions.

3.1 Calculation of the density matrix from the Fokker-Planck
equation

The Fokker-Planck equation, obtained from the master equation and satisfied by the Wigner
distribution function W(a,a*,t), where a is a complex variable, has the form [16]:

dW{adta*^ -{A[_(A + iw)a + pa*] + —[-(A - iw)of + pa]}W(a,a*,t)

+\^ + Di&2+2D2^W^^ (31)

When we substitute the P representation function P(a,a*,t) for W(a,a*,t) and the coefficients

Di+p for D\, D2 — X for D2 in the above equation, we get the Fokker-Planck equation
for the coherent representation [16].

The Fokker-Planck equation for the P representation, subject to the initial condition

P(a,a*,0)=6(a-a0)6(a*-a*0), (3.2)

where a0 is the initial value of a can be solved [30, 36, 37] and the solution (Green function)
for the P representation is found to be

P(a, a*, t) expl-——— [o22(a - â0)2 + on(a* - ä*Q)2 - 2a12\a - a0\2}, (3.3)
7rv/det(r(t) detff(t)

where

*•«(*)= E M;r - bi,(t)bjr(t)]oar(oo). (3.4)
s,r=l,2

The function cv0 and its complex conjugate, which are still functions of time, are given by

So bn(t)a0 + bn(t)a*0. (3.5)

The functions bl} obey the equations

ks E c»As (3-6)
3=1,2
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with the initial conditions bjs(0) 6js and cr(oo) is determined by

Ca(oo) + <r(oo)CT Qp, (3.7)

where
A + iu> —p, \ ^p { Di + p D2 — X

We get

°-(-p »-*.)¦ Q^W-x »; + lY <38'

i 622 e"A*(cos Sit - i^r sin Ut), b\2 62i ^e~xt sin fir, (3.9)

iv" — a2. While the functions 0\\,o22 and ä0 are complex with on o\\, the
functions detcr(i) and 0\2 are real.

The solution of the Fokker-Planck equation has been written down providing the diffusion
matrix Qp is positive definite. However, the diffusion matrix in the Glauber P representation
is not, in general, positive definite. If the P distribution does not exist as a well-behaved
function, the so-called generalized P distributions can be taken that are well-behaved, normal
ordering functions [38].

In the coherent representation [39, 40] the density operator p(t) is expressed by

p(t) J P(a,a*,t)\a><a\d2a, (3.10)

where d2a d(~Rea)d(lma) and \a > is the coherent state. The matrix element of p(t) in
the n quantum number representation is obtained by multiplying (3.10) on the left by < m\
and on the right by |n > By making use of the well-known relation

1 °° ryn
|a>=exp(-±|a|2)£4=|n>, (3.11)

n=0

we get

\p(t)\n >= -1=== janamP(a,a*,t)exp(-\a\2)d2a. (3.12)
y/m\n\ J

Upon introducing the explicit form (3.3) for P(a,a*,t) into (3.12), we obtain the desired

density matrix for the initial coherent state. However, due to the powers of complex variables

a and a* in the integrand, the practical evaluation of the integral in (3.12) is not an easy
task. Instead, we use the method of generating function [31] which allows us to transform
(3.12) into a multiple-differential form. When we define a generating function F(x,y,t) by
the integral

F(x,y,t)= P(a,at,t)exp(-\a\2 + xa + ya*)d2a, (3.13)

we see that the density matrix is related to the generating function by

< m\p(t)\n >= -7L=(^-r(^-rF(x,y,t)\x=y=0. (3.14)
Vm\n\ ox dy



444 Isar

Since the P representation is in a Gaussian form, the right-hand side of (3.13) can be

evaluated analitically by making use of the identity

f i i 12 * 2 r *?n ,2 i" abc + b2f + c2e
/ exp(-o\z 2 + 62 + cz* + ez2 + fz*2)d2z exp ^ (3.15

J Va2 — 4e/ a"1 — 4e/

which is convergent for Re a > |e* + /|, while ò, c may be arbitrary. We find:

F -7== exp{xy - -[an(x - ä*0)2 + o22(y - a0)2 - 2(o12 + 2)(x - a*0)(y - q0)]}, (3.16)
yf\A\ A

where A d — A(oi2 + 1), d deter 0\\022 — a\2. A formula for the density matrix can
be written down by applying the relation (3.14) to the generating function (3.16). We get

< m\p(t)\n >= 2—^ exp{[--[(722ä2 + ouä*2 - 2(ol2 + 2)|ö0|2]}

x y L_L! £ e, (3.17)
m.wUo «i!«2!n3!(m - 2nx - n3)\(n - 2n2 - n3)\

where

g *!>%(<* - 2a12)^[C711âg - (g» + 2)âop-2"'-"3[q22â0 - 2(a12 + 2)«;]"-2"^
y^m+n-(ni+n2+n3)

The expression (3.17) is the density matrix corresponding to the initial coherent state. At
time t 0, the functions on, o22 and <r12 vanish and ä0 goes to a0. In this case the density
matrix reduces to

< m|p(0)|n >= ^-L=aXmexp(-|a0|2), (3.18)

which is the initial Glauber packet. For the diagonal case the initial density matrix becomes
the Poisson distribution. At infinity of time, the density matrix (3.17) goes to the Bose-

Einstein distribution
< n >m

< m|p(oo)|n >=
(1+ - - >)m+1tfmn- (3.19)

3.2 Wigner distribution function

The Fokker-Planck equation (3.1) can also be written in terms of real coordinates x.\ and x2
(or the averaged position and momentum coordinates of the harmonic oscillator) defined by
a x.\ + ix2, a* x-i — ix2, as follows:

where
,'X-u -u \ w_l(mwDqq DmA~{ co X + u)' Q ~h{ Dvq DJmw}- [S21)
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Since the drift coefficients are linear in the variables x.\ and x2 and the diffusion coefficients
are constant with respect to x\ and x2, (3.20) describes an Ornstein-Uhlenbeck process
[35, 41]. Following the method developed by Wang and Uhlenbeck [35], we shall solve this
Fokker-Planck equation, subject to either the wave-packet type or the 5-function type of
initial conditions. By changing the variables x.\ and x2 of (3.20) via the relations

Z\ ax\ + bx2, z2 cx,\ + dx2, (3.22)

(3.20) is transformed into the standard partial differential equation [35] expressed as

dw(zuz2,t) „ a i ^ a2

dt ^W"2i>g/yäÄ) uZ2' ]- }

In deriving this equation we have put a c* (p, — ifi)/w, b d l,vY v2 —X — iii
and

hJDn D*22 s —[(p - iÜ)2mDqq + 2(p - iil)D„ + -^],

hmwD„ + ^D„ + ^)
n io mw

D12 D21 -(muDqq + -^Dm + -&). (3.24)

1) When the Fokker-Planck equation for the coherent state representation is subject to
the initial condition 6(ct — aQ)6(a* — aj), then the use of the relation between the Wigner
distribution function and P representation

W(a,a*,t) - [P(ß,ß*,t)exp(-2\a-ß\2)d2ß (3.25)
TT J

leads to a Gaussian form for the initial Wigner function. If this Wigner function is expressed
in terms of x10 and x20 - the initial values of x,i and x2 at t 0, respectively, then we get
the expression which corresponds to the initial condition of a wave packet:11 1
Ww(xux.2,0) -rWw(a,a*,0) — exp(-2|a-a0|2) — exp{-2[(x1-x10)2+(a:2-a;2o)2]}.

In -Kn nn
(3.26)

Accordingly, we now look for the solution of the Fokker-Planck equation (3.20) subject to
(3.26). By changing the variables x.\ and x2 into z\ and z2,(z\ z2 z), this initial
condition is seen to be transformed into

1 9i >2

Ww(z,z*,0) —exp{-^[q(z - z0)2 + q*(z* - z*0)2 - \z - z0\2]}, (3.27)

where Zq is the initial value of z and q p(p + ifi)/2w2. The solution of (3.23) subject to
the initial condition (3.27) is found to be

Ww(z, z\ t) %= exp{--L-[g2(z - z0e^)2 + 9l(z* - z*0e^)2 - g3\z - z0e^\2]},
¦Khw^\Bw\ Zt>w

(3.28)
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where

1 _2 _ _* ~* Jivxt D}\( 2vxt -i \ _ _-2At D\
Bw gl92 - -g2,g, g*2 q*e2^ + ^(e2"lt ~ I), 9» e'2Xt + -f(l - e~2Xt). (3.29)

In terms of real variables x.y and x2 we have:

Ww(xi,x2,t) 7=exp{-—-[<pw(xi -xi)2 + ipw(x2-x2)2 + Xw(xi -x1)(x2-x2)]},
nhto^\Bw\ 2&w

(3.30)
where

<Pw gia*2 + g2a2 - g3, ipw gx + g2 - g3, Xw - 2(gia* + g2a) - g3(a + a*). (3.31)

The functions x.\ and x2, which are also oscillating functions, are given by

Xi e_At[a;io(cosfit + — sin fit) + x20— sin fit],

x2 e_Ai[a:2o(cosfit — — sin fit) — xw— sin fit]. (3.32)

2) If the Fokker-Planck equation (3.23) is subject to the 5-function type of initial condition,

the Wigner distribution function is given by

W(z,z*,t) CL=exp{-hf2(z-z0e^t)2 + f1(z*-z*e^t)2-2f3\z-z0e^t\2]}, (3.33)
7rhLü^J\B\ B

where

B hf2-fl /^/^V"-!), /3 %l-e-2At). (3.34)

In terms of real variables X\ and x2 we have:

W(xl,x2,t) 7= r=exp{- — [(pd(xï-x1)2+iid(x2-x2)2+Xd(xi-x1)(x2-x2)]}, (3.35)
ivhwyJ\B\ B

where

<l>d ha*2 + f2a2 - 2/3, Vrf /1 + /2 - 2/3, Xd 2[M* + f2a - f3(a + a*)]. (3.36)

So, one gets a 2-dimensional Gaussian distribution with the average values xi and x2 and
the variances <pd,ipd and Xd-

When time t —» 00, x.\ and x2 vanish and we obtain the steady state solution:

W(xux2)
1

exp[-\ £ (o^co^Xj]. (3.37)
27T^/det(7H/(00) 2,,H,2

The stationary covariance matrix ow(oo) can be determined from the algebraic equation

A7M/(oo) + <7W/(oo)vlT Qw/. (3.38)



Isar 447

We obtain:
rW, _ (2X(X + p)+tu2)QY1 + u2Q\\ + 2u(X + p)QY2
<(oo)

AX(X2+w2-u-2\

w ^Q™ + (2A(A -p)+ u2)Qf2 - MX - u)QY2
a22(0O)

AX(X2+u>2-p?) ' (3-39)

w _ -u>(\ + p)QZ + co(\ - P)Q% + 2(A2 - u2)QZ
ai2[00) * AX(X2+u>2-p2)

•

4 Conclusions

Recently we assist to a revival of interest in quantum Brownian motion as a paradigm of
quantum open systems. There are many motivations. The possibility of preparing systems
in macroscopic quantum states led to the problems of dissipation in tunneling and of loss

of quantum coherence (decoherence). These problems are intimately related to the issue of
quantum-to-classical transition. All of them point the necessity of a better understanding
of open quantum systems and all requires the extension of the model of quantum Brownian

motion. The Lindblad theory provides a selfconsistent treatment of damping as a
possible extension of quantum mechanics to open systems. In the present paper we have
studied the one-dimensional harmonic oscillator with dissipation within the framework of
this theory. We have carried out a calculation of the expectation values of various dynamical
operators involved in the master equation, especially the first two moments and the density
matrix. Generally, the time evolution of the density matrix as well as the expectation values
of dynamical operators are characterized by complex functions with an oscillating element

exp(±i\/uj2 — p2t) multiplied by the damping factor exp(—At). We deduced the density matrix

from the solution of the Fokker-Planck equation for the coherent state representation,
obtained from the master equation for the density operator. For a thermal bath, when the

asymptotic state is a Gibbs state, a Bose-Einstein distribution results as density matrix.
The density matrix can be used in various physical applications where a Bosonic degree
of freedom moving in a harmonic oscillator potential is damped. For example, one needs

to determine nondiagonal transition elements of the density matrix, if an oscillator is
perturbed by a weak electromagnetic field in addition to its coupling to a heat bath. From the
master equation of the damped quantum oscillator we have also derived the corresponding
Fokker-Planck equation in the Wigner W representation. The obtained equation describes

an Ornstein-Uhlenbeck process. By using the Wang-Uhlenbeck method we have solved this
equation for the Wigner function, subject to either the Gaussian type or the <5-function type
of initial conditions and showed that the Wigner functions are two-dimensional Gaussians

with different widths. In a forthcoming paper, by using this Wigner function, it will be
discussed the entropy of the damped harmonic oscillator.
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