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We propose a new model for studying dissipation in quantum-mechanical systems. The mechanism of
dissipation is solely due to the scattering of the environment excitations by the particle of interest. We
treat the problem via the functional integral formalism. It is shown that the model gives a damping pa-

rameter which is temperature dependent.
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During the last few years there has been an increasing
interest in the physics of dissipative systems [1-3]. The
well-known standard model [1] for quantum Brownian
motion deals with a particle coupled to a set of harmonic
oscillators (the reservoir) via a coordinate-coordinate
coupling. Moreover, the spectral function for these oscil-
lators is assumed to have a specific form which must be
compatible with the classical equation of motion of the
particle. For example, it has a linear dependence on fre-
quency in the Ohmic case.

This model exhibits two main characteristics: a nonlo-
cal interaction, because all the oscillators are coupled to
the particle, and nonconservation of the number of the
reservoir excitations, that is, there is a transfer of energy
from the particle to the set of oscillators by destruction
and creation of quanta in the reservoir. One important
consequence of this model is a damping parameter y
which is independent of temperature.

Nevertheless, in the majority of cases, the particle we
are interested in is coupled only locally to the reservoir
excitations and the main mechanism for dissipation is ba-
sically scattering. Consider, for instance, a heavy particle
which is elastically scattered by light particles in a gas.
The interaction is effective only very close to the heavy
particle and the dissipation will take place by a sort of
“effective recoil” of the particle.

In this Letter, we will show that an approximate form
of a Hamiltonian which has currently been used in the
theory of polaron dynamics [4,5] or, equivalently, quanti-
zation of nonlinear field theories by the collective coordi-
nate method [6] can easily describe the above-mentioned
mechanism for dissipation. Furthermore, we will also
show that this model Hamiltonian is very suitable for the
application of the path-integral methods in the well-
known Feynman-Vernon [7] approach which has been ex-
tensively applied to the standard theory of the so-called
quantum dissipation [1-3]. This method is known to be
very convenient since it provides us with a systematic way
of dealing with the quantum dynamics of nonisolated sys-
tems. It is also worth noticing that this method makes
the use of kinetic theory unnecessary.

The model we are going to use is described by the fol-

lowing Hamiltonian:

- [p —‘h(akT,ak)]z

H +V(g)+Hg(al,ar), (1)
2m
where
h(aJ,ak)=iZGkk'aEak', (2)
m kk'
HR(aJ,ak)=Zhwka,:'ak s 3)
k

and p and g are the momentum and position operators for
the particle of interest. ¥V (g) is an external applied po-
tential and the coupling parameters are such that

G =G
and
Gk’k = "Gkk’ . (4)

We will suppose that a; and a{ are boson operators but
the treatment can be easily generalized to fermion opera-
tors [8].

Observe that H commutes with the total number of ex-
citations, N =X alax, and due to (4) the interaction
only couples excitations with different k. So, this Hamil-
tonian simulates the scattering of the excitations by the
particle.

In order to apply the Feynman-Vernon approach we
must define the reduced density operator for the particle
by

ps (1) =tr,[p()], (5)

where tr, denotes the trace over the coordinates of the bo-
sons and p denotes the density operator of the whole sys-
tem.

Projecting (5) in the coordinate representation of the
particle and using the coherent state representation for
bosons, we get [9]

ps(x,y,t) =fdx'fdy'J(x,y,t;x',y',O)ps(x',y',O) ,

where we have supposed, for simplicity, that before t =0
the particle and the bosons were decoupled and p,(0) is
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the density operator of the particle at 1 =0. eral path x(z) (y(z)) connecting the intial point x' (.y')
J is the so-called superpropagator which can be ex- to the final point x (y). The functional Sy is the classical
pressed as a functional integral, action of the particle,
=(" ’ i _ (.| mi2@) '
s=J ox ] Dyexp{;(solxl SO[y])}F[x,y] . ® Solx1 = [ ar [——2— V)|,
where the variable x (y) within brackets stands for a gen- | and F is the influence functional defined as
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Fleyl=f S0 [ O [ L8, (am g0

2 12 a* a
—|a|*— laf? ——IEI—] L Dzyj;,,Dzy'exp{—S[[x,y] —-S¥hy,Y1I}. @)
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In Eq. (7), a is the vector (a,az, . . . ,ay) and pg(0) is the density operator for bosons at ¢ =0. Finally, S; stands for
the interaction action which reads

! *
S,[x,a]=—j; a’t'{% [a-%—a*--a;—‘:

—%(HR—mfch)}. (8)

The functional integrals in (7) can be exactly evaluated |
because the action in (8) is quadratic in the bosonic vari- with B=1/kgT and
ables. So, we have transformed a nonlinear problem
given by (1) into a linear one.

The Euler-Lagrange equations for (8) are given by

Z =tr,(e P"*)
we can evaluate (7) as

df+i“’jaj=ix§lijak’ Flx,p1 =TT —mTpi [x,p1) 71, (13)
©) g

* . * e *
—iwja; = 1x§,ijak . where

aj
These equations represent a set of harmonic oscillators Tk [x,y]1 =Wy [x1+ Wik [y]+§ Wi IxIwgyl  (14)
coupled by time-dependent terms. Observe that due to
(4) the right-hand side of (9) does not contain the jth
term of @. This fact allows us to solve these equations ex-
actly. me=(""—1)"1,

The set of equations can be solved with the appropriate ) . .

boundary conditions defined in (7) in terms of a new  Although expression (13) is an exact result for the in-

and

functional W;;[x] which obeys the following matrix equa- fluence functional, its specific form makes the functional
tion: integral for J in (6) untractable. Therefore one must
look for some reasonable approximation in order to evalu-
Wik Ix1=wi Ix1+ X Wi IxIWi [x], (10)  ate the latter.
, Since (10) is basically a Dyson equation for W, it is
where suggestive that we solve it in the usual Born approxima-
orn . Ly i —ar tion. In terms of (12) this means that
Wil =iGy, [ dt' (e . an W WO o0 s
Formally the equation above can be solved as
Now, if we use (15) in (14), we can approximate (13) by
w=0-w°"'w°, (12)
where we have used matrix notation for W. Flx.yl —I;(ICXP{"" Tic} (16)
Of course (10) can be interpreted in terms of a scatter-
ing amplitude from mode k to mode j. The terms that which coincides with the previous expression for F up to
appear in the sum (10) represent the virtual transitions first order in n; k.
between these two modes. Now, supposing that at r =0 Substituting (16) into (6) we find

the boson system is in thermal equilibrium at tempera-
ture 7, that is,

== x 4 L i_
pr(0) =exp{—pBHg}/Z , J j; Dxfy' Dyexp{ h Serlx,y1+ P ¢[x,y]}, a7
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where

Sarle.y] = f dr 2120 =21 = VG +V G + L) =1 f) T = L) + 5]

and

olxyl= [ ar’ [ ar" e = ML) = O E" = 5],

with
() =2 hGEn 0()sin(wy — o)t , (20)
IT%
Tr() =X hGRni0(t)cos(wr — wi)t . Qn
IT%

As usual, (¢) is defined as

1if 1>0,
0()=10 ir 1 <0.

As in the rest of this paper, we shall only be interested
in the case of ¥'(g) =0, we can define

R=4%&x+y), r=x—y,

in terms of which the Euler-Lagrange equations for (18)
read

ié+2j;'dt'y(r —1"R(¢") =0, 22
F=2 [ dry(' = o)) =0, (23)
where by (20),
_1 91
y(t) ry
- fl@(l) (24)

> G (o — wr)cos(wg — wp)t
m ik

is the damping function.

In terms of these newly defined variables, we can easily
see that (22) and (23) have the same form as the equa-
tions previously obtained in the case of quantum Browni-
an motion [1], except for the fact that they now present
memory effects. It should be emphasized here that al-
though (22) and (23) have only indirect physical mean-
ing, through the study of the motion of the center of a
wave packet and the spreading of its width, y(z) really
plays the role of the damping parameter in the equation
of motion of the former (see Ref. [1] for details).

Another important point about (17) is the real part of
the exponent. This part is related to the diffusion func-
tion of the problem [1], which can be written here as

9g
912
== h2Ghni (wr — i) 20(t)cos(wx — wi')t .
T

D(t)=h

(25)

1962

(18)

(19)

From (24) and (25) we clearly see that the memory
effects will depend on the microscopic characteristics of
our model, namely, the form of Gyx. In what follows we
shall define a function S(w,®') which will, in analogy to
the spectral function J(w) of the standard model [1,2],
allows us to replace all the summations over k by in-
tegrals over frequencies [cf. Eq. (29) below],

S(a),w')=27rka‘Gk2k'6(w—wk)6(w'—wk'). 26)

Notice, however, that unlike J(w) in [1] or [2], this
new function S(w,w') is related to the scattering of the
environmental excitations between states of frequencies w
and ' (as seen from the laboratory frame). Moreover,
due to (4) it is easy to see that

S(w,0')=S(0',0) . @7

From here on we shall call S(w,®') the “scattering func-
tion.”
Now, we will show that the specific ansatz

(23)

is compatible with both the Markovian limit (time evolu-
tion without memory) and Ohmic dissipation (damping
proportional to the velocity). In (28) w, is the cutoff fre-
quency for the boson system (for example, if the bosons
are phonons, . must be the Debye frequency) and a is a
constant.

In order to do so, we start by using the explicit form of
S(w,') in (28) to rewrite (24) as

y(t) = %BIE_(_tn:_a j;wr do j;wc do'wo'n(w)(w—o')

S(w,0") =avo'6(o. —0)0(w, —o')

(29)

This expression can be further simplified in the low-
temperature limit (kT < hwo) where we can approxi-
mate

xcos(w—w')z.

~hho, (30)

The form of (30) provides us with a natural cutoff fre-
quency for the integrations in (29), namely, kT/A. So,
we can rewrite (29) as

n(w)=e

_ho@a = Bt =Bhw( gy — o
)'(t)——2;rm—j; dwj; do' ww'e (0 —w')

31

xcos(w—ow')t.
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The integrals can be easily evaluated and in the limit of
long times, t > Bh, we get

y(t) =(a/2mh?)(kT)*6() .

So, for long times and low temperatures the particle
behaves like a particle in a viscous environment with a
damping parameter which increases as T*. As a conse-
quence, the mobility of the particle decreases as 7 %
For high temperatures we can approximate the occupa-
tion number by n=(Bhw) "' and the damping parame-
ter increases linearly with temperature. These results
agree with those obtained some years ago for the mobility
of the large acoustic polaron in one dimension [10]. Al-
though the results in the latter have been achieved with
the use of kinetic theory, we can make a connection be-
tween the two methods when applied to the specific exam-
ple of polarons (optical or acoustical) [11].

In conclusion, we have established a new model for the
study of dissipation in quantum mechanics where the
mechanism of dissipation is given by the scattering of the
quanta of the reservoir by the particle of interest. We
used the functional integral formalism in the coherent
state representation for the environmental bosons and ob-
tained the reduced density matrix in the Born approxima-
tion. Through the definition of the scattering function
S(w,w'), we have established the conditions under which
the damping parameter is Ohmic in the long-time regime
(Markovian approximation). It is also important to em-
phasize that in this new model the damping is naturally
temperature dependent.
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