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We study the quantum dynamics of the simplest dissipative system, a particle moving in a con-
stant external field and interacting with a bath of harmonic oscillators with Ohmic spectral density.
Applying the main idea and methods developed in our recent work {L.H. Yu and C.P. Sun, Phys.
Rev. A 49, 592 (1994)] to this system, we obtain the simple and exact solutions for the coordinate
operator of the system in the Heisenberg picture and the wave function of the composite system of
the system and the bath in the Schrédinger picture. An effective Hamiltonian for the dissipative
system is explicitly derived from these solutions. The meaning of the wave function described by
this effective Hamiltonian is clarified by analyzing the effect of the Brownian motion. In particular,
the general effective Hamiltonian for an arbitrary potential is directly derived with this method for
the case when the Brownian motion can be ignored. Using this effective Hamiltonian, we show an
interesting result that the dissipation suppresses the wave-packet spreading.

PACS number(s): 03.65.—w

I. INTRODUCTION

In this paper we apply the idea and methods developed
in our recent work [1] on a quantum dissipative system
to a dissipative system with a constant external field. In
Ref. [1] we worked on the case of an harmonic oscillator
moving in a bath with Caldeira-Leggett’s spectral den-
sity [2]. It is shown in Ref. [1] that the wave function
of the system plus the bath is precisely described by a
direct product of two independent Hilbert spaces. One
of them is described by an effective Hamiltonian, while
the other represents the effect of the bath, i.e., the Brow-
nian motion. Therefore this result clarifies the structure
of the wave function of the system whose energy is dis-
sipated by its interaction with the bath and reveals the
relationship between the different approaches for quan-
tum dissipative systems. No path-integral technology is
needed in this treatment.

The study of dissipative quantum systems, especially
for the damped harmonic gquantum oscillator (DHQO),
has a rather long history and has been paid much at-
tention more recently due to the work by Caldeira and
Leggett [2]. Now let us briefly describe two main ap-
proaches for quantum dissipative systems before our work
in Ref. [1]. To reproduce and quantize the phenomeno-
logical dissipative equation

Mi(t) = —ng(t) - 8‘;5;”— o

- (L)

for a one-dimensional dissipative system S with coordi-
nate g, mass M, and potential V(g), one approach is to
put it into an environment, a bath B of N harmonic os-
cillators interacting with the system S through certain
coupling [3-12]. The bath and the system constitute a
closed composite system C = S+ B and the quantization

1050-2947/95/51(3)/1845(9)/$06.00 51

of C is direct. By eliminating the bath variables from
its corresponding Heisenberg equation, through proper
approximations such as the Markovian approximation
and the Wigner-Wisskopf approximation [9], the phe-
nomenological dissipative equation Eq. (1.1) in the op-
erator form is derived. This approach provides both the
friction and the fluctuation force in Brownian motion.
The path-integral technique [2,13] and the field-theory
method [14] are sometimes used in this approach. Along
this direction, the work of Caldeira and Leggett reveals
a remarkable fact that the dissipation occurs exactly, in-
stead of approximately, if the spectral density of the bath
is Ohmic (to be described later). It encourages people to
reconsider many problems of dissipation in an exact man-
ner. Another approach, for the DHQO, is the use of an
effective Hamiltonian [15-17]

1 1
Hp = Hg(t) = WB_"t/Mpz + Eszent/qu’ (1.2)

which is now called the Caldirora-Kani (CK) Hamilto-
nian [13]. With the canonical commutation relation

lg,p] = ih, (1.3)

this Hamiltonian automatically yields the dissipation
equation (1.1) through the Heisenberg equation. Notice
that alternative forms of the effective Hamiltonian have
been given by many authors and an elegant example can
be found in Ref. [18]. Though this approach is very
convenient to treat some dynamical problems of dissipa-
tion process for both classical and quantum cases, such
as tunneling and the motion of a wave packet, it is only
a pure phenomenological method and the Brownian mo-
tion cannot be analyzed by this approach. In particular,
the meaning of the wave function described by the CK
Hamiltonian is ambiguous.

1845 ©1995 The American Physical Society
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This paper applies the method and the idea developed
in Ref. [1] to a disspative system with a constant exter-
nal field to show the direct connection between the above
two approaches and to see how the interaction between
the bath and the system leads to an explicit description
for the dissipative system in terms of the effective Hamil-
tonian. All the discussions in this paper proceed with a
simple model, a particle moving in one dimension with a
constant potential field, but the main idea and methods
can be generalized to other cases. : .

This work answers the following questmns (1) How is
the dissipative system quantized with the effective Hamil-
tonian, based on the basic principles of quantum mechan-
ics instead of only a phenomenological treatment? (ii)
What is the meaning of the wave function described by
the effective Hamiltonian? (iii} How is the propagator
constructed for the dissipative system? (iv) What hap-

pens to the spreading of the wave packet in the presence

of dissipation?

II. EXACT CLASSICAL LANGEVIN EQUATICN

In this section we reformulate the first approach about
the quantum dissipative system in the Ohmic case with a
simple example. For simplicity, the dissipative system §
is considered to be a charged particle with unit mass, unit
negative charge, and coordinate ¢ in a constant electric
field E. It interacts with a bath B of N harmonic oscilla-
tors B; with coordinates z;, mass m;, and frequency w;.
Let p and p; be the corresponding momenta to g and z;,

respectively. The Hamiltonian of the composite system
of B and S is o

H= ]lwp :Eq+z [—?—+2mg j(-”’j—‘I)z]
1, al
= ox7? —Eq+ Hp -Jz_:lc eig+ AV, (2.1)
where . . .
ngi[p? + mwza:z].
= 2m; 7

The problem of the renormalization mentioned in Ref.
[2] is treated by introducing the frequency-dependent
coupling constant C; = mjw? and the renormalization

3
potential . . N .

AV = SE wie?
ZZ'mJ ZE i%id

—_—1
in the Hamiltonian (2.1). The Hamiltonian leads to a
system of classical equations of motion

N N 02
52;1' il b A
.. C;

4

Notice that the canonical equation for the closed com-
posite system of § and B defines the usual momentum-
velocity relations

p(t) = M4(t), p;(t)

After applying Laplace transformation to Eq. (2.2), a
direct substitution of Eq. (2.2b) into Eq. (2.2a) yields
an exact equation of motion for the system S

= m;T; (t) .

"M{=E + L(q) + G(¢t), (2.3)

where

N
G(t) = ZIC" [:z::, coswjt + —%smw,t] (2.4)
i=1 ,

7

and the second term of the right-hand side of Eq.(2.3)

— Z
is determined by the inverse of Laplace transformation p

pla(t)] = a(s) = / ” a(t)e=*tdt.

Usually, for finite N or for a general spectral distribu-

L(s) = p~* o) (29

- tion p(w;) of an infinitely large number of oscillators in

a bath, the dissipative term —7¢ with a positive num-
ber i does not appear exactly. However, according to
Caldeira and Leggett, for a specific spectral distribution
of the bath oscillators

2nwim; 2n
N e R} 2.6
p(w.‘l) 71_0]2 27 ( )

ﬂmjwj

which is called the Ohmic distribution for the bath, the
sum over index j

N
C3g2

Z mjr.u?(.?"3 + wjz)

i=1

becomes an integral

oo C?s?
) dw
/0 P(wg) mjwjg(sg n w;_:) J

_2ps® [ dw;
R (w? + s?)

= 87
and thus results in

L(q) = —ng — nq(0)é(t)

by an inverse Laplace transformation. Then, the dissipa-
tive equation, the classical Langevin equation,

M§=E —ng + G(t) (2.7)

is derived. Because the dissipative process is irreversible,
we shall pay attention only to the process with £ > 0 in
the following. Hence the impact §(t) in the dissipative
equation does not play a role in the dynamical problem.

Notice that the Ohmic distribution (2.6) is only an al-
ternative; however, an explicit and convenient reformu-
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lation of the Caldeira-Leggett constraint

J(w) =nw
on the spectral density
J(w) = Ei < 8(w — w;). (2.8)
2 = m;w;

We remark that the fluctuating external force G(t) acting
on the system S is generated by the bath and depends
on the initial states of the oscillators in the bath. For
the classically statistical average ()classical, G(t) obeys
the dissipation-fluctuation relation at temperature T
1

(G()G(t')) classical = 5nKT(S(t —t') (2.9)
and {G(t))classicat = 0. This is actually the classical
Brownian force in the disspative process.

III. QUANTIZATION OF A DISSIPATIVE
SYSTEM WITH EFFECTIVE HAMILTONIAN

In the following, we first detail the description of the
plus system bath in Ref. [1] by an example. Then, we
further develop our theory to derive a general effective
Hamiltonian for arbitrary potential.

It is observed from Eq. (2.7) that, in the Ohmic case,
the action of the bath B on the system S can be described
as two parts, the dissipative term —n¢ depending only on
the state of S, and the Brownian force G(t), depending
on the initial state of the bath. In order to study various
dynamical problems in the dissipative process, such as
the tunneling and wave-packet spreading, it is necessary
to determine in what sense the dissipative system can be
isolated from the environment as a “quasiclosed” system
depending only on its own variables. Such a quasiclosed
system can evolve independently and the effect of the
bath is described only by the friction coefficient . For
the classical case, it is quite clear that at zero tempera-
ture the Brownian force can be neglected. According to
the fluctuation-dissipation relation Eq. (2.9), the clas-
sically statistical fluctuation of the bath is proportional
to 7T. So when T' = 0, the system is isolated, with an
effective dissipation equation

Mg = B —nq, CRY

and the whole effect of bath on the system is character-
ized only through the friction constant n. However, for
the quantum case, the situation is not so direct. Now,
we consider the composite system C = § + B. Since C
is closed, its quantization process is well known.

Let us start with the exact solution to Egs. (2.2b) and
(2.7),

g(®)=Q(t) + X (), Q) = a(t)4(0) +¢(0) +¢(t)

(3.2)
N
X(t) = Xu(t), Xe(t) = or(t)zr(0) + Be(t)2x(0),

k=1

where

M(1 —e—"t/M E
at) =ty = 2L=) " sty =E -1,
n n
ar(t) = Y; [ sinwpt — (cos wit — 1)
SAEY) VEIRS -3 gy - ,
- n/Ma(t)] ,

- Cj [ n
(n/M? + wiwi Lwe/m
~ sin wgt + wka(t)] .

Br(t)

(coswpt — 1)

The commutation relations at t = 0 for the closea com-
posite system of S and B

20 MiO) = %, (050801 = 72 (33)
quantize ¢(t) and ¢(t) at any instant so that
[9(8),p(8)] =ik, [z;(t),p;(t)] = ik (3.4)

for the ordinary momentum-velocity relations
p(t) = M§(t), p;(t) = m;d;(t).

Notice that the quantized coordinate g(t) is separated
into two commuting parts Q(t) and X (¢) depending on
the system and the bath, respectively.

Now, we consider the quantum statistical problem of
dissipation and fluctuation for the above linear system.
Denote the quantum statistical average () = ()quantum
over the bath defined by

Tr[Ae~PHE] 1
Trle-BHs] * 7 KT

for an observable A, where Hp is the Hamiltonian for the
bath. A direct calculation gives the quantum fluctuation-
dissipation relation

(@) =o,
D(t )z = 5 ({G(2), G}

(4) =

h [ hw;
=1 wjcoth (ﬁ w,) coswj(t — t')dw;.
7 Jo 2

(3.5)

At the high temperature limit or & — 0, ie.,, 3 =+ 0
or T — oo, the above results approach the classical
dissipation-fluctuation relation (2.9). In the zero tem-
perature limit, it becomes

’ nh [ '
D(t —t )T—-)o = - wj coswj(t —t )dw_.,'
0

32’% lim w? 300 if t=¢
w—oo

A 1: cosw(t—t')
= n"-r- wlg:%o[ t—t
el ] oo if t AP
This equation shows that the Brownian force cannot be

neglected even at zero temperature for the quantum case.
This leads to a divergence in the correlation function of

the fluctuation force. In the practical problem, there may

(3.6)
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be a cutoff frequency of the bath with the upper bound of
frequency wps and then the correlations are proportional
to w2, and wpy for the cases ¢ = ¢' and t # t', respectively.
This means that the correlation at £t =¢' is stronger than
when t #t'.

The effective coordinate Q(t) approaches the physical
coordinate ¢{t) only when this quantum fluctuation is
neglected in a certain sense. In Sec. IV we will clarify
further the exact meaning of this argument in terms of
the wave-function description.

When the quantum fluctuation is ignored, the evolu-
tion of the system can be described by the variable Q(%),
independent of the bath. Then, the system-is isolated
from the bath to become a “closed” system. Now, let
us derive the effective Hamiltonian governing this sys-
tem. Our derivation is valid for both the classical and
the quantum case.

Notice that the exp11c1t expression (3.2) for Q(t) de-
termines the commutator

[Q(t),Q(t)] = (ik/ M)e—'nt/M
and then we can choose a momentum-velocity relation

P(t) = e™MMQ(t) (3.8)

(3.7)

for the effective variable @ so that the basic commutators
for the Hamiltonian dynamics are

[Q(¢), P(t)] =ih.

Notice that the definition of the canonical momentum
based on Eq. (3.7) is not unique. Furthermore, different
definitions, e.g., the one given by Ref. [18], may give the
effective Hamiltonian different forms. For the Q(¢) given
by Eq. (3.2), one can explicitly obtain the expressions
for Q(t) and P(t) in terms of Q(t) and P(t)

P(t) = —Ee™™  Q(t) = e ™M P(t) /M.

(3.9)

(3.10)

‘We are looking for an effective Hamiltonian for which the
associated Heisenberg equations

Qt) = —[ (), He ()],

P(t) = [P(t) H(t)]

lead to Eq. (3.10). Thus we obtain a simple system of
partial differential equations about the effective Hamil-
tonian H.,(t):

OH.t) _ ey OH(t)
8Q € Tap

The solution to Eq.
Hamiltonian H,(t)

ey, (a1

(3.11) determines the effective

H.(t) = ,; e~ ™M p2 _ BQent/M 4 F(b), (3-12)

up to an arbitrary function F(t) of ¢t independent of P
and Q. It can be regarded as a generalization of the CK
Hamiltonian [14-16] of damped harmonic oscillator.
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Motivated by the above discussion, for an arbitrary po-
tential V(Q), we prove that the general effective Hamil-
tonian for the dissipation problem can be obtained (in
one among the different forms, corresponding to differ-
ent definitions of momentum) as

Hg = Ha(t) = 11\4 ~m/MPp2 L em/MY(Q),  (3.13)
when the Brownian motion is ignored. Indeed, the
Heisenberg equation Hg = Hg(t), or the disspation

equation

ov(Q)

Q '’
for arbitrary potential, is derived in the same way as we
derived Eq. (2.7), with the same Brownian term G(t)
neglected.

Next, the generalized CK Hamiltonian (3.13) can be
explicitly derived from the above equation (3.14). It fol-
lows from Eq. (3.14) that the commutator [Q(t), Q(t)] at
time ¢t satisfies the equation

2 100,20 = ~(n/m1Q), Q)]

for any potential V(Q). For an arbitrary potential V'(q),
it still leads to the commutator Eq. (3.7), which is the
same as the one for the case of the harmonic oscillator
and for the case of a constant external field:

[Q(2), Q)] = éhe™™/M /M.

It also suggests the same canonical momentum-velocity
relation Eq. (3.8) for the arbitrary potential

MY() = —nQ(t) - (3.14)

(3.15)

(3.7)

P(t) = ™M MQ(t), (3.8)
as a special solution of Eq. (3.7) and
[Q(2), P(t)] = ih. (3.9')

7Using Eq. (3.8") and the dissipative equation Eq. (3.14),

again we have

nt/MBV(Q)
- 0Q :

Equations (3.16) and (3.8’) and the Heisenberg equation
give the equations for the unknown Hamiltonian Hg,

[Q(t), He(t)] =ihe ™/MP(t) /M,

_ o aym9V(Q)
= - ihe™t ———BQ .

Pt) = (3.16)

S (3.17)
[P(), Ha (1)

Obviously, the generalized CK Hamiltonian (3.13) is a
solution of the above equations. Therefore, we have de-
rived the generalized CK Hamiltonian for the arbitrary
potential V(g).

We like to point out here that to derive the general CK
Hamiltonian we do not need to know the explicit analyti-
cal form of Q(t) for general V(q). This is because the ba-
sic commutator (3.9') can be obtained directly from the
equation of motion Eq. (3.14). Notice that the derivation
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of the generalized CK Hamiltonian (3.13) and its special
case (3.12) in this section is also valid for the classical
case without Brownian motion, as long as the commuta-
tors is replaced by the Poisson brackets.

We like to point out that a recent paper by Schuch
[18] also discussed the theory of the effective Hamilto-
nian for the quantization of dissipative systems and gave
the commutation relation Eq. (3.7) phenomenologically
so that the dissipative equation (1.1) can be derived in
the Lagrange-Hamiltonian formalism. Actually, Dekker
[17] also discussed similar results. However, our recent
studies reveal the connection between the two major cat-
egories of methods describing the dynamics of dissipa-
tive quantum systems: the system-plus-environment ap-
proach, on the one hand, and the approach using the
time-dependent Hamiltonian such as the CK Hamilto-
nian, on the other hand.

IV. MEANING OF THE WAVE FUNCTION
FOR THE EFFECTIVE HAMILTONIAN

In the preceding section we derived the effective Hamil-
tonian in terms of the Heisenberg equations. It serves as
a starting point to study some dynamical problems of
quantum dissipation in a certain limited sense. To un-
derstand the problem completely, one must investigate
the physical meaning of the (effective) wave function de-
scribed by the effective Hamiltonian (3.12) and clarify in
what sense this effective Hamiltonian can be used cor-
rectly. Thus we turn to the Schrédinger picture and fur-
ther detail the main ideas and methods developed in Ref.

1.

[ ]Let us first show that the wave function of the compos-
ite system C = S+ B can be reduced to a direct product
of wave functions in two independent Hilbert spaces. For
this purpose, it is observed that the coordinate operator

q(t) = Q(8) + X(2)

of S is a direct sum of two commuting parts Q(t) and
X (t). So the eigenfunction of ¢(t) with the eigenvalue ¢
is expressed as a direct product

lg:8) = |Q,1) ® [{1,8) ® [£2,8) ® - ® [€n, )

of the eigenstates |Q,t) for Q(t) and |£;,t) for X;(¢) with
the eigenvalues @ and §;, respectively. Notice that these
eigenvalues satisfy

(4.1)

N
7=Q+> & (42)

i=0

Due to Eq. (4.2), for a given g, there exist many diferent
sets of {{1,€2, ...,&€n} corresponding to the same g, that
is to say, these eigenstates |g,t) are degenerate. So, the
new notation [g, {¢;},t) with an additional index {{;}, is
used instead of |g,t) to distinguish among the different
degenerate eigenstates with the same eigenvalues ¢. Cor-
respondingly, the following notation for arbitrary com-
plex number &;:

{6 =1Q)®61) ® &) ® -~ 8 [¢n) (4.3)

is used to represent the degenerate eigenstate of ¢(0) with
eigenvalue @}, which is, in Hilbert space,

N
V=Vs®VB=Vs®H®Vj
ij=1

of the composite system C. Here Vg and Vg = _1 ®V;
are the Hilbert spaces of S and B, respectively, Y} is the
Hilbert space for the jth oscillator in the bath B |Q) is
the eigenstate with the eigenvalue Q, and |;) € V; are
the eigenstates of x;(0).

Let the composite system be initially in a product state

N
=8 ® [] ®W;),

j=1
at t = 0, where |¢), |W), and |W;) are in Vs, Vg, and Vj,
respectively. The central problem is now whether, similar
to Eq. (4.4), where the wave function is a direct prod-
uct of two wave functions in two independent Hilbert
spaces, the product form is still persevered during the
Schrodinger evolution. A positive answer would imply
that the system can be isolated from the bath and de-
scribed by an effective Hamiltonian. To study this prob-
lem, it is necessary to calculate the evolution operator
U(t) or its matrix elements. Because the coordinate op-
erator ¢(t) is an unitary transformation of ¢(t):

q(t) = U(t)'q(0)U(r),

the eigenstate

,IQv {6.1'}’ t) =

[$(0)) = [4) ® |W) (4-4)

U(t)'q,{¢}) (4.5)

of g(t) with eigenvalue ¢ can be constructed in terms of

the evolution operator from the eigenstate |Q =14, {{;})
of ¢(0) with the same eigenvalue gq. Then, the coordinate
component of the evolution state

[%(2)) = U(2)|4(0))
can be calculated as
U(Q,{&}:t) =(Q, {&H¥(t)
= (@ (& U 0)
=[@O)U®)'|Q, {&1”
= [(¥(0)|Q, {¢;},B)]", (4.6)

using the eigenstate |Q, {£;},t) of g(t). In fact, this eigen-
state can be directly solved in the coordinate representa-
tion with

2(0) = Q.4(0) = —(ih/M)a_%,,

z;(0) = &, z; (0) (1h/m1) 9€;
Obviously, the eigenstates |Q, t) of Q(t) and |{;,t) of &;(2)

with eigenvalues ¢ and §;(t), respectively,
$q(Q',t) =(Q'|Q,t)
= ekl (= 1Q7+Q-g(Q"+M(Q)}
Ug; (E;’t) = <£I'|Ejat>
— eh}—(?j[ $8: ()¢5 +€j€;’+l-‘(fj)]’

(4.7)
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are explicitly obtained from the differential equations

{[—tha(t)/M]

+Q + 9(t)}a(@, ) = Qe (@', 1),
(4.8)
= 5.7""'6;‘ (5_;’ t).

BQ’

{[~iho; () /m;] 5% + B; (8)€ Yug; (€5, 1)

A(Q) and p(g;) are functions independent of Q" and &,
respectively.
Now, we can write

(@ {5 e {61t = Q1@ =a- Zsm II £’|£,,t)

_]_

= ¢q—-2 &; (Q’7 t) H Ug; (.'Z?;, t)a

j=1

(4.9)

which results in
(g, {&}) = (¥ (0)]g, {&}, O

. N
=W (q_zﬁf’t) HWj(sj,t)*, (4.10)
where

W (o= 36) -/ 1Oy,
W;(5,8)= f de! (w1l yue, (€ 1),

‘Notice that the variables {; are related to the bath,
but they are not the coordinates z; of the bath. There-
fore, when applying the above discussion to a practical
problem, one should distinguish between §; and z;.

From Eq. (4.10), it is observed that the system is in a
highly excited state such that the Brownian motion con-
tribution Y £; is negligible in comparison with g, the first
factor is approximately independent of £;. In this sense,
the whole wave function for the composite system S+ B is
factorized into two parts in V5 and Vg, respectively. The
first part represents the wave function of the dissipative
system, evolving according to the effective Hamiltonian
(3.12). Because of the Brownian motion, the physical
variable ¢ = Q + > &; fluctuates about Q with a mean
value of (3 &;)?

(Ze®))= T

j=0

Iaa B + w185 (B)"]

xcoth hw
2KT

at temperature T'. It is zero at ¢ = 0. At the low tem-
perature limit, it approaches its final value at { = oo

<(Zs,-(t=oo))2>

- (4.11)

— o2
W =W — Ny

Qa2 + [a(ts, t2)ik/M] 50, +

within a time of the order of 1/1. Obviously, in practical
problems, whether or not the effective Hamiltonian can
work well mainly depends on whether or not the values

([3€;(£)]?) can be neglected.
To study further the dynamics of the dissipative sys-

tem, we need to calculate its propagator. There are usu-
ally two ways to do that in principle: (i) by solving the
effective Schrédinger equation

h g [¥() = He()]2(0)

directly for the effective Hamiltonian Hz obtained and
(ii) by using the reduced density matrix in terms of the
path integral for the composite system C = S+ B. Now,
we shall deal with this problem a third way, a shortcut, in
which we need not know what the effective Hamiltonian
Hp is. Because we have known the time evolution of
the observable Q(t), we can derive the propagator from
Q(t) directly. It not only avoids the complexity of the
calculations in the first two ways, but also gives us insight
for the understanding of quantum dissipation.

- According to the definition of the propagator, we have

Glaz, {Eiattnau, (&1 tn)
= (g2, {&j,2} talqr, {&5,1}, 1)

. N
= (QZ, t2|Q11 tl) H <£J',2a t2|£j,11 t1, )

j=1

N
=G(Q2, 12, Q1. t1) [ [ G (€52, t2lGs,1t1)- (4.13)

j=1
Because of the linearity of the Heisenberg equation in
the variables Q(t), Q(t) and &;(t),€;(t), the operators

O(ty) (0 = @, Q, 5_,,51) at time £; must be a linear com-
bination of the operators O(t;) at ¢;. For example,

Q(t:1) = Q(t2) + a(ts, t2) P(t2) + b(ts, ta),
(4.14)

Q(t2) = Q(t1) + a(tz, t1) P(ty) + b(tz2,t1),
where

b(ta, t1) = g(ta) — g(t1) — Balty)e ™ /Mgty ¢,),

alta, t1) = —a(ty, t2) = a(ta) — a(ty).

Then, the definitions of eigenstates of Q;(%)

Q(t:)|Qs, ts) = QilQs,ts), 1=1,2

and its Q; representation (7 # £) leads to the partial
differential equations for the propagator :

b(t1,t2)]G(Qz,t2; Q1,1t1)

= Q1G(Q2,t2; Q1,t1),
(4.15)

I:Ql — la(ts, tz)ih/m% + b(tz,t1) | G(Q2,t2; Qu, t1)*

= Q1G(Q2,t2; Q1, t1)*.

Solving the above equations, we obtain the propagator



1 -
\/Mie~—nt1/M — e—nta/M|
n

Mi (1, 1,
% exP{a(tl,tz)h [54@+ 548

~Q1Q2 +b(t2,t1)Q1 + b(t1,12)Q2
+6(t)] },

where 8(t) is an arbitrary function of time independent
of @; (¢ = 1,2). Similarly, we can also calculate the fac-
tors Gj(&j,2,t2;&j,1t1), but here we do not need to write
them down explicitly. For a highly excited ¢ system
where the Brownian motion is ignored, the first factor
G(Q2,t2; Q1,t1) can be regarded as the effective propa-
gator for the dissipative system. Taking into account the
fact that the propagator is the matrix elements of the
evolution operator Ug(t), i.e.,

(@:U(1)|Q1) = (@1 |U(1)"|Qz2)*
= (Q21 tlQl) = G(QZa t; Q1 0):

the effective Hamiltonian (3.11) can also be derived again
from

G(Q2,t2;Q1,8) =

(4.16)

Hg = ihz—)-U;-aQ—t(tzUQ(t)_l.

V. SPREADING OF THE WAVE PACKET
SUPPRESSED BY DISSIPATION —

In this section the effective Hamiltonian (3.12) for the
dissipative system is applied to study a quite simple dy-
namical problem: the motion of the wave packet for a
“free” (E=0) particle of mass M in one dimension. An
interesting result is that the dissipation suppresses the
spreading of the wave packet if the breadth of the initial
wave packet is so wide that the effect of the Brownian
motion can be ignored. Usually, without dissipation, a
Gaussian wave packet spreads into the full space infinitely
and the localization of the wave packet is lost during the
evolution of the system. Its breadth increases to infinity
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while its height decreases from its initial value to zero.
Notice that the height and breadth of a wave packet are
correlated through its normalization. However, for the
present case with dissipation, there appears to be a sig-
nificant difference about the wave-packet spreading. It
will be shown that the final breadth and height have fi-
nite values as t — oco. In the following, we denote the
operator @ by x, which approximates the physical coor-
dinate ¢ when Brownian motion is ignored.

Using the effective Hamiltonian in the absence of the
external field, the Schrodinger equation

d A? a?
ih—U(p. ) = ——_e—Mt/M
ith—T(z,t) YV U(z,t)

En E. (5.1)

gives the the evolution of wave function

B(z,t) = %:(H\I'(a:,o)) exp [ik:c - ‘%"t—"} . (5.2)
where
R?k?
T oM

is the energy of the momentum eigenstate |k)

Lk,

1,
(k|z) = ——e'*=.

Ver

and with the definition

— e~ t/M
ty = a(t) = M_(l_%__)

The only difference between Eq. (5.2) and a solution of
free propagation without dissipation is that ¢ is replaced
by t,. We have t, — t when /M — 0. So one can regard
t, as a deformation of time ¢ due to disspation. Notice
that t, approaches a limit ¥ as ¢t — oo; this clearly
shows the physical features of wave-packet spreading in
the presence of dissipation.

If we assume that the initial state is a Gaussian wave

packet
1 : 2
T(x,0) = (z|T(0)) = "’0‘”“5?,
(@0) = @¥(O) = oZrre

(5.3)

FIG. 1. Motion of a wave packet in the
presence of dissipation: F(z,t,) = |¥(z,)|?.
The dissipation not only restricts the motion
of the center of the Gaussian wave packet
like a classical particle, but also suppress its
spreading so that it has a limited Gaussian
wave packet with finite breadth and height

“ast—oo.
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F(z,t,) = [%(z, )]

0.4
t=o0
0.3
t=T
0.2{H
t=2T
ok

then we have

(€(0)]z|®(0) =0, (¥(0)[P|¥(0) = hko,

{Az) = V/(¥(0)[=22(0)) — (¥(0)[z[T(0))2 = d.
Equation (5.4) shows that the wave packet is centered
at z=0 with an average momentum kk¢ and a breadth

d. According to the wave equation (5.1), the Fourier
transformation

¥e0)= o= [ wietea,

B(k) = 2L o mbor®
m

for the initial wave packet determines the wave function
at t

(2m)1/4,/d + it k] (2Md)
X exp [—%(w — kot h/M)?
L= ityh/2M ]

&+ (t,h/2Md)? )"

To understand the physical meaning represented by
the wave function (5.5), we write down the corresponding
position probability

I‘P(m, t)|2 =

exp [ikoa: - ﬂ,—’;i"—l
¥(z,t) = :

(5.5)

V2@ £ (&R 2Md)7]
(== kot,h/M)?

<o |~ st ) o)

This shows that the wave packet initially has a velocity

Vg — (P/M) = hkg/M

and is centered at the position z=0. As t — o0, this
Gaussian wave packet stops with its center at a limit
position

hko

Tlimit = ——+- ¢ - o

G5

FIG. 2. Projection of Fig. 1 on the |¥[*-
z plane, which actually represents the func-
tion F(z,t,) = |¥(z,t)|®> at t = 0, T, 2T,
3T,..,NT. When N — o0, it becomes
the Gaussian wave packet |¥(z,t = 0)|* =

F(z,1/n).

In this process, the velocity of the center

d hko _
o(t) = S0l 0) = oM (5)
decreases from %—'}Q to zero. It is evident that the motion
of the center of the wave packet is the same as that of a
dissipative classical particle. However, a pure quantum
picture is manifested by the change of its breadth

B(t) = \/52 + (ht,/2Md)? (5.8)
from d at t=0 to a limit value
Biimit = v/d? + (h/2nd)? (5.9)

as t = co. These results determine the final shape of the
the spreading wave packet. These physical features are

illustrated by Figs. 1 and 2.
- .-+ Finally, we point out that the suppression of the wave

packet spreading by dissipation possibly provides a mech-
anism to localize a quantum particle. It might be of in-
terest to note that the finite value of the width of the
damped particle wave packet for t = oo leads to exactly
the same final value for the uncertainty product of the
damped free particle, found by Schuch using a nonlinear
Schroédinger equation [19].
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