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We study the quantum fluctuational properties of a parametric oscillator with and without
coupling to an Ohmic environment. After considering the momentum and coordinate variances as a
function of initial squeezing for the undamped dynamics, we invoke the functional integral method to
derive the fully exact reduced density matrix for parametric dissipative quantum Brownian motion,
covering the whole temperature regime from 7' = 0 up to the classical limit at room temperatures.
Moreover, we present the exact result for the quantum master equation for both the density matrix
and the corresponding Wigner function. The time evolution of the covariance matrix elements of
damped quantum fluctuations is studied numerically. These variances undergo within the regime of
global stability asymptotic, periodic oscillations. As an interesting result, we find that the minima
of these oscillations fall below the corresponding thermal equilibrium values.

PACS number(s): 05.30.—d, 05.40.+j, 32.80.Pj

I. INTRODUCTION

The study of the quantum dynamics of a particle mov-
ing in a time-dependent potential has prompted a flurry
of literature over the past few years [1]. Due to the non-
linear forces inherent in most models they can be solved
by numerical means only or within certain approxima-
tions. In this paper we shall discuss one of the few
exactly solvable time-dependent quantum systems, both
with and without coupling to an Ohmic environment. A
short account of our work appeared in Ref. [2].

The system under study is a parametric one-
dimensional oscillator for the coordinate z (with mass
m and angular frequency wg) described by the time-
dependent potential

V(z,t) = %m[wg + ecos(Q + o)]a?. (1)

The parametric modulation is characterized by the am-
plitude €, the modulation frequency €2, and an initial
phase . We assume that the phase is not known, i.e., it
is equally distributed between 0 and 2w. For € = 0 the
potential (1) becomes the potential of a harmonic oscil-
lator — or of a parabolic barrier, because we also allow
negative values for wi.

This potential has several possible physical appli-
cations. Omne major application is the study of the
quadrupole ion trap, also termed Paul trap, in the quan-
tum regime [3,4]. Another suggested application is the
generation of squeezed states [5,6].

A major objective is the study of the influence of dis-
sipation on the quantum mechanics of the parametric
oscillator in (1). In doing so, we shall couple the time-
dependent quantum system in (1) to a bath composed
of infinite many oscillators. This system-plus-reservoir
approach for the description of quantum dissipation has
been pioneered during the sixties [7] for purely har-
monic systems. For nonlinear system dynamics coupled
to a bath of harmonic oscillators [8] this system-plus-
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harmonic bath presents the state of the art in the de-
scription of quantum dissipation [9]. Therefore, although
we deal with quadratic interactions only, the results are
— due to the inherent time dependence of the poten-
tial and the huge number of bath degrees of freedom —
nontrivial.

We start within classical mechanics in Sec. II and give
a brief review of the classical parametric oscillator. A
survey of the quantum parametric oscillator without dis-
sipation is presented in Sec. ITI. Additionally, we present
a barely known method to construct the propagator for
this system. Based upon these results we study the prob-
lem of parametric dissipative quantum Brownian motion
in the time-dependent potential (Sec. IV). We intro-
duce the coupling to an Ohmic heat bath and use the
Feynman-Vernon real time influence functional formal-
ism [10,11] to derive the exact evolution operator for the
reduced density matrix. We also present the master equa-
tion for this system. On the basis of these exact results
we calculate and discuss time-dependent mean values and
variances. We conclude with a brief summary in Sec. V.

‘II. THE CLASSICAL PARAMETRIC
OSCILLATOR

In a linear quantum mechanical system — damped or
undamped — the average motion is governed by Ehren-
fest’s theorem, which coincides with the corresponding
classical problem. Therefore, we first recall some results
for the classical parametric oscillator. The equation of
motion for a damped particle in the potential (1) reads

mi + myi + mw?(t, @)z = 0
with w?(t, p) = w2 + ecos(Qt + ¢). (2)

The parameter v characterizes Ohmic damping. The

introduction of the scaled parameters £ = Qt/2, @2 =
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402 /02, € = 2¢/Q2, and ¥ = 27/ renders the normal-
ized damped equation of motion for a parametric oscilla-
tor, i.e.,

&+ 7z + @*(f, )z = 0, 3)

where @2 (%, ) = @2 + 2&cos(2 + ¢). In this section we
shall exclusively use the normalized form (3) and hence
drop the overbars for the sake of convenience. With the
substitution ¢ = y exp(—-yt/2) one can remove the damp-
ing contribution such that Eq. (3) can be cast into the
standard form of a (formally undamped) Mathieu equa-
tion [12], with a friction-renormalized angular frequency

2
¥+ [wg - % + 2ecos(2t + tp)] y=0. (4)

In general this equation cannot be solved in explicit form.
From the Floquet theory for an ordinary second-order
differential equation with periodic coefficients we know
that there exist two independent solutions of (4) of the
form [12]

g1(t; ) = T/ Dp(t 4 o/2),
g2(t; 0) = g1(—t; — ), (5)

with p(t) a periodic function of time, i.e., p(t + ) =
p(t). The constant v is called the characteristic or Floguet
exponent. For € = 0 the Floquet exponent v and the
periodic function p(t) become

2
if w(2,>’—y4—

2 2
uzi,/-l—-wg, pt)=1 if w%(%. (6)

Hence the familiar results for the damped harmonic os-
cillator are recovered.

We see that the Floquet exponent v governs the global
behavior of the solution. In regions of parameter space
where v is real, but not an integer, both fundamental
solutions are bounded for all times. The general solution
to (4), which is a linear combination of g; and ga, is
then called stable. If v becomes complex, one of the
solutions grows exponentially as ¢ — oo. The general
solution is termed unstable. In the special case when
v is a whole number, which occurs on the “boundary”
between stability and instability, it can be shown that the
solutions g; and g» are not linearly independent. One of
the solutions is a periodic function with period 7 or 2m;
the second independent solution is found to be unstable.
The diagram in Fig. 1(a) depicts the stable [white areas
in Fig. 1(a)] and unstable regions (shaded areas) of the
Mathieu equation (4). Changing the sign of ¢, i.e., € —
—é€, is equivalent to a phase shift ¢ — ¢’ = ¢ + . This
phase, however, has no influence on the stability of the
solutions. The diagram is therefore symmetric to the
(wg — +%/4) axis.

After transforming back from y(t) — z(t), a general

or
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solution of Eq. (3) may be expressed in the form

a(t) = ¢ VDV 2p(t 4 o [2)
+Cze—(iu+~//2)t—ivw/2p(_t —©/2). (7)

The constants c;,cz are determined through the initial
values of z(t) and z(t). We can — dependent on the
parameter values — distinguish between three different
kinds of asymptotic (! — oo) solutions. If v is real or
complex with Im(v) < v/2, then x(t) — 0. The so-
lution z(t) is purely oscillating with period 7 or 2, if
Im(v) = v/2. If Im(v) > /2 the solution z(t) grows
exponentially. Figure 1(b) shows the stability diagram
for v = 0 and v = 0.4. The solid lines form the stability
diagram for zero friction, while the dotted lines give the
new stability zones at finite friction v = 0.4. The unsta-
ble regions are reduced to the shaded areas. The effect
of damping increases the regions of bounded solutions;

0.0 0.5 1.0 15 2.0 2.5
€

FIG. 1. (a) Stability chart for the Mathieu equation (4)
with shifted angular frequency wZ — w3 — v2/4. The shaded
areas, being bounded by the lines a, and bn41,7 =0,1,2,...,
denote the regions of unstable solutions. The diagram is sym-
metrical about the ordinate axis. (b) Stability diagram for the
damped parametric oscillator Eq. (3) for the values v = 0 and
v = 0.4. The solid lines denote the boundaries for stability
for v = 0. With finite friction, i.e., v = 0.4, the regions of
bounded solutions become extended as characterized by the
dotted lines. The shaded areas denote the corresponding re-
gions of instability.



52 BROWNIAN PARAMETRIC QUANTUM OSCILLATOR WITH . ..

in particular, the zones of unbounded solutions no longer
reach the w? axis.

For later simplification we introduce solutions to
Eq. (4), ¢1 and ¢, with the special initial values at time
to=0

d1(to; ) =0, d2(to; ) =1,
b1(tos ) =1, b2(to; @) = 0. (8)

Because the Wronskian for the Mathieu equation is in-
dependent of the time [12], ¢; and ¢, fulfill the relation

b1(t; 0)b2(t; ) — h1(t; )2 (t; ) = 1. (9)

Whenever we need explicit values for ¢; and ¢2 we calcu-
late them via a numerical integration of the differential
equation in (4).

The combination G of solutions ¢; and ¢,

G(t,s50) = ¢1(t;0)2(5; ) — d1(s59)P2(t; )

will also proof useful in the following. By insertion of ¢,
and ¢, into (10) it is easy to show the relations

AG(s,t'; )
ot

3G (2,15 o)
—or a

(10)

G(t,s;p) = —G(t,t';9)

+G(s,t';0)
and

G(t,s;cp) = —G(S,t; <P)- (12)

III. THE QUANTUM PARAMETRIC
OSCILLATOR

Introduction of the scaled quantities £ = |/mQ/2kx
and t = Qt/2 yields the dimensionless Schrédinger equa-
tion for the potential (1), i.e.,

(3,8 = [—%ag + (13)
with @2(f) = @% + 2€cos(2t) , @2 = 4wi/N%, and € =
2¢/9Q2. Apart from Z, this is the same scale as in Sec. II.
Again, we stick in this section to the scaled variables and
henceforth omit the overbars for ease of notation. We
have chosen the initial phase ¢ = 0, because, in contrast
to Sec. IV, it provides no additional insight.

The periodicity of the Hamiltonian leads to Floquet
form solutions of the Schrédinger equation [13]. With
the initial time set to = 0, a solution ¥, (z,t) of Eq. (13)
can be factorized as
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U, (z,t) = exp(—ient)xn(z,t),
Xn(z,t) = Xn(z,t + 7). (14)

The function x, is called a Floquet function and e, is
the Floquet or quasienergy. Contrary to eigenfunctions
of the time-independent problem, these Floquet functions
are time-dependent and orthogonal only for fixed, equal
time arguments, i.e., (Xn(Z,t)|Xm(z,t)) = 6nm. Because
of the linearity of the system, X, and €, are fully deter-
mined through the solutions of the corresponding classi-
cal problem, i.e., solutions of Eq. (4) for vanishing con-
stant ~y

&+ w?(t)z = 0. (15)

There are different approaches to the quantum me-
chanical problem; see, e.g., [3,4,14]. The wave functions
and the Floquet energies for the whole parameter space
were given first by Perelomov and Popov in Ref. [14]: In
the stable region a discrete spectrum of quasienergies ex-
ists, which is given through ¢, = (n+ %)u, n=0,1,2,...,
where v is the Floquet exponent of the deterministic
Mathieu equation (15). In the unstable regions and at the
boundaries between these regions the spectrum becomes
continuous: In the unstable region it is doubly degenerate
and reads €¢; = k Im(v), with k being a real number and
running from —oo to co. The continuum is no longer de-
generate at the boundaries where it is of the same form,
with k ranging from 0 to oo only.

A. Propagator

The propagator for this system, obtained originally by
Husimi [15], can be derived in a variety of ways, e.g., with
Feynman’s path integral method or by a canonical trans-
formation into a harmonic oscillator as in [16]. In terms
of the Floquet functions and the quasienergies, it is also
possible to construct the propagator K(zys,ts; x;,t;) di-
rectly in terms of a spectral representation. In this way
we obtain

oo
K(zf,tr@its) = D Xn(@s,t5)x0 (200 ti)
=0

% exp [—%en(tf - t,-)] . (16)

For a continuous spectrum the sum becomes an integral
and we have to take into consideration possible degen-
eracies of the quasienergy spectrum. Doing so, we obtain
for the propagator the explicit result

1 i L 0G(t4, 1) ,0G(ts, 1)
sz t) = o — 2wy — a2 2S00
Kz trizit) =4 5mGw, ) =P [2G(tf,t,~) (”"f t; TS T T T gy,

(17

. 1 )
— —inm(ts,t;)/2
€ \ 2rilGeg, )] & [2G(tf,t,-)

1 zaG(tf,t,;) gc’)G(tf,t,-)
8tf * ot; ’

x5y —2z;x5 —
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The function G(ty,t;) is defined as in (10) with ¢ and
v set to zero. The Maslov correction m(t,t;) gives the
number of zeros of G(t,t;) in the interval [t;,t], m(¢;,t;) =
0, and we used the definition of the root

Gl/z(t, t;) = |G(¢, ti)|1/2ei7rm(t,¢i)/2‘

But this propagator (17) is valid only for times t; #
tm. With t,, we denote the time when the mth zero of
G(tg,t;) occurs. To calculate the propagator at these so-
called caustics we use the propagator property, namely,

K((En,tn; Z;, ti)

= / dmc K(mn’tn;mcatc)K(mc,tc;miati)- (18)

This relation hoids for any time order of t;,t., and t,,. It
is not necessary that t. < t,,. We choose the intermediate
time ¢ so that K(x,,tn; Zc, tc) and K (zc, te; 4, t;) do not
possess caustics at this point. With the relations (11) and
(12) we find for the propagator at a caustic the explicit
result

K(mm7 tm; Ts,y ti)

—inm(tm,t:)/2

=€ |8G(tm,t,)/8tz|
OG (ti,tm)
x4 [xm - e, m,]
i 82G(tm,ti)/8G(tm,ti) 9
x exP{§ [ Bt Ot ot; }‘T"’} (19)

with 8G(tm, ti)/ﬁti = [BG(t, ti)/at,-] [t=tm -

B. Variances and squeezing

It has been demonstrated previously [5,6] by various
methods that a time-dependent harmonic oscillator gen-
erates squeezed states. To study its squeezing properties
in greater detail we compute the variances of the oper-
ators z and p with the Heisenberg equation of motion.
For this linear system the mean value of the operator =
follows the solution of the classical equation (15) and the
mean value of the momentum is given as (p) = d(z)/dt.

The variances 04.(t) = (z?) — (z)?,04p(t) = 3(zp +
pz) — (x){p), and 0,,(t) = (p?) — (p)? satisfy the coupled
set of equations

Oz = 2Uzp7 0-'a:p = Opp — w? (t)awwa
(20)

Opp = —2w2(t)0sp-

By eliminating 0,,(t) and o, (t) from Egs. (20) we find
an equivalent third-order equation for o, (%)

ie +4? ((5en +2 { GO oo =0 (21)
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This equation is solved for a state that is prepared at
time o = 0 with the initial variances 03, 02,, and o,
The solution for the variance of the coordinate z then
reads

Ozz (t) = ng(»b% (t) + ng¢§ (t) + 202p¢1 (t) ¢2 (t) )

where ¢, and ¢, are defined as before in (8). With (20)
we find for the remaining variances the result

Tap(t) = 00,1 (t)b1(t) + 02, b2(t)b2(2)
+ooplh1 (t)pa(t) + d1(t)d2(t)]

(22)

(23)
and
Top(t) = 00,83 (t) + 02,03 (t) + 209,61 (£)ba(t)-

In contrast to the harmonic oscillator, the variances are
always time-dependent quantities. They are bounded or
increasing with time, like the solutions of the Mathieu
equation in the corresponding region. To obtain explicit
results we start at ¢, = 0 with a wave packet with min-
imum uncertainty 02, = 1/2r\/w3 + 2¢, 03, = 0, and

09, = 7y/w§ + 2¢/2. This corresponds to a coherent, or

squeezed, state of a harmonic oscillator with angular fre-
quency wyo = y/w2 + 2¢ = w(to = 0). The parameter r
characterizes the amount of squeezing of the initial state;
r = 1 refers to an unsqueezed initial state. With (22)-
(24) it can be shown that the state does not remain a
state of minimum uncertainty for all times, i.e.,

(24)

0

awm(t)aPP(t) = Uzmagp + G':P(t). (25)

Only for times when 0.,(t) equals zero is the initial un-
certainty reattained. At these times 0.(t) and opp(t)
take on minimal or maximal values, as can be deduced
from (20), i.e., maximal squeezing in one of the variances
occurs. In Fig. 2 we plot the time variation of o, (t) for
a fixed value of w2. Depending on the chosen parameters
and the initial squeezing the results vary strongly. Fig-
ure 2(a) shows 0, (t) for a squeezed state and different
amplitudes of the parametric modulation €. In Fig. 2(a)
we can observe that strong squeezing — alternately in
022(t) and o,,(t) — appears at certain times. For pa-
rameter values in the region of stability the amplitudes of
the oscillations of the variances are small. Approaching
the boundary of stability, the amplitudes become larger,
and in the instable regime they grow to infinity as ¢ — oo.
It can be seen that the variation of € changes the form
and also the amplitude of the oscillations. In Fig. 2(b)
variances are plotted for different squeezing parameters
r.

IV. THE DISSIPATIVE QUANTUM BROWNIAN
PARAMETRIC OSCILLATOR

To describe the influence of friction we couple our sys-
tem bilinearly to an environment [7-11]. This environ-
ment is modeled by a linear system consisting of a set of
noninteracting harmonic oscillators. The Hamiltonian of
the coupled system assumes then the form
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H(t) =H°sc(t)+HI+HB, (26)
where

P 1
£ 4 im[w?’ + ecos(Qt + ¢)]x?,

Hosc (t) = om

is the Hamiltonian of the parametric quantum oscillator,

N pz 1 N
Hp = a - mawz 2
° a=1 2ma " 2 02::1 aﬁa

is the Hamiltonian of the reservoir consisting of IV oscil-
lators with masses my, angular frequencies w,, momenta
Pa, and coordinates &, and

N N2
Hp= -z E Ca£a+w2 E = 2
2meow
a=1 a=1 o

a

is the interaction Hamiltonian. The first term in Hj
couples via the coupling strengths {c,} the parametric
oscillator to the bath. The interaction with the bath
oscillators leads to a frequency shift in the parametric

30 I I I I 1 | I I
25 | (@) b P .
20 -

15 -

Ozz

10 |

N

[
VARG L

/I TN
N MY
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t

FIG. 2. Variance 0. vs time t for for various amplitudes of
the parametric modulation and different squeezing parameter
at w§ = 0.1. (a) r = 0.3. The solid line corresponds to € = 0.1,
the dashed line to € = 0.7, and the dotted line to ¢ = 0.8. (b)
€ = 0.025. The solid line corresponds to » = 1, the dashed
line to 7 = 0.8, and the dotted line to » = 0.4.

40 45 50

oscillator. This purely classical effect is removed with
the second contribution in Hj, termed the counterterm
17].

[ To obtain explicit results we need to specify the envi-
ronment: We consider the bath and the parametric oscil-
lator to be uncoupled initially. The heat bath is then in
equilibrium at temperature T. At time t; = 0 the para-
metric oscillator and the heat bath are brought together.
The total density matrix at {z;,y;,t0} can therefore be
written as Posc+B ((L"ia Yis tO) = posc(zis Yi, tO)pB (xiv Yis tO)v
Where posc (T, Ui, to) and pp (i, s, o) are the density op-
erators of the parametric oscillator and the reservoir, re-
spectively. Additionally, the bath consists of an infinite
number of oscillators with densely distributed frequen-
cies. Therefore we introduce a spectral density of the
environment I(w)

N 2
Iwy=7Y ?nf(j—uza(w — wa). (27)

Throughout this work we consider an Ohmic heat bath
that is characterized through the spectral density I(w) =
myw.

A. Density matrix

We next derive the density matrix for the dissipative
parametric quantum oscillator. To this aim we eliminate
the bath and calculate the exact reduced density opera-
tor pr(zys,ys,t). We make use of the functional integral
method of Feynman and Vernon [10].

We start with the Hamiltonian (26). The influence
functional formalism then yields for the reduced density
matrix

pR(wfv yfvt) = /dl'z /dyz J(mfayf’tlxi’ Yi, 0)
xpr(zi,¥i,0), (28)
where J is the evolution operator or propagating func-
tion of the reduced density matrix. In the case of a fac-
torizing initial state the reduced initial density matrix

pr(xi, y:,0) is nothing else but pysc(zi,¥:,0). The prop-
agating function J is given by a twofold path integral

J(xfa Ysr, tlziv Yi, O)

= /Dm/Dy exp{%(s[-f] - S[y])}}"[a:,y], (29)

where the integration is over all paths z(s),y(s),to =0 <
s < twithz(to = 0) = x;, y(to = 0) = y;, z(t) = x5, and
y(t) = ys. The action S[z] of the parametric oscillator
reads

Slz] = /0 ds %m{.’z2 — [wi + ecos(Qs + ¢)]z2}.  (30)

The effect of the environment is included in the influence
functional F [18]
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Flz,y] = eXp{

o [ w [ 451 o) ~ vio) / ds [ durts =)t + 3()les) - v(e)] |

X exp { -1 / ds [ ar fa(r) =~y = o)n(e) - y(sn} . (31)

K (s) denotes the noise kernel

K(s):/o d?“’c th (2k ﬁT)cos(ws)I(w), (32)

wherein kg denotes the Boltzmann constant and T de-
notes the temperature of the bath. The friction kernel
v(s) reads in terms of spectral density

v(s) = E/ dw I(w) cos ws.
mJfy, ®™ w

For an Ohmic heat bath these quantities are given by

K(s) =my /000 %?w coth (%) cos(ws),
v(s) = 278(s). (33)

Since the path integrals in J are quadratic, they can be
done exactly to yield

J(Z'f,yj, tlmia Yi, 0)

= ﬁ exp{ %(S[md] - S’[ycl])}]‘_[:ﬂcl,ycl]' (34)

The functions z., Y1 denote the classical paths and N is a
normalization factor. Introducing the sum and difference
variables, i.e.,

g=z—y, Q= (w+y) (35)

the minimal action paths are given as the solutions to
the equations

d(s) — v4(s) + w(s;9)q(s) = —2q576(t — s), (36)

Q(5) +7Q(s) + w*(5;90)Q(s) = —2Qivé(s), 37)

with the boundary conditions ¢(0) = g¢;, ¢q(t) = gy,
Q(0) = Q;, Q(t) = Qy, and w(s; p) = wg+ecos(Qs+¢).
The inhomogeneities on the right-hand side of (36) and
(37) arise because of the first term on the right-hand
side of the influence functional in (31). In the work of
Caldeira and Leggett [11] these terms were omitted.

1 1
J(qf’ Qfa thi’ Q‘i7 O) = m €xp [_E{all(t; Lp)qiz

f

In the case of a time-independent harmonic oscilla-
tor the solutions of (36) and (37) are connected through
g(s) = Q(t—s). With a time-dependent frequency this is
no longer true. Hence one has to be careful in using re-
sults from the literature for stationary problems [18,19].

Equations (36) and (37) are solved with

g(s) = vi(t, s;0)q +va2(t, s;0)q5 fors<t, (38)
Q(s) = u1(t, 5;9)Qi + uz2(t, 5 0)Qy

+27f1(s;9)[1 — ©(5)]Q:

with O(s) denoting the step function ©(s < 0) =
0, ©(0) = 1/2, and ©(s > 0) = 1. Here we defined
solutions to the homogeneous part of Egs. (36) and
(37) that fulfill uq(¢,0;9) = v1(t,0;9) = 1, ui(t, t;p) =

for all s, (39)

vi(t,t50) = 0, ua(t,0;0) = wva(t,0;0) = 0, and
ua(t,t; ) = va(t,t; ) = 1. For u; and uz we obtain

f2(t; )

ta ) = H - ; ,

ul( s 90) fz(S 90) fl(s (p)f1(t,<,0)

fi(s;9)

us(t, 85 ) = ——"~, 40
2(059) = 7 0) (40)

with f;(s;¢) = ¢i(s;0)e™7*/2,i = 1,2, and ¢;(s; @) given
in (8). The functions v; and vy read

v (t, 839) = [fz(s; ) — fi(si) fa(t; <P)] e,

fi(t; 0)

fi(s; )

(s—1)
f1(t;0) er o (41)

v2(t, s59) =

The inhomogeneity in Eq. (37) is reflected by the step-
function contribution in (39). But we neglected the in-
homogeneity in Eq. (36). We considered the solution of
(36) only in the regime [0,t), because during this time
there is no influence of the inhomogeneity. The solution
is continuous at s = t [and because of the boundary con-
ditions ¢(t) = gy], but its first derivative jumps at that
point. Because we need only the derivative of Q(s), and
not of g(s), to calculate the propagating function we can
neglect this jump; cf. (36). Inserting these solutions into
Eq. (34) leads to the main result

+ [a12(t; @) + a21(t; ©)]giqr + a2z (t; <P)q,3}] (42)

X exp [——m{[ba(t ©)q: — ba(t; 9)as]Qy + [b1(t; ©)g: — ba2(t; ‘P)‘If]Qz}] (43)
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with This yields for N(t)
t; ds dsz v;i(t, s1;0)v; (8, s2;
a;j(t; ») / 1/ 2 159)v; (¢, 525 ¢) N(t)=b2:ﬁ _ (47)
XK(Sl-—Sz) 3( )Qo)
and

by(t; ) = u1(t,059) + 7, b2(t; ) = w(t,t; 9),

bs(t; p) = u2(t, 0;9), ba(t; o) = u2(t, t50).  (44)
Here the overdot denotes the derivative with respect to
s, i.e., 41(t,0) = [Bui(t,s)/0s]|s=0. The normalization
factor N(t) can be determined from the conservation of
normalization of the density matrix

1 2nh

/de pr(Qf,qr = 0,t) = NO) o) 1, (45)

where we use

[ 405 @gexn | 3hs(ti ) 0]

2nh h a\"
T bt ) (ibs(t;w)éa) 8(a:). (46)

J

o2 o2

Equation (28) together with (43) and (47) gives the exact
reduced density matrix for times ¢t when fi(¢;¢) # 0.

B. Master equation and Wigner transformation

We investigate here the equation of motion for the re-
duced density operator. By use of the Wigner distribu-
tion function we compare this equation with the equation
for a classical Brownian particle, the Fokker-Planck equa-
tion. This provides a possibility to discuss the connection
with the classical system.

To derive the master equation from the propagating
function of the reduced density matrix we take first the
time derivative of both sides of Eq. (43). Then we multi-
ply both sides by pr(g:, @:,0) and integrate over Q; and
¢;- In this way one arrives at the central result

0 K2 m 2
'lﬁézpn(ﬂﬂayvt) = [“% (w - E)—yz) + 5 Pt (o) (= —y )} PR(Z,Y,1)

ity (2
2wy6.7:

0 .
8—y) pr(@,9,t) + iDyp(t, 0) (= — 4)?pr(, 9, 1)

3]

O CEY Copp ey PRES) (48)

where Dy, Dy, and D, are given by [see Eq. (44)]

by by b4 bs .
= -— —2—
Dpp(t, 0) 2 (b4 —+ bz) a22 + 2b b3 b3 aiz,
1, :
Dy (t,0) = Dgp(t,0) = ~ 3. 012 + azz; + bobs Z aiz.  (49)
3 3b2

The first term in the large square brackets on the right-
hand side of the exact equation (48) corresponds to the
Liouvillian evolution. The second term proportional to
v is a dissipative term and all the remaining terms are
diffusive terms with time-dependent coefficients. In con-
trast to the classical limit (see below) the master equation
involves a cross diffusion Dy, (t,0) = Dgp(t,0).

Although the system unter consideration is time de-
pendent the diffusive term D, equals zero like in the
case of the harmonic oscillator. The term D,, has the
form D, (t,0) = (2a12 —a11/b3)/bs. Because of the iden-
tity @11 = —291(t)a;2 it is necessary that

01(t,t; ) = —ta(t, 05 ) (50)

to make D, disappear. This relation is valid for an un-

Oy

[

driven harmonic oscillator because v1(t, s;p) = ua(t,t —
s;%). In addition, the condition (50) is also valid for a
parametric oscillator, due to the time independence of
the Wronskian (9):

o ) filtie) — fa(t ) Filts o) ot
vl(tat,ﬂa) = fl(t <P)
_ $a(t;9)$1(t0) — b2(t; 0) 1 (5 )
fi(t; @)
1

T T hte) ~ (6,05 ).

To gain insight into the phase-space structure of the
driven dynamics we consider the Wigner transform of
PR, which is defined by

oo
q q ipq/h
2t Z.t Pa/R,

Zh[_mdqu(Q 2’Q+2a)e

(51)

W(Q7pa t) =

With (51) we find by virtue of Eq. (48) that Fw (Q,p,t)
obeys the Fokker-Planck-like equation
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o
‘éEFW(Qyp7 t)

1 98 - K} o
= {—-—m—p@ + mw (t,<p)Q6p+76pp

ap? 8Qdop
><I:'W (Q7 p, t)- V ( )
For high temperatures (I' — oo) we can calculate the

diffusion coefficients D,, and D, explicitly because K (s)
takes on the form

8% k 82
_h‘DPP(t? 0)_“— - E[sz’(t’ 0) + Dp:c(t, 0)] }
52

K(s) = ?%12 (s), D =kgT. (53)
They are given as
~vD
sz = 0, Dpp = —T. (54)

Therefore, Eq. (52) for T — oo takes on the form of
the classical Fokker—Planck equation that is discussed in
detail in Ref. [20],

9 {19 )

1s] 82
+’Ya—pp + "/Dgp—g}FW(QJ’,t)- (55)

C. Mean values and variances

The expectation value {f(x)) of a variable f, being a
function of the coordinate z alone, is given by

(f(@)) = / dQ; 1(Q1)or(Qrrar = 0,1)

:/de/in/in f(Qy)

XJ(Qf, qf = OatlQiy Qz,O)PR(QuQuO)~ (56)
The first moments read in terms of the initial values
(z(to = 0;)) = (xo) and (p(to = 0;¢)) = (po)
(@(ti ) = [Fats) = L6 0))w0) + - u(t50) (po),

(57)

(p(t50)) = m 3 (a(t5.0))
=m[fa(t; ) — %f'l(t; ©)(zo) + f1(t; ) (po)-
(58)

The evolution of (p(¢;¢)) is discontinuous at to = 0, i.e.,
lim; 04 (p(t;9)) = (pPo) — my{zo)/2 is in general not
equal to (po). This instantaneous jump of (p(t; ¢)) can

CHRISTINE ZERBE AND PETER HANGGI 52

be removed with an environmental cutoff w., or a non-
factorizing initial state [18].

The variances are obtained accordingly. They are given
by

Oz (t;0) = (fz - %ﬁ)zdgz + %ﬁ (fz - %fl) ng

1 2h
+mf1203p+ -r-n~f120«11, (59)

Ozp(t; ) =m [fzf - % (flfz + fifa — -;-’yflf.l)} ol

+%(f1f2 + fifz —vf1fi)ol,
+ frf100, + 28(f1fraus + frarz), (60)

. .\ 2 . . .
Tpp(t;p) = m? (f2" %fl) 0o +2mfi (fz— %fl) Top
+ffo'2p + 2ﬁm(2f12a11 + f1a12 + (lzg). (61)

where we omitted the arguments of the functions
a;j(t; ), and f;(t; ) for better lucidity. We also used
that a12(t; ¢) = a21(t; p) and termed the initial variances
at to = 0 as 03, 03, and o], respectively. The expres-
sions containing the initial values describe the transient
behavior and are damped out in the course of time; the

remaining terms contain the long time behavior.

D. Numerical results

To get explicit results we calculate the variances nu-
merically. For that purpose we insert the functions
¢1(t; ) and ¢2(t; @), which we determined via a numer-
ical integration of the differential equation (2) into Egs.
(59)—(61). The Ohmic damping leads to a divergence in
Opp, just as in the case of a damped harmonic oscillator
[18,21]. We introduce a sharp high-frequency cutoff w, of
the bath frequencies w in the frequency integral of K (t)
(33) to remove this divergence. This is correct as long as
we consider only times that are large compared to w;!.
A more appealing procedure would be to regularize the
divergent quantities with a high-frequency cutoff in the
spectral density of the heat bath.

The results are plotted in Fig. 3. Figure 3(a) shows
mQo . (t; ) /2hk for increasing modulation amplitude e.
The initial values of the variances are analogous to that
in Sec. I, i.e., 02, = h/2mry/w}+¢, 02, = 0, and
0'21, = hrmy/w2 + €¢/2. The € values € = 0,0.5,1 lead to
decaying solutions of the damped Mathieu equation, i.e.,
(z(t;)) — 0 as t — oo. After a short time, 0. (t; @)
becomes a constant for € = 0 (dissipative harmonic oscil-
lator), whereas for the other two values of € it becomes
a periodic function that oscillates with the frequency Q.
This frequency is not affected by the strength of the fric-
tion . The amplitude of the oscillations increases with
increasing modulation strenghth e. For € in the unstable
region, the variances, as well as any other moment, be-
come unbounded, as can be seen for € = 2. In Fig. 3(b)
we start with a squeezed state and compare it with the
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mQ oy,
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FIG. 3. (a) Scaled position variance mQo.=/2k vs time ¢
atwi=1,v=1,Q =2, w. =50, p =0, kgT/hwo = 0.1,
and r = 1 for different values of the parametric modulation
€. The solid line corresponds to € = 0, the dashed line to
e = 0.5, the dotted line to ¢ = 1, and the dot-dashed line to
€ = 2. (b) Scaled position variance mQoz./2h vs time t at
wi=1,v=1,Q2=2,w. =50, =0, and e = 0.1 for varying
squeezing parameters and different initial temperatures of the
bath. The dashed lines correspond to r = 0.1 and the solid
lines to 7 = 1. For the lines marked with 2, kpT/hwo = 0.1;
for 1, kT /hwo = 1. (c) Plot of all three variances mQo../2h,
Oop/ b, and 20,,/AQm as a function of time tat wd =1,y =1,
Q=2 we =250, p =0, kpT/fwo = 0.1, and ¢ = 1. The
dashed lines correspond to the equilibrium values at € = 0.

Il
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FIG. 4. (a) Phase-averaged coordinate variance mQ&gzz /2h
as a function of the modulation € at v = 1, kpT/hwo = 5,
we = 50, and Q2 = 2 for two different values of the angular fre-
quency wi = 0.2 and w? = 1. (b) Phase-averaged coordinate
variance mQ&zs /2F as a function of the modulationeat v =1,
w2 = 0.2, w. = 50, and Q = 2 for different values of the ini-
tial heat bath. The solid line corresponds to kT /hwe = 0.5,
the dashed line corresponds to kpT'/fwe = 0.3, and the dot-
ted line corresponds to kpT/hwo = 0.1. (c) Phase-averaged
momentum variance 205;/hQm as a function of the modu-
lation € at v = 1, wd = 0.2, w. = 50, and © = 2 for
different values of the initial heat bath. The solid line cor-
responds to kgT/hwe = 0.5, the dashed line corresponds
to kgT/hwo = 0.3, and the dotted line corresponds to
k BT/ ﬁ.u)o = 01
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nonsqueezed state. As an interesting result we find that
the effect of initial squeezing relaxes on a fast time scale.
This relaxation time depends only weakly on tempera-
ture, but depends on the strength of the Ohmic friction
7. This feature is in accordance with results for the re-
laxation of an initially squeezed state for the damped
quantum oscillator [18]. For reasons of comparison we
depict 045(t; 9), Tzp(t; ©)s 0pp(t; @), and the equilibrium
(e = 0) values in Fig. 3(c).

The minima of the time-periodic variances are smaller
than the respective equilibrium values, which are indi-
cated by dashed lines. Hence, with a stroboscopic mea-
surement, which only probes these minima, this behavior
can be used to reduce the fluctuations in either the mo-
mentum or coordinate variable. This feature likely can be
of use in applications that aim at reducing (or enhancing)
the fluctuational properties, such as, e.g., for effectively
lowering the temperature (i.e., opp) or diminishing the
spatial width of particle fluctuations.

These calculations of the variances required the knowl-
edge of the initial phase ¢ of the modulation. Since in
an experimental situation, in general, the phase is not
known, we next average over the uniformly distributed
phase ¢. For t — oo this procedure becomes equivalent
to an average over time. The asymptotic (i.e., ¢ — 00)
time-independent phase-averaged values of 0., and opp,
i.e., 027 and 65, are depicted in Fig. 4. We consider only
parameter values that lie within the stable regions of the
parameter space. The behavior of 52, is not depicted
because it equals zero for all parameter values. It can be
noted from Fig. 4(a) that for positive-valued w2, being
smaller than some threshold value w2 ~ 0.5, 522 first de-
creases with increasing €, goes through a minimum, and
then increases again. Above this threshold value, 522
increases monotonically. This typical feature is distinct

from the behavior of a driven harmonic oscillator. De-
creasing the temperature not only reduces 22, but also
changes the form of the function: The minimum disap-
pears with decreasing temperatures of the heat bath, an
effect that can clearly be detected from Fig. 4(b). In clear
contrast to the behavior of the position variance, the cor-
responding phase-averaged momentum variance always

monotonically increases with increasing ¢; cf. Fig. 4(c).

V. CONCLUSIONS

In summary, we have studied the mean values and the
temperature-dependent variances for dissipative para-
metric quantum Brownian motion. For Ohmic friction
we give the explicit result for the reduced density matrix
in Sec. IV A. The rate of change of this density matrix, or
its corresponding Wigner representation in phase space,
obeys an exact Fokker-Planck-like equation with time-
dependent drift and diffusion coefficients that depend on
the Mathieu solutions for the damped parametric oscil-
lator. The stable variances undergo asymptotic periodic
oscillations with the minima lying below the correspond-
ing equilibrium values for 0., 0pp, and o,p, respectively;
cf. Fig. 3(c). This interesting feature may be of use for
applications that are tailored to reduce the influence of
noise on trapped particles.

In presence of Ohmic friction, the effect of initial
squeezing of variances decays on a rather rapid time scale;
cf. Fig. 3(b). The time-averaged position variance ex-
hibits a minimum for sufficiently high temperatures and
sufficiently small w2. In contrast, the averaged momen-
tum variance is monotonically increasing with strength
of the parametric modulation.
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