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Abstract 

After extensive investigations over three decades, the linear-coupling model and its 

equivalents have become the standard microscopic models for quantum harmonic Brow-

nian motion, in which a harmonically bound Brownian particle is coupled to a quantum 

dissipative heat bath of general type modeled by infinitely many harmonic oscillators. 

The dynamics of these models have been studied by many authors using the quantum 

Langevin equation, the path-integral approach, quasi-probability distribution functions 

(e.g., the Wigner function), etc. However, the quantum Langevin equation is only appli

cable to some special problems, while other approaches all involve complicated calcula

tions due to the inevitable reduction (i.e., contraction) operation for ignoring/eliminating 

the degrees of freedom of the heat bath. 

In this dissertation, I propose an improved methodology via a modified phase-space 

approach which employs the characteristic function (the symplectic Fourier transform of 

the Wigner function) as the representative of the density operator. This representative is 

claimed to be the most natural one for performing the reduction, not only because of its 

simplicity but also because of its manifestation of geometric meaning. Accordingly, it is 

particularly convenient for studying the time evolution of the Brownian particle with an 

arbitrary initial state. The power of this characteristic function is illuminated through 

a detailed study of several physically interesting problems, including the environment-

induced damping of quantum interference, the exact quantum Fokker-Planck equations, 

and the relaxation of non-factorizable initial states. All derivations and calculations are 

shown to be much simplified in comparison with other approaches. 

In addition to dynamical problems, a novel derivation of the fluctuation-dissipation 

theorem which is valid for all quanSum linear systems is presented. With the help of 

this theorem, the mechanism of this model is examined and the correspondence with 

classical phenomenological theories is discussed. 
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Introduction 

In the past ten years, there has been a great dsal of renewed interest in the dissipative 

mechanism of quantum open systems. This resurgence is motivated by the possible obser

vations of macroscopic quantum phenomena in quantum optics (coherent and squeezed 

states) [34, 106], quantum non-equilibrium statistical mechanics (low-temperature and 

strong-damping anomalies) [44, 45], quantum measurement (quantum tunneling and 

Schrodinger's cat in SQ'OID) [11,13], and quantum gravity as well as quantum cosmol

ogy (quantum-to-classical transition) [54, 107], etc. Among the problems of quantum 

open systems, quantum Brownian motion is a paradigm since the corresponding classical 

phenomenological theories are well established. The original Brownian motion refers to 

a heavy "Brownian particle" moving in a viscous fluid; today this term indicates the 

time evolution of any macroscopic degree of freedom under the iniiuence of a dissipative 

heat bath (or "environment" for short). 

For a closed (i.e., isolated) quantum system with a given Hamiltonian or Lagrangian, 

the time evolution of physical states can be studied from first principles of quantum 

mechanics, e.g., the Schrodinger equation. However, until now there has not been a 

fundamental theory for quantum open systems. Existing theories fall into the following 

three categories: 

(I) New quantum theories with non-standard quantization rules, e.g., stochastic 

quantization, complex canonical variables, and several kinds of non-linear Schrodinger 

equations [20]. 

(II) (Semi-) phenomenological theories, which start with a model Hamiltonian and 

employ the Markovian approximation to derive a quantum master equation as the equa

tion of motion for the density operator of the open system. The quantum Fokker-Planck 

equation usually serves as a c-number representation of the master equation. The quan-
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turn Langevin equation (in the Heisenberg picture) is also derivable from the model 

Hamiltonian hence is equivalent to the quantum master equation and the quantum 

Fokker-Planck equation [4, 19, 65]. 

(Ill) Microscopic-model approach, which deals with an explicitly defined model 

Hamiltonian for the "total system" (the open system and the environment as well as 

their interactions). A necessary condition for the model Hamiltonian is that, with certain 

conditions imposed, the appropriate classical limits of the open system may be recov

ered. This approach has become more and more popular recently since st allows us to 

study quantum dynamics at arbitrarily low temperature and/or with strong damping, 

and the model environment can be of general dissipative character (ohmic, sub-ohmic, 

or supra-ohmic). Because the model HamiJtonian contains the degrees of freedom of 

both the open system, and the environment, and only the open system is of interest, a 

reduction (i.e., contraction) operation is necessary in order to ignore or eliminate the 

details, and only keep the influence of the environment. Coarse graining, one of the fun

damental principles in statistical mechanics, is manifested by this reduction operation 

in the microscopic-model approach. 

In the following, we shall discuss in detail the microscopic-model approach to quan

tum harmonic Brownian motion, where the open system is a harmonically bound Brow-

nian particle. Just as the quantum Brownian particle is the paradigm of quantum 

open systems, quantum harmonic Brownian motion is a paradigm among all quantum 

Brownian motions. For quantum harmonic Brownian motion, the simplest and most 

successful microscopic model is the linear-coupling model [10, 16, 22, 25, 40, 44, 45, 

48, 73, 76, 85, 95], in which the environment is modeled by an infinite set of harmonic 

oscillators linearly coupled to the Brownian particle. In the literature, there aro several 

equivalent formalisms for studying microscopic models, the most oft-used ones are the 

quantum Langevin equation, the (orthodox) phase-space approach, and the path-integral 

approach, among them the first is in the Heisenberg picture and the other two are in 

the Schrodinger picture. 

(i) Quantum Langevin equation: This is similar to the phenomenological quantum 

Langevin equation, but all parameters and coefficients of this equation are explicitly and 
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exactly denned [8, 22, 28, 30, 63]. As we will discuss in Chap. 8, the applicability of this 

quantum Langevin equation is limited to some special problems. 

(ii) r'hase-space approach: This approach employs the quasi-probabiiity (quantum) 

phase-space distribution functions as the representatives of the density operators of the 

total system as well as the Brownian particle. In the classical regime these distribu

tion functions behave like classical distribution functions over the phase space, among 

them the Wigner ft action [47, 101] is the most studied. As long as the Hamiltonian is 

(inhomogeneously) quadratic, i.e., the quantum system is linear, the time evolution of 

these distribution functions is completely determined by the classical phase flow. Hence 

in this approach the classical-quantum correspondence is most clear. The phase-space 

approach to quantum harmonic Brownian motion has a long history [95], but has mainly 

been applied to ohmic dissipation. 

(iii) Path-integral approach: The path-integral (or functional-integral) description of 

quantum open systems was pioneered by R. Feynman and F. Vernon in the early i960's 

[25, 26], and was modified by A. Caldeira and A. Leggett twenty years later [10]. The 

applicability of this approach was first limited due to the factorization assumption for the 

initial condition introduced by Feynman and Vernon, where the initial quantum states 

of the Brownian particle and the environment are independent of each other. Since this 

factorization is not practical from the "-xperimental point of view, it is more reasonable 

to consider non-factorizable initial states. Generalization of the path integral approach 

to include non-factorizable initial states has been successfully accomplished during the 

past few years [40, 85]. 

Tn the literature, in addition to the above three formalisms, there have been other 

equivalent formalisms for quantum (harmonic) Brownian motion. They employ the pro

jection operator [37, 69], the continued-fraction expression [89], the closed-time-path 

integral (closed-time Green's function) [16, 83, 87], etc. 

In the path-integral approach, the so-called influence functional, which can be cal

culated systematically for a given model Hamiltonian, carries information about the 

environmental influence on the Brownian particle after reduction. Due to its systematic 

calculational nature, the path-integral approach soon became the standard microscopic-
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model approach to quantum Brownian motion. Many physically interesting problems 

have been studied using this approach, and several generalizations have been proposed 

[16, 17, 40, 49, 85]. It is widely believed nowadays that this approach is the best, if 

not the only one for dealing with quantum (harmonic) Brownian motion in a general 

environment. In contrast, the phase-space approach seems obsolete in the 1990's. 

The aim of this dissertation is to introduce a modified phase-space approach to 

quantum harmonic Brownian motion, which is claimed to be more efficient than both 

the orthodox phase-space approach and the path-integral approach. Before introducing 

this novel approach, let us first take a closer look at the limitations and difficulties of 

those conventional approaches. 

For the microscopic-model approaches to quantum Brownian motion, the reduction 

usually involves complicated calculations, especially with respect to the non-factorizable 

initial states, since the total number of the environmental degrees of freedom is essentially 

infinite. The only exception is in the quantum Langevin equation approach, where the 

reduction is done by eliminating the degrees of freedom of the heat-bath oscillators from 

the Heisenberg equation of motions [22, 28, 30]. But the price paid is the limitation of 

its applicability. 

Since the complexity of microscopic-model approaches is mainly due to the reduction 

operation, the calculations promise to be simplified if we can find an appropriate repre

sentative. In the literature, a few authors have noticed that the characteristic function, 

which is the symplectic (or double) Fourier trsr "form of the Wigner function, is the most 

suitable representative for the reduction operation [33, 43, 96]. (Since the Wigner func

tion is a quantum analogue of the probability density function, its symplectic Fourier 

transform is called the characteristic function by analogy to probability theory.) The 

characteristic function is not a quasi-probability distribution function and hence has no 

direct physical meaning even in the classical limits. However, as we will show in Chap. 5, 

it gives an illuminating geometric meaning to the reduction operation in phase space. 

In the modified phase-space approach, the characteristic function takes the place of 

the traditional Wigner function as the representative of the density operator. In the 

following, it will be shown through many practical examples that quantum harmonic 

Brownian motion in a general environment can be studied with great efficiency in this 
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modified phase-space approach. 

This dissertation consists of three main parts: Part I (Chap. 1-5) contains a review 

of all related general theories, Part II (Chap. 6-8) discusses the mechanism and validity 

of the model, and Part III (Chap. 9-11) formulates the dynamics of quantum harmonic 

Brownian motion via the modified phase-space approach. The organization is as follows: 

Chap. 1 formulates all necessary mathematics. Chap. 2 gives a review of classical 

theories of Brownian motion. Chap. 3 studies three different representatives of the den

sity operator: the coordinate representation, the Wigner function, and the characteristic 

function. The first two are the conventional representatives for quantum Brownian mo

tion, and the third one is the representative to be used in our modified phase-space 

approach. Chap. 4 reviews the phase-space approach to quantum mechanics, i.e., the 

Weyl-Wigner-Moyal formalism. Aspects of similarity and the contrast between the 

Wigner function and the characteristic function are discussed. Chap. 5 investigates 

the general theory of reduction. The advantage of using the character! itic function in 

performing reduction is shown through explicit formulas. 

In Chap. 6, we derive and solve the classical as well as quantum equations of motion 

for the position of the Brownian particle. All results in this chapter are useful for the 

subsequent discussion, among which the fundamental solution (the Green's function) and 

generalized susceptibility are of special importance. In Chap. 7, we study the thermal 

(equilibrium) state of the model system. A novel derivation of the fluctuation-dissipation 

theorem for this model, which is valid for all quantum linear systems, is proposed. 

Using the fluctuation-dissipation theorem, without diagonalizing the model Hamiltonian, 

we are able to calculate the correlation functions of the Brownian particle from the 

results of dynamical problems in the previous chapter. The explicit form of the thermal 

equilibrium state of the Brownian particle, which is defined as a reducad state of the 

thermal state of the total system, is consequently obtained. In Chap. 8, we begin to 

take the thermodynamic limit and construct the quantum dissipative heat bath model 

by sjjecifying the spectral density. The quantum Langevin equation for the position 

operator of the Brownian particle is constructed explicitly, and from it the validity of 

the model is verified. 
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In Chap. 9, general formulations of the time evolution of the Brownian particle from 

an arbitrary initial state in terms of the characteristic function are summarized. The 

results are then applied to the following two chapters: Chap. 10 studies the dynamics 

of the Brownian particle with factorizable initial states, which covers many important 

results previously obtained via the path-integral approach in the literature; Chap. 11 

analyzes the time evolution of non-factorizable initial states, with three explicitly solved 

examples following the general formulation. 

Finally, several possible generalizations of this modified phase-space approach are 

discussed in the Conclusion and Outlook. 
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General Theories 
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Chapter 1 

Mathematical Preliminaries 

1.1 Notations and Conventions 

Throughout this paper the Boltzmann constant kB is set equal to unity and 8~l 

denotes the temperature, with h = 1 unless otherwise specified. The symbol * denotes 

complex conjugate, f denotes Hermitian conjugate, T denotes transpose of a matrix, and 

-T denotes inverse of the transpose of a matrix. Wherever e appears, it is understood 

that the limit e—>0+ has been taken. 

The physical system under consideration is an iV-mode system, which contains ex

actly N=(n +1) coupled harmonic oscillators, among which the 0-th mode corresponds 

to the one-dimensional Brownian particle and the other n modes to the heat bath. The 

indices or subscripts i and j always run from 0 to n, while £ runs from 1 to n. The 

subscript for the 0-th mode, i.e., the Brownian particle, will be dropped if there is no 

ambiguity. 

We use x = (a;, i t , x2, • • •, xn) and fc = (fc, kit k2, • • •, kn) to denote the ^T-dimensional 

canonical coordinate and momentum, respectively, and q and p for the JV-dimensional 

position and momentum operators corresponding to x and k. The canonical commuta

tion relations are 

[«.&] = [fc>Pj] = 0. [«.K] = iSiA> (1-1) 

where i is the identity operator. The Hilbert space upon which these operators act is 

the tensor product of the Hilbert space corresponding to each of the quantum harmonic 
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oscillators of the system. Note that we shall never employ creation or annihilation 

operators in this paper. 

We then use z = (x, k) to denote a row vector in the 2JV-dimensional phase space, 

and use r = (q, p) for the operator-valued vector corresponding to z. Following this con

vention, we shall always use the lower case, bold-faced letters to denote the row vectors 

unless otherwise specified. These row vectors work as the row matrices in matrix multi

plications. The two-dimensional phase space spanned by (as, fc), the canonical coordinate 

and momentum of the Browuian particle, will be called the Brov.-nian phase plane. 

To each harmonic oscillator of the system we asiign a characteristic mass m.j and 

a characteristic frequency UJ > 0, so that it acquires a characteris. ic length (mjUj)~i. 
The 2N x 2N scale matrix g is defined accordingly as 

g = diag-frnoWo, tn.w,, • • •, m„w„, — , — , • • •, }. (1.2) 

This g is a symplectic matrix since it satisfies 

gTJg = J, and de t (g)=l , (1.3) 

where 

/ 0 l w \ 
J = J (Ij, = JV x N unit matrix) (1.4) 

\-\» 0/ 
is the 2N x 2N metric matrix in a 2iV-dimensional symplectic vector space with the 

following properties: 

J" 1 = J T = - J . (1.5) 

The 2x2 matrix gj is a submatrix of the scale matrix g defined as 

*•( o (^)-O' (1-6) 

ic matrix J is d and the 2x2 analogue of the metric matrix J is denoted by 

The elements of every 2Nx2N matrix are labeled by the indices 0,1, , (2iV- 1), 

e.g., tbe upper-left element is (0,0) and the lower-right element is (2N—l,2N—l). For 



a given 2N x 2JV matrix M, the matrix [[M]] is a 2 X 2 submatrix of M denned as 

(1.8) ( Moo Mow \ 

M«o MNKJ 

hence 

iLJM| =j|LMH, etc. (1.9) 

The Heaviside unit step function $(w) is denned as 

(1.10) 
f l , ^ > 0 ; 

(.0, w<0. 
The Dirac delta function of X is denoted by 6(X), where X can be either a scalar or a 

vector variable. Since S(t) is symmetric with respect to i = 0 for a scalar t, we have 

L dts(t)x(t) = ix(o), (i.ii) 
o 

where A > 0, and x(£) is an arbitrary function of t. 

For dynamical problems, the initial conditions are always chosen with respect to 

t ime t = 0. The symbol X denotes the t ime derivative of X, etc. The (asymmetric) 

Fourier transform of f(t) in the time domain to F(u>) in the frequency domain is defined 

according to the convention in linear response theory: 
+00 

F(u) = fdt exp(iwt)/(i), (1.12) 
—00 

hence the inverse transform is 
+oo 

/(*) = " ^ / du> exp{-iut)F{u>), (1.13) 
—oo 

and we say that f(t) and F(w) form a Fourier transform pair. 

The Laplace transform of f(t) is defined as 

£*{/(*)} = / W = /°°<ft exp(-st)f(t), (1.14) 

Jo 

where s is a complex variable with Re(s) bounded from below. The Fourier-Laplace 

transform of fit) is denned as the Laplace transform of f(i) with s=— iu. 

In contrast to using 0 for an operator, the notation W will be used foi a random 

variable. Therefore (W) denotes the expectation value of the random variable W with 



respect to a probabiBty density, which is analogous to (6) for the expectation value of 

the operator 0 with respect to a quantum state. If it is necessary, a subscript will follow 

the bracket ( ) tc specify the probability density or the quantum state. 

All integral formulas used in this paper can be found in [41]. For improper integrals, 

the symbol Pr indicates the Cauchy principal value. 

1.2 Symplectic Algebra and Group 

1.2.1 Inhomogeneous Symplectic G r o u p 

We adopt the definition of canonical transformations as transformations which pre

serve the Poisjon brackets [5, 36] of the canonical variable z defined in Sec. 1.1. Ac

cording to this definition, the linear canonical transformation contains the following two 

transformations as special cases: 

(1) Translation in phase space: 

2 1 *Z~ZC, (1-15) 

where zc is a constant vector in the 2JV-dimensional phase space. The group corre

sponding to this transformation is the translation group T(2iV). It is a 2iV-dimensional 

Abelian Lie group. 

(2) Symplectic transformation: 

Z T H — M z T , (1.16) 

where M is a 2N X 2N real symplectic matrix that satisfies MTJM = J. The group which 

corresponds to this transformation is the symplectic group and is denoted by Sp(2JV, R) 

[32]. It is an JV(2iV+l)-dimensional Lie group. 

It is obvious that the combination of the above two transformations gives the most 

general linear canonical transformations in the 2JV-dimensional phase space, and the cor

responding group is the semi-direct product of T(2N) and Sp(2JV, R), which is usually 

denoted by T(2N)®,Sp(2N, R). We will call tbis group the inhomogeneous symplectic 

group and denote it by ISp(2JV, R). The action of ISp(2iV, R) on z is the general linear 

canonical transformation defined according to 

z T ! — M(z-zc)T. (1.17) 
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If we take the scale of each mode into account, it i* convenient to decompose M into 

M=g"iSg=. (1.18) 

Since g is a symplectic matrix, so are gz, g~i, and hence S. 

1.2.2 Weyl-metaplectic Group 

According to the canonical commutation relations (1-1), the vector space spanned 

by {i>eiiPii 9)4)1 piPj5*Pi+W9i} ' s a k ' e algebra. It will be shown below that the 

group of unitary operators corresponding to this Lie algebra is the quantum analogue of 

ISp(2iV,R). 

First, we shall study the quantum analogue of T(2iV). It is a (2iV+l)-dimensional 

Lie group of unitary operators with its algebra spanned by {l,qi, Pj}, i.e., the Weyl 

(or Weyl-Heisenberg) algebra. We will call this group the Weyl group and denote it by 

W(2JV). It is a central extension of the Abelian group T(2N) [88]. 

The elements of W(2JV) are the unitary operators with the form 

f (0, Zc) = exp{j0i + i f J z j } , (1.19) 

where 0 is a real number and zc is the same constant vector as in (1.15). The action of 

T(ff, zc) on f is defined according to 

T{9,zc)rf\6,zc) = r -z c . (1.20) 

This operation is formally isomorphic to (1.15), the translation in phase space made by 

the group T(2JV). Therefore we obtain the following group isomorphism: 

W(2iV)/{exp(i0i)} £ W(2JV)/U(1) 2 T(2AT). (1.21) 

Next, we study the quant'un analogue of Sp(2W, R). It is an JV(2.7V+l)-diniensional 

Lie group of unitary operators with its algebra spanned by {qi<ij,PiPj,qiPj +Pj<ii}-
We shall show that this Lie algebra is isomorphic to sp(2iV,R)—the Lie algebra of 

Sp(2JV, R), and thus the group acquires the name metaplectic group Mp(2iV, R) [27, 

64,92]. The elements of the Lie algebra of Mp(2iV, R) are the anti-Hennitian operators 
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of the form 

i if a c \ l 
*(m)E= —(g,p)g*l T Jg=(g,p)T 

— 2 r 8 2 - ' m 8 2 ' ' 

= - | - fJg- imgir T , (1.22) 

where a and b are NxN symmetric real matrices, and 

-c T - b \ 
6sp(2iV,R) (1.23) 

a c ) 

is a 2N x 2JV real matrix [32]. Introducing the scale matrix g is necessary since we have 

to distinguish squeezed states from coherent states in the following discussion. Note that 

g-*mg= €sp(2JV,R). 

From the canonical commutation relations, we have 

[*(m),fT] =-g-img§f T , (1.24) 

and 

[*(mi), *(m 3)] = * ([mi, m 2]), (1.25) 

thus the Lie algebra of Mp(2JV, R) is isomorphic to sp(2JV, R). 

The action of exp{*(m)} £ Mp(2JV,R) on f can be defined and calculated from 

(1.24) as 

exp{*(m)}f T exp{-«'(m)} = g-£exp(-m)gif T , (1.26) 

where exp(-m) 6 Sp(2Ar, R), hence g"£ exp(—m)gs £ Sp(2iV, R). Therefore this action 

induces an element in Sp(2Ar, R). 

Let us next generalize (1.26) by replacing g _ i exp(-m)g2 in (1.26) by a general 

element M in Sp(2iV,R) which is defined as in (1.18), we then try to find a unitary 

operator 5(M) in Mp(2iV,R) such that 

S(M)f TS t(M) = Mf T = g-iSg=f T. (1.27) 

From linear algebra and group theory, we know that there is a unique polar decompo

sition S = RP for any element S of Sp(2JV, R), where R is orthogonal, P is symmetric 
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and positive definite, and both R and P are in Sp(2N, R). Therefore we can always put 

S = exp(mR)exp(mp), where R = exp(mp) and P = exp(mp), and both mp and mp are 

elements of sp(2JV, R) (mp is symmetric and unique, while mp is anti-symmetric and 

not unique) [64]. The element S(M) in Mp(2iV, R) which is unitary and satisfies (1.27) 

can be constructed as 

5(M) = e x p { * ( - m P ) } e x p { * ( - m R ) } . (1.28) 

However, among all elements of Mp(2JV,R), there are exactly two which give the 

same matrix M in (1.27), i.e., ±5(M). The reason that —S(M) also belongs to Mp(2JV, R) 

is because of the following identity: 

exp {iir(cqj + c _ 1pj)} = - 1 e Mp(2JV, R) , (1.29) 

where c is any non-zero real number. Hence we see that Mp(2iV, R) is a doubly covering 

group of Sp(2JV, R): 

Mp(2JV, R) /{± i} = Sp(2iV, R) . (1.30) 

Now we are ready to define the group which corresponds to ISp(2iV, R). It is the 

semi-direct product of W(2JV) and Mp(2iV,R), i.e., W(2A0®,Mp(2iV,R). W e w i l 1 

denote this group by WMp(2JV, R) and deiine its element as the unitary operator 

f ($, zc)S(M). The transformation of f under WMp(2JV, R) is denned as 

[f(0, ze) S(M)]vT [f(9, zc)S(M)] * = M(r - zc)T, (1.31) 

which is formally isomorphic to (1.17). 

1.2.3 Diagonalization by Symplectic Congruence Transformations 

Theorem [93,102]: If M is a symmetric and positive definite 2Nx2N real matrix, then 

there exist two matrices Si, S2 6 Sp(2iV, R), such that 

M = s Ho J S l = s H o . > - (1-32) 

where il = diagjfio, fii,^, • • - , n n } with JJj>0. 
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Remarks: 

(1) S 6 Sp(2iV>R) if and only if STJS=J by definition. 

(2) ftj's are not eigenvalues of M in general. We will call them the "symplectic 

eigenvalues" of the matrix M. 

(3) The eigenvalues of JM are ±t'ft,'s, hence we can calculate the .symplectic eigen

values fij's from JM as an ordinary eigenvalue problem. 

(4) If the matrix Cj corresponds to a two-dimensional rotation on the (s,-, kj) phase 

plane, then 

C Ho n j ^ - ^ l o o ) - ( o «)• ( L 3 3 ) 

Therefore Si in (1.32) can be replaced by CjSi and is not unique. 
(5) S2 can be constructed from Si as 

/n-i 0 \ 
s ° = ( o n i j S l ' ( L 3 4 ) 

hence S2 is not unique either. 

1.3 The Weyl Operator and the Wigner Operator 

1.3.1 Squeezed Coherent States and the Weyl Operator 

Let |0) denote the direct product of the ground states of N independent harmonic 

oscillators with masses mj and frequencies u>j defined in Sec. 1.1. In the coordinate 

representation this ground state takes the form 

w«>>=n[(2^)*«*{-'W**s}]. a-35) 
where x is a vector in the JV-dimensional configuration space. 

According to the theory of generalized coherent states [74, 106], we define the N-
mode squeezed coherent state as the generalized coherent state corresponding to the 

group WMp(2JV, R) with |0) as th« fiducial state: 

f{6,zc)S(M)\0), (1.36) 

where f(0,z c)S(M) is an element of WMp(2JV, R) as defined in Sec. 1.2.2. Since the 

fiducial state |0) is invariant under the action of some elements of WMp(2AT,R), the 
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squeezed coherent state defined above is equivalent to [66,104] 

D(zc) exp{4(-mp)}|0> = C(z c )5(g"i exp(mP)g* )|0>, (1.37) 

where D(zc) is called the Wey! operator (or the phase-space displacement operator): 

t>(zc) = exp{if SzX\ = exp{i(fcc • q - x- • p ) } , (1.38) 

which is an element of W(2iV) with 0=0, and exp(mp) is a positive definite symmetric 

2JV x 2JV symplectic matrix. 

As a special case of the JV-mode squeezed coherent state defined above, the JV-mode 

coherent state is denned as [34. 55, 81]: 

\zc) = I){zc)\0). (1.39) 

Because z c is a vector in the 2JV-dimensional phase space, there is a one-to-one corre

spondence between \zc) in (1.39) and the phase space made of zc. 

The set of coherent states {|z)|zeK 2 1*} forms an overcomplete basis of the Hilbert 

space for the total system because of the following resolution of the identity: 

f<PNz\z){z\ = (2ir) wi . (1.40) 
—CO 

The following formulas axe useful for later discussion: 

D\z) = b-\z) = D(-z), (1.41) 

D(i)rD(-z)=r-z, (1.42) 

i>'<,*i)i>(.*2) = b[z-, + z2) exp {—fzi-lz;}, (1.43) 

b{z{)b(z2)b{z3) = £>(zi + z2 + z 3 ) exp {-•^(zxJzJ + z^izl + z2izj)), (1.44) 

-D(zi)£(z2)-D(zi) = b{2z! + z2), (1.45) 

b{zx)b{z2)b{-zi) = b(z2)exp{-iz^zl}, (1.46) 

<0l£>(z)|0> = exp { - i z g z T } 6 R , (1.47) 

<zi|z2> = {z2\zty = exp { - | ( z i - z 2 )g(zi - z 2 ) T + i z i J z j } . (1.48) 
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1.3.2 T h e Par i ty Opera to r and t h e Wigner Ope ra to r 

We define the parity operator fi as a unitary operator which generates the following 

transformation on f [42]: 

i.riP = -r. (1.49) 

By the uniqueness theorem of von Neumann, II is determined up to a phase. If we also 

demand that 

fl-1=fl, and fl|0> = |0), (1.50) 

then the parity operator II is uniquely determined as a special element of WMp(2JV, R) 

[78]: 
+00 

fl = (4*-)-" J cP"zb(z) = exp {-§-*(f gf T - J V i ) } , (1.51) 
—00 

where -|-(f gfT—JVI) is usually called the number operator for the total system. 

The Wigner operator Aw(z) is denned as the symplectic Fourier transform of the 

Weyl operator D(—z): 
+00 

Aw(z) = (2*)-™ J tf»C exp {-»CJ*T} £(-C), (1-52) 
—oo 

i.e., Aiv(z) and D{—z) form a symplectic Fourier transform pair. The inverse of the 

above relation is 
+oo 

D{-z) = j <F"C exp {-»CJ*T} AW(Q. (1-53) 
—oo 

Using (1.46) and (1.51), the explicit form of the Wigner operator can be obtained as 

[9, 68] 

A,y(z) = 7r-".D(2z)n = Ji-"n.D(-2z), (1.54) 

hence AH-(Z) is an element of WMp(2JV,R). Tt is easy to prove that Aiv(z) is a 

Hermitian operator, and 
+oo 

[nNAw(z)f = J dP"zAw{z) = i . (1.55) 
- O O 
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The transformation of th i Wigner operator under WMp(2AT, R) is defined as 

[f(fi, z c)5(M)] * A w ( » ) [#(«, zc) 5(M)] 

= P{U)b\zc)Aw{z)b{zc) 5(M) 

= &w((z-ze)MT), (1.56) 

hence this transformation induces a linear canonical transformation on the argument of 

the Wigner operator, which is isomorphic to the linear canonical transformation (1.17). 

1.3.3 Trace and Pseudo-trace of Operators 

The pseudo-trace of an operator / ( f) is defined in terms of the coherent state basis 

as follows: 

*•(/(*)) = ( 2 T ) - W / « * " * « / ( * ) « • (1-57) 
—oo 

Using (1.40), we can prove that if / ( f ) is in the trace class [75], i.e., the ordinary trace 

Tr(/(f)) is a finite complex number and is independent of the choice of the basis, then 

2 > ( / ( f ) ) = * r ( / ( f ) ) . (1.58) 

Therefore the pseudo-trace of a trace-class operator is identical to the ordinary trace of -

this operator. 

Although the parity operator, Weyl operator, and Wigner operator are not in the 

trace class, we still have well-defined pseudo-traces of these operators. The following 

formulas will be useful in later discussion: 

t r ( n ) = 2 - w , (1.59) 

tr(t)(z)) = (ary*(*), (1.60) 

tr(A„(zj) = (2ir)-", (1.61) 

t r (£(*0.6(x 2 )) = (27r)w«(*i + z2), (1.62) 
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tr(A„,(*i)A„,(*a)) = (2n)-sS{z1 - z2). (1.63) 

In the following context, we will also need to use the general result that if f(r)g(r) 

is in the trace class, then 

Tr(/(f)fl(f)) = Tr(a(f)/(fr)). (1.64) 

1.4 Stochastic Processes 

In this section we shall review the theory of stochastic processes with a continuous 

parameter and a continuous state space. The continuous parameter will be denoted by 

t > 0 and interpreted as time. For the stochastic process formulations, we shall always 

use to, n € N for the subscripts, and 0 < *i < *2 2 *3 for the time moments 

throughout this paper. 

1.4.1 Definitions and Theorems 

A (stochastic) process y(t) can be naively denned as a time dependent random 

variable which is described by a set of probability densities Pn(Vi>tuVi')'h*-">yn>tD)> 
among which Pi(yi; h) = P(jh; *i) is the probability density that y(t) has the value y\ 
at time t\ (which is usually called the distribution function by physicists), and in general 

Pn(yi; H, V2\ *2> • • • > Sto! *n) is the joint probability density that jj(t) has the value j/i at 

time t\, j/2 at time *2> • • •, and yn at time tn. These (joint) probability densities satisfy 

the following consistency conditions [53]: 

•Pn(yi;*i.«2;*2.' • •>sfa;*n) > o, (1.65) 

+00 

J dym Pn(yi; h , s&; h , • • •, yn; *n) 
—00 

= Pn-i(.yi;ti,---ym-i;tm-i,ym+i;tm+i,---<yn;tn), i<m<n, (1.66) 

• K o 

JdyiP(yi;h) = l, (1.67) 
—OO 
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and jPn(!/i;*i>!/2;*2i--->!/2i;'n) is symmetric with respect to the exchange of any two 

pairs (ya; ta) and (j/j,; tb), where 1 < o, fc< n. A stochastic process y(t) is called a multi

variate process if y(t) is a random-variable-valued vector with more than one component, 

otherwise it is called a one-variable (or one-dimensional) process. In the following, we 

shall deal with one-variable real-valued stochastic processes unless otherwise mentioned. 

The mean of a process $(t) is denned as 

(y(t)) = J' dyP(y,t)y. (1.68) 
—oo 

The m-th moment of y(t) is defined as 

(m)y(.h)---y(tm)) 
+00 

= J dyidy2---dymPm(y1;ti,y2;t2,---,ym;tm)my2---ym (1.69) 
—00 

if the integral converges, otherwise we say that there is no m-th moment for this process. 
A process with an m-th moment is called an m-th order process. The (auto)-correlation 
function of a second-order process y(t) is denned as 

«y(*i)j/(*2)» = «y(*2)i/(*i)» 

= {[m)-{m))][W2)-<m))]) 
= (m)m) - (m))(m)) • (i.ro) 

The conditional probability densities of a process are defined as 

Pm\n(yi;ti, 2/21̂ 2 •* 'ym\tm\ym+l\tm+w " >Vm+njtm+n) 

_ Pm+nfoli*i»V2\h• • •,ym+n;tra+n) , . -,s 
~ Pm(yi\h,---,ym;tm) ' 

among which 

Au(s/i;tilsfc;t2) s Pfa-MMh) = ^ j ^ g ^ (i-ra) 

is usually called the transition probability density because of the following identity: 
+00 

Pfa; h) = J dyiP(yi; h \w h)P(yi ;h). (1.73) 
- 0 0 
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It then follows that P(yi;t\y2;t)=S(y1 — y2), which is independent oft. 
A stochastic process y(t) is called stationary if for all n: 

(s/(<i + A*)S(«2 + At) • • -i/Ctn + At)) = (y(ti)y(t2) • • -y(t„)), (1.74) 

or equivalently, 

Pn(yi;ti + zt,y2;t2 + At,---,yn;tn + &t) = Pn(yi;ti,y2;t2,---,yn;tn). (1.75) 

For a stationary process, P(yi; h)~ P(j/i) is time-independent, and i^Jfi; *i, 3/2; '2) = 

P2(yi i 0> Ste! *2—'1)- In other words, the mean of a stationary process is time-independent, 

and the correlation function 

«$(*i)s(*2)> = {mm - «i)» = {m - ̂ m} a-re) 
is an even function of (ti —12). 

A stochastic process j/(i) is called Gaussian if the (joint) probability density Pn(,yi; h, 
!(2i '2, • • • 1 yn\ tn) of this process is an n-dimensional Gaussian distribution in (5/1, • • •, yn) 
for every n. A Gaussian process is completely determined by its mean and correlation 

function. 

A stochastic process y(t) is called Markovian if 

•fm|i(2'ii *i> S2; '21 • • • i Staii *m|jtoi+l> *m+l) = P(ym'< <mllta+i> *m+i) (1-77) 

for every m, hence it is fully determined by P(yi; ti) and P(yi; ti I2/2; *2)- For a Markovian 
process, the transition probability density -P(yi;fi|j(2;f2) must satisfy the (Bachelier-
Smoluchowski-) Chapman-Kolmogorov equation, 

+00 

P(w;*il»;*2)= J dyPfa-MyiQPfaHmta), (1.78) 
—00 

where ti < t < t2. 

A stationary Gaussian process j/(t) is Markovian if and only if 

«j/(t)j/(0))) = «i/(0)S(0)))exp(- 7 |t |), T > 0 . (1.79) 

This is usually called Doob's theorem [97]. 
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The power spectrum (or the spectral density) of a stationary process y(t) is defined 

as the Fourier transform of its correlation function «i/(t)2/(0))): 

+co 

/ , ( « ) = j dtexp(iu,t){my(OJ} 
- c o 

+00 

= y<ftcos(«t)<(j?(t)i/(0)». (1.80) 
—CO 

The power spectrum Iy(w) is an even function of u because the correlation function is 

an even function of t. Note that there is an equivalent definition for the power spectrum 

in terms of the Fourier transform or Fourier series of y(t). If we use this alternative 

definition, then (1.80) follows as the famous Wiener-Khinchin theorem. 

For a given stochastic process y(t), if we have an explicit expression y(t) = Y(a;t), 
where a is a A-dimensional multivariate random variable (A e N), and the probability 

density V(a) for ct is given. Then the probability density for the process y(t) can be 

obtained as 
+CO 

P(y;t) = Jd^aV(a)s(y-Y(a;t)) = (s(y-Y(&;t))}, (1.81) 
—CO 

and in general, for those joint probability densities: 

•Pn(yii 'l> J/25 *2, • • •, Sta5 *n) 

+00 

= J dxaV(a)S(yi - y ( a ; t0)«(jis - Y(a; t 2 )) • -i(yn - Y(cr, *„)) 
—OO 

= (S(yi-Y(a;t1))s(y3-Y(a;t2))—S(yn-Y(&;tn))). (1-82) 

Hence we have 
+00 

(«*)> = / d*a-p(<*)Y(.a; t) = Y ((&); t), (1.83) 
—CO 

and 
+co 

<5(*i)5(«2) •••»(*!.)>= / ^ a 7 > ( « ) y ( a ; t 1 ) y ( c « ; « 2 ) . . . y ( a ; t n ) , (1.84) 
—CO 

which are analogous to the quantum-mechanical formulations in the Heisenberg picture. 
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1.4.2 Stochastic Differential Equat ions 

Roughly speaking, a stochastic differential equation is a differential equation which 

connects two or more stochastic processes. For example, the following is a second-order 

stochastic differential equation: 

m + CtSW + <*m = W(t), (1.85) 

where W(t) is a given process and y(t) is the unknown one, and Co and Cj 6 R. If the 

given W(i) is stationary, although the stationary solution always exists, in general there 

are many other non-stationary solutions for (1.85). For the stationary solution of (1.85), 

its power spectrum can be determined by Fourier analysis as follows [103]: 

B V | - a > s - i C l w + Co|2 v ' 

Hence th° correlation function of the stationary solution is determined according to the 

above algebraic relation. 

As a generalization of the stochastic differential equation (1.85), let us consider the 

following stochastic integro-differential equation for y(t): 

- f t 
y(t) + / drb{t - T)y\r) + Co5J(J) = W(t), (1.87) 

where \V(t) is a given process and b(t) is the memory kernel. It is obvious that (1.87) 

contains (1.85) as a special case. We can also Fourier analyze (1.87) and get the power 

spectrum for the stationary solution as 

J^ ) =i , y , r (1-88) 

\-u2 - iub[-tu] + Co 
where b[—iu] is the Fourier-Laplace transform of b(t). Hence the correlation function of 

the stationary solution for (1.87) is determined by the above relation. 
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Chapter 2 

Classical Theories of Brownian 

Motion 

2.1 Historical Remarks 

Brownian motion [71] was firct discovered by the English botanist R. Brown in 1827 

from the observations of tiny pollen grains immersed in a liquid. The cause of this kind 

of motion was in debate for decades until A. Einstein proposed a sound kinetic theory 

in 1905 [24]. Einstein considered Brownian motion of many identical free particles as a 

diffusion process, and derived the diffusion equation as the equation of motion for the 

number density of the Brownian particles under certain approximations. At the same 

time, and at first independently, the Polish physicist M. Smoluchowski used the same 

approach but a different mathematical formulation to study this problem. In a paper 

published in 1906, Smoluchowski generalized Einstein's theory of Brownian motion to a 

particle in an external force field. 

In 1908, P. Langevin derived the first phenomenological dynamical equation for Brow

nian motion, in which the force from the environment acting upon a Brownian particle 

is separated into two terms—the friction and the random force [60]. On the other hand, 

in the 1910's A. Fokker, and later M. Planck, derived the equation of motion for the 

distribution function of the Brownian particle, which is now called the Fokker-Planck 

equation and is mathematically equivalent to the Langevin equation. The generalization 

of the Fokker-Planck equation was made by H. Kramers, and later by J. Moyal, in the 
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1940's [53, 77]. 

In 1923, N. Wiener studied the mathematical model for Brownian motion and gave 

a concise and rigorous definition of the stochastic process corresponding to the dis

placement of a Brownian particle, known as the Wiener process [100]. Later, other 

mathematicians including A. Kolmogorov, W. Feller, P. Levy, and J. Doob also made 

important contributions to the mathematical theory of Brownian motion. 

In 1930, L. Ornstein and G. Uhlenbeck modified the Langevin equation by giving 

an explicit definition of the random force [94]. Their theory then became the most 

well-known classical theory of Brownian motion. In the 1960's, H. Mori, and later 

R. Kubo, made a further modification to the Langevin-Ornstein-Uhlenbeck theory by 

generalizing the Langevin equation to an integro-differential equation, which is now 

railed the generalized Langevin equation [56, 69]. 

In the following we shall give a short review of these classical theories. This review 

does not exactly follow the historical development, and the discussions will be restricted 

to one-dimensional Brownian motion. 

2.2 Einstein-Smoluchowski Theory 

In the Einstein-Smoluchowski theory, Brownian motion is treated as a diffusion 

process of many identical Brownian particles, with the assumption that the cause of this 

diffusion is the random bombardment from the environmental molecules due to thermal 

motion. The mathematical model they considered is essentially the one-dimensional 

continuous-time random walk. 

In Einstein's original theory [24], he considered the Brownian particles as an ensemble 

of many initially identical free particles in thermal equilibrium with the environment. 

The distribution of these Brownian particles is described by the number density n(x; t), 
where x is the coordinate in configuration space and t is the time elapsed. Einstein 

then showed that the equation of motion for the number density n(x; t) is the diffusion 

equation 

Using theories in thermodynamics and hydrodynamics, Einstein was able to give an 
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explicit expression for Dx, the configuration-space diffusion coefficient, as 

J>. = 7 P ( 2- 2> 
where fi is the mobility of a Brownian particle and / ? _ 1 is the temperature of the envi

ronment. Eq. (2.2) is known as the Einstein relation. 

For the initial condition that all Brownian particles are at the origin when t=0, i.e., 

n(x, 0) =J\fS(x) with N being the total number of the Brownian particles, the solution 

of the diffusion equation (2.1) is 

«^-7ro-p{-4sr}- (2-3) 

It then follows that the mean displacement of a Brownian particle is zero, while the 

root-mean-square displacement is 

y/{x(ty) = y/2Dxl, (2.4) 

which is the main result in Einstein's theory. 

In Smoluchowski's paper, instead of using the number density, he discussed the tran

sition probability density P(x0; Q\x; t) for the probability density that a Brownian particle 

makes a transition from xa at<=0 tox at t. The Smoluchowski equation for P(xo;0\x;t) 

takes the form [52] 

[ 4 - ̂ y , ( x ) - D*S p(x°; o|x; t)=o' (2-5) 

where 

- r W - 2 g a (2.6) 
is the external force acting upon the Brownian particle, and fi and Dx are the same 

as those in Einstein's theory. The initial condition of the Smoluchowski equation is 

obviously P(x0; 0\x; 0) = S(x — x0). If the external force is set equal to zero, then (2.5) 

reduces to 

which can be interprr ed as the equation for the Green's function of the diffusion equation 
(2.1) in Einstein's theory since 

n ( i ; t )= f dx0P(x0;0\x;t)n(xo;0) (2.8) 
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for an arbitrary initial number density n(xo; 0). 

From the general theory of random walks, we know that the displacement of a Brow

nian particle in the Einstein-Smoluchowski theory is a Markovian process. However, the 

momentum of a Brownian particle is not well-defined in this theory. 

2.3 Wiener Process and White Noise 

The Wiener (or Wiener-Levy) process W(t) [53, 100, 103] is a stochastic process 

which models the displacement of a free Brownian particle in the Einstein-Smoluchowski 

theory. It is denned by the following conditions: 

(i) W(t) is almost everywhere continuous; 

(ii) W(0)=0; 
(iii) [Wfa) — W(ti)] has a Gaussian distribution with mean 0 and variance 2ZV(*2 — *i); 

(iv) W(t) has independent increments, i.e., \\fr(t2) - W^)], \W(t3) - W{t2)], • , 

[W(4n) — W(tn-i)] are mutually independent. 

It can be proved that the probability density for the Wiener process denned above 

takes the form 

^^-vraBff -TO-}- (2-9) 

The Wiener process W(t) is both Gaussian and Markovian, but it is not a stationary 

process. Although the original Wiener process is designed for describing the displacement 

of a free Brownian particle, wherein Dw=Dx for this interpretation, the time derivative 

of the Wiener process serves as the mathematical model of the idealized random force, the 

so-called white noise. Rigorously speaking, white noise thus denned is not an ordinary 

stochastic process, but it can be understood as a generalized stochastic process just as 

the delta function may be regarded as a generalized function. 

2.4 Langevin-Ornstein-Uhlenbeck Theory 

Langevin's approach to Brownian motion is a phenomenological dynamical theory 

[60]. For a single Brownian particle in thermal equilibrium with the environment, the 

time-dependent force that the environment acts upon the Brownian particle is due to the 
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incessant impacts from the environmental molecules. Langevin's idea was to separate 

this time-dependent force into two parts: (i) a time-average-out part, which represents 

the time-independent friction experienced by the Brownian particle, and (ii) a rapidly 

fluctuating part, usually called the random force, which is time-dependent with zero time 

average. The most general Langevin equation for one-dimensional Brownian motion 

takes the form 

mx(t) + m-iHt) + V'(x(t)) = /(«), (2.10) 

where m and x are the mass and position of the Brownian particle, respectively, /(*) 

is the random force, — V(x) represents the external force due to a given potential as 

defined in (2.6), and — myx corresponds to the friction which is proportional to the 

velocity £ according to Stoke's law in hydrodynamics {mr] > 0 is usually called the 

friction constant). If the external force is zero, then (2.10) can be simplified into 

£(t) + 7*W = /(*). (2-11) 

where k=mx is the momentum of the Brownian particle. 

Using (2.11), with the assumption that the Brownian particle is in thermal equilib

rium with the environment, Langevin was able to rederive the Einstein relation with 

Dx = (m7/3)_ 1. 

In the Ornstein-Uhlenbeck theory [94, 97], the Langevin equation is implicitly re

interpreted as a stochastic differential equation with a well-defined random force. In our 

notation, the Langevin equation (2.10) in the Ornstein-Uhlenbeck theory becomes 

m£(t) + mjSc(t) + V'(x(fi) = /(*), (2.12) 

with the random force f(i) defined explicitly as a generalized stochastic process which 

is characterized by [53, 56, 57, 77]: 

(I) {/(t))=0 from Langevin's original assumption. 

(II) «/(«i)/(t2)» = {f(h)f(h)) = 2DhS(ti -12) with Dk > 0, which means that there 

is no correlation between the random forces at different times, i.e., the random force 

is purely random hence stationary. The power spectrum of this random force is 2Dk, 
which is frequency-independent. Therefore this random force acquired the name white 

noise. 
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(Ill) f(t) is a Gaussian process according to the central limit theorem. Since it is 

assumed that Brownian motion is the result of a great number of successive impacts due 

to thermal motion of the environmental molecules. 

The white noise defined above is exactly the time derivative of the Wiener process dis

cussed in Sec. 2.3 with Dw=Dk- It will be shown later that DA is the momentum-space 

diffusion coefficient. In the following, we shall discuss two examples of the Langevin-

Ornstein-Uhlenbeck equation [97]: 

(I) Brownian motion of a free particle: 

J(t) + 7*(*) = /(*), (2-13) 

which is an analogue of (2.11). According to the discussion in Sec. 1.4.2, we have for the 

stationary solution: 

and the correlation function follows as 

((fc(i)fc(O))) = ^ e x p ( - 7 | t |). (2.15) 

Because the white noise f(t) is a Gaussian process, so is this stationary momentum 

process k(t). Hence we see that this fc(t) is a Markovian process according to Doob's 

theorem. On the other hand, it follows that the corresponding position s(t) of the 

Brownian particle is non-Markovian. This stationary momentum process k(t), or the 

corresponding velocity process, is usually called the Omstein-Uhlenbeck process. 

Taking the mean of (2.13), we get the differential equation for (fe(t)) as 

!<*(*)>+ 7<*«> = 0. (2.16) 

ftom the solution to the above equation, 

<fc(«)) = (fc(0))exp(-7«), (2.17) 

it is obvious that {k(t)) = 0 for the stationary solution of (2.13), which corresponds to 

(i) (fe(0))=0, or (ii) t-*oo. Hence we find that for the stationary solution: 

(fc(t)fc(O)) = (fc(t)fe(O))) = 3 exp(- 7 1*|). (2.18) 
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Setting t=0 in (2.18), we get the momentum variance of the Brownian particle: 

<fc(0)=) = <fc(r)=} = ^ . (2.19) 

Comparing with the equipartition law in classical statistical mechanics, we can determine 

the explicit form of £>k as 

Dk = f. (250) 

(II) Brownian motion of a harmonic oscillator: 

£(t) + 7*(0 + "#S(0 = — , (2.21) 
771 

where x is measured from its balanced position with respect to the Hooke force, and ui0 

is the characteristic frequency of the Brownian particle as a harmonic oscillator. For the 

stationary solution: 

w - 5 ? ^ ? b ' (Z22) 

hence 

From the above two power spectra for £(0 and k(t), we find that neither x(t) nor k(t) 

is Markovian. However, it will be shown in Sec. 2.6 that (x(t), k(t)) is a multivariate 

Markovian process with respect to this harmonic Brownian motion. 

2.5 Generalized Langevin Equat ion 

The limitation of the Langevin-Ornstein-Uhlenbeck equation can be easily Teen from 

the correlation function (2.15). As an even function of t, it is not differentiable at t = 0 

since there is a cap at that point. It then follows that the correlation function 

«fc(0)£(0))) = ((fc(r)j(T))) (2.2-1 

is not well-defined. This defect is due to the idealized assumption that the random force 

is a white noise. For small i, Eq. (2.15) represents the correlation between two momenta 

separated by a very short time interval. But from physical considerations, the Brownian 
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parMcle suffers only a few or even no impacts during a very short time, and the white 

noise assumption is obvious invalid for this situation [56, 59]. 

In order to take into account the phenomena involving small time intervals, wherein 

the time scale of thermal motion of the environmental molecules is not very much shorter 

than that of the Brownian particle, the assumption that the random force is purely ran

dom, i.e., delta-correlated, has to be abandoned. Accordingly, we also have to abandon 

the assumption that the friction is determined by the instantaneous velocity of the Brow

nian particle, the so-called ohmic dissipation, and replace it by a retarded friction which 

corresponds to non-ohmic dissipation [57]. 

The generalized Langevin equation, proposed by Mori and Kubo [56, 57, 69], is a 

natural generalization of the Langevin equation which comprises the above more delicate 

considerations. The generalized Langevin equation corresponding to (2.13) takes the 

form 

i(t) + J drT(t - r)fc(i-) = F(t), (2.25) 

and that corresponding to (2.21) is 

* ( « ) + / A T ( t - r ) i ( r ) + w?«(t) = ^ , (2.26) 

where P(t) is the counterpart of the white noise /( t) , and T(t) is the memory kernel 

which satisfies [30] 

Hmr(t) = 0. (2.27) 

Conventionally, T(t) is defined as an even function of t. This does not violate the 

causality principle since the upper limits of the integral terms in these two generalized 

Langevin equations are t instead of +00. 

Eqs. (2.25) and (2.26) reduce to (2.13) and (2.21), respectively, when F(t)=f(t) and 

T(t)=2-/6(t) according to (1.11). 

For the random force F(t) in the generalized Langevin equation (2.25) and (2.26), it 

is still reasonable to assume that F(t) is Gaussian, stationary, and zero centered, hence 

it can also be characterized by its correlation function. In order to ensure that the 

system achieves an equilibrium state, whose characterization is independent of F(t), it 
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is necessary to assume that the memory kernel T(i) and the correlation function of F(t) 
are related by the following relation [18, 57]: 

«#( I)#(0)» = ^ . (2.28) 

The Fourier transform of the above relation gives the power spectrum of F(t): 

IF(*>) = J J dt exp(tu.i)r(t) = ^ R e r [ - H , (2.29) 
-•ISO 

where Y[—iu] is the Fourier-Laplace transform of T(t). Since IF(U) is frequency-

dependent, the random force F(t) is usually called colored noise in contrast to the 

white noise denned in Sec. 2.4. Therefore we conclude that in general the white noise is 

associated with ohmic dissipation, while the colored noise is associated with non-ohmic 

dissipation. 

From the results in Sec. 1.4.2, we have for the stationary solution of (2.25): 

&(«•>)- | . l F i 2 . . p . (2-30) 

which corresponds to a correlation function which is smooth at t — 0 in general [103]. 

Similarly, for the stationary solution of (2.26), we have 

/ . ( « ) - ! ^ ^ p - (2-31) 

2.6 Fokker-Planck Equation 

Conventionally, the terms Fokker-Planck equation, Kramers-Moyal expansion, and 

master equation are usually defined only for Markovian processes, but the non-Markovian 

generalizations of these equations have also been discussed in the literature, e.g., the 

non-Markovian Fokker-Planck equation [2] corresponding to the generalized Langevin 

equation (2.26). In this paper, we shall use these terms in the general sense, and take 

the Markovian versions of these equations as special cases. 

For a stochastic process y(t), the Fokker-Planck equation and its generalization 

the Kramers-Moyal expansion of this process are partial differential equations for the 

probability density P(y;t) or the transition probability density P(yo;0\y,t). In the 
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following, we shall first derive the Kramers-Moyal expansion from (1.73), and then take 

the Fokker-Planck equation as its approximation. From now on we shall always use the 

term distribution function instead of probability density for P(y;t). 

Rewriting (1.73) as 
+00 

P(y; t + A*) = f dz'P{z'\ t\y;t + *t)P(z'; t), (2.32) 
—00 

it is then easy to obtain the time derivative of P(y; t) as [77] 

P(y;t) = 0, (2.33) d ^ (-1)" d" , rt 

where 

—00 

=j&[^«* + *>-«*>n] { W ) > . , p^) 
is called the ^i-th order jump moment of the process y(t). Eq. (2.33) is the so-called 

(forward) Kramers-Moyal expansion. 

If we assume that among all the jump moments only a\(y; t) and 02(2/; t) are finite, 

which corresponds to y(t) always changing by small amounts in a short time interval, 

then the Kramers-Moyal expansion (2.33) reduces to the Fokker-Planck equation for 

the distribution function P(y; t) over jr-space: 

[I+ !;«»<« «> ~ TW'a2(y' ^V^ = °" (2-35) 

In stochastic process theory, Eq. (2.35) is called the forward Kolmogorov equation. 

In general, if the process y(t) is non-Markovian, then a^y; t) depends on {$(?)) for 

T<t. On the contrary, for a Markovian process aM(jr; t) only depends on the instanta

neous expectation value (y{t)). This difference serves as a criterion for determining the 

Markovianness of a process defined by a given Fokker-Planck equation. 

The Kramers-Moyal expansion, hence the Fokker-Planck equation, can also be de
rived through the master equation, 

+00 

^ p = jdz[w(z,y;t)P(z;t)-W(y,z;t)P(y;t)\, (2.36) 

27 



which is essentially the differential version of (1.73). W(z, y; t) and W(y, z\ t) in (2.36) are 
defined according to the expansion of the transition probability density P(y\ t\z; t + At): 

P{y; t\z;t + At) = S(z - y) + [v%, z; t) - S(z -y) J dz'W(y, z1; t)]At + O ( (A*) 2 ) . 
—OO 

(2.37) 

W(y, z; t) is called the transition rate for the state jumping from y to z during the time 

interval (t,At + t), it is independent of the previous history of the process if and only if 

the process is Markovian. Using the transition rate, the jump moment oM(y; t) in (2.34) 

can be expressed as 
400 

M!/; *) = / dz\V(y, z; t) (z - y)". (2.38) 
—©3 

Since the transition probability density P(jfei 0\y;t) can be interpreted as the Green's 

function for P(y;t) according to (1.73), the Fokker-Planck equation for -PQfo;<%;t) is 

of the same form as that for P(y; t): 

[I+ i | 0 l ( ! / ; t ) _ i l^ ta*) ]^; 0 ^' )=° - (2-39) 
In the Einstein-Smoluchowski theory of Brownian motion, the diffusion equation 

(2.1) and the Smoluchowski equation (2.5) are both special cases of the Fokker-Planck 

equation, where the distribution functions are over the coiifiguration space. 

In the Langevin-Ornstein-Uhlenbeck theory, it can be proved that the Fokker-Planck 

equation is exact instead of an approximation to the Kramers-Moyal expansion [57, 77, 

97]. The Fokker-Planck equation for free Brownian motion corresponding to (2.13) takes 

the form 

[ i - 4 * - D * I J p ( f c ; * > = 0 ' <2-40> 
where P{k; t) is the distribution function over momentum space. Hence we see that Dk 
is the momentum-space diffusion coefficient. 

As for the harmonic Brownian motion described by (2.21) in the Langevin-Ornstein-

Uhlenbeck theory, the corresponding Fokker-Planck equation is 
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where P(x; fc; t) is the distribution function over phase space. From (2.41), it is obvious 

that (£(')> k(t)) is a multivariate Markovian process. 

To solve the Fokker-Planck equation (2.41), it is easier to employ the symplectic 

Fourier transform of the distribution function P(x, fc; t) [97]: 

+M 
C(x,k;t) = J dx'dk'exp[-t(a:'fc - k'x)]P(x',fc';i), (2.42) 

—oo 

which is the (classical) characteristic function corresponding to P(x, k; t). The corre
sponding equation for C(x, fc; t) takes the form 

[ £ + ( l + ^ ) l - m w ° 4 + H c ( a : : ; ! ; t ) = o - (sM3) 

In contrast to (2.41), which is a second-order partial differential equation, Eq. (2.43) is 

of first order. Thus it can be solved exactly by using the method of characteristics. 

29 



Chapter 3 

Representatives of Density 

Operators 

In quantum mechanics the states of a system, either pure or mixed, can always be 

described by the Hermitian non-negative density operator (or density matrix) g. The 

density operator g is in the trace class and is always normalized, i.e., 

Tr(g) = 1. (3.1) 

From this normalization condition, it follows that 

0 < Tr(fj < 1, (3.2) 

where the equal sign holds if and only if g corresponds to a pure state. 

Once the density operator of a quantum system is determined, all physical observables 

of the system can be obtained via this density operator. For example, with respect to 

the state represented by g, the expectation value of a physical observable O is 

(6)=:Tr(g6). (3.3) 

Since g is an abstract operator, most of the time we need to use a representative 

(or representation) to perform practical calculations. In the literature there are many 

equivalent representatives [31], e.g., the coordinate representation, momentum represen

tation, P-representation, Q-representation, It-representation, Fock-space representation, 

Wigner function, and characteristic function. The representative that has been used 
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most for the quantum Brownian motion is the coordinate representation which is most 

suitable :.br the path-integral approach. The orthodox phase-space approach employs the 

Wigner function as the representative since it serves as a quasi-probability distribution 

over phase space. However, as we will show below, the best representative for problems 

involving reduction is the characteristic function, which is the symplectic Fourier trans

form of the Wigner function. In the following, we shall study in detail the aforementioned 

three representatives of the density operator. 

3.1 Definitions of the Representatives 

3.1.1 Coordinate Representation 

In the coordinate representation, an N-mode density operator g is represented by the 

kernel function g(x, y) which is written symbolically as 

g(x,y) = (x\g\y), (3.4) 

where x and y are two vectors in the jV-dimensional configuration space. We shall 

call g(x, y) the coordinate representation of g for short. The normalization condition 

corresponding to (3.1) is 

+00 

Tr( g) = j d"x g{x, x) = 1. (3.5) 
—00 

3.1.2 Wigner Function 

The Wigner function [6, 47, 70, 86, 90, 101] W(z) = W(x, k) of an N-mode density 

operator g is defined via g(x, y) of the same density operator: 

+oo 
W(x,k) = JT-" jd"yexp{2ik• y}g{x-y,x + y). (3.6) 

—oo 

The normalization condition of the Wigner function corresponding to (3.1) is 

/ <P"zW(z) = 1. (3.7) 
—OO 
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The Wigner function defined above can be expressed in the following representation-

independent form [9, 68, 78]: 

W(z) = Tr[gAw(zj\, (3.8) 

where Aw(z) is the Wigner operator defined in Sec. 1.3.2. Since &w(z) is a Hermitian 

operator, the Wigner function is real-valued. However, it is not always positive definite 

and is thus called the (quantum) quasi-probability distribution function over the "phase 

space" z = (x,k). 

For the coherent state (1.39) with the density operator g = \zc)(zc\, the Wigner 

function can be calculated using (3.8) as 

W(z) = «-" exp{-(z - z c )g(z - zcy}. (3.9) 

3.1.3 Character is t ic Function 

The characteristic function [3, 9, 33, 43, 47, 65, 68, 70, 96] $(z) = $(x,fc) of an 

N-mode density operator g is denned as the symplectic Fourier transfonn of the Wigner 

function W(z) of the same density operator: 

*(z) = j <P"C exp {-tC-l*T} W(Q. (3.10) 
—oo 

The normalization condition of the characteristic function corresponding to (3.1) can be 

easily derived from (3.7) as 

*(0) = 1. (3.11) 

Corresponding to (3.8), the characteristic function of a density operator g can also 

be expressed in the following representation-independent form: 

#(*) = Tr[eX>(-*)], (3.12) 

which 13 a direct consequence of (1.53). Since D(—z) is a unitary operator, $(z) is 
complex in general. From (3.10), it is obvious that $*(z) = *(—z). 

Corresponding to (3.9), the characteristic function of the coherent state (1.39) is 

*(*) = exp { - i*g* T + iztel) • (3.13) 
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3.2 Transformations among the Representatives 

Let us first list all of the transformations among g(x, y), W(z), and $(«) as follows: 
+00 

g(x,y) = Jd''keXp{ik-{x-y)}w(2±2-,k) 
—CO 

+co 
= (2JT)-" J d"k exp { f k • (x + y)} $(x - y, fc), (3.14) 

—CO 

+co 
W(x, fe) = j r - " /" d"s/ exp {2jfc • j/} g(x - y, x + y) 

—CO 

+CO 

- W{z) = (2JT)-2" J <P»C exp {-iCJ*T} * « ) , (3.15) 

—00 

+O0 

*(x.fc) = / d " j exp {—iy •k}g(y + as/2 ,y-x/2) 
—CO 

+oo 

= *(z) = y <?"C exp {-iCJ«T} W(C) • (3.16) 
—oo 

In order to discuss the physical interpretation of the relations among these three 
representatives, we first make a change of variables in g(x, y): 

e(*,l/) — e(a,6), (3.17) 

with 

x + v « s - p , 6 = x-y. (3.18) 

We can then express both the Wigner function and the characteristic function as the 

(ordinary) Fourier transforms of g(a, S) in the following way: 

W(a, k) <x Te^k{g(a, 8)}, «(*, fe) oc ^ Q _ f c { e ( a , « ) } . (3.19) 

where J^^fc and .?£_£ denote the Fourier transforms on the variables a and 6, 
respectively, to a new space corresponding to fe. Hence we see that W(z) and $(z) form 
a symplectic Fourier transform pair via the following correspondence: 

(a , fc) e W(a, fc) <=> (fc, 6) 6 *(£, fe). (3.20) 
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Since the Wigner function W(a, k) behaves as a quasi-probability distribution over the 

"phase space" (a, fc), we find that a corresponds to the classical coordinate, and fc, 

which is from the Fourier transform of S, corresponds to the classical momentum. By 

contrast, neither of the two arguments in $(£, fc) has a classical correspondent. 

3.3 Mean Vectors and Covariance Matrices 

For an iV-mode (pure or mixed) state with the density operator g, the mean vector 
in the 2JV-dimensional phase space is defined as 

<f) = 2V(e#), (3.21) 

and the covariance matrix is defined as a 2JV X 2JV symmetric matrix: 

E = ( ( f - < f ) ) T ( f - < f > ) ) - ! J 

= < f T r > - ( f ) T < f ) - i - j 

= i ( ( f T f ) + <f T f> T)-(f) T<f> 

V < „ fppJ' 
(3.22) 

with 

<*««« = ( ( * - <*>) (« - <&>)) = <m) - <»)(&). (3-23) 

"wM = { ( « - (Pi)) (ft - (ft))) = (fcft) - <R>(ft>> (3-24) 

<*ww = i ( ( * " (*)) (ft " (ft)) + (ft - (Pi)) (* - <«))) 

= ( M > ± f t £ ) _ < 4 ) ( f e > . ( 3 . 2 5 ) 

There is no constraint on the mean vector (3.21), while the covariance matrix (3.22) 

must satisfy the "generalized uncertainty relations," i.e., all of the symplectic eigenvalues 

(as defined in Sec. 1.2.3) of S must be greater than or equal to jr [21, 84]. 

For the elements in the 2x2 covariance matrix US']] which correspond to the 0-th 

mode, i.e., the Brownian particle, we shall use the following notations: 

m = laW° """"W"" "v). (3.26) 
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3.4 Gaussian States 

The Gaussian state is defined as a quantum state whose Wigner function is a Gaussian 

distribution in z: 

W(z) = C„exp{-(z - s c)M(z - z c ) T } , (3.27) 

where CN = n-"y^et(M) is the normalization constant, zc is a constant vector in the 
2iV-dimensional phase space, and M is a symmetric and positive definite matrix. The 
mean vector of (3.27) is zc, and the covariance matrix is 

E = | M " ' . (3.28) 

According to the generalized uncertainty relations discussed in Sec. 3.3, each sym-

plectic eigenvalue of M must be smaller than or equal to 1, otherwise (3.27) will not 

correspond to a physical state [84], Hence we have 

0 < d e t ( M ) < l , (3.29) 

where the equal sign holds if and only if (3.27) corresponds to a pure state, which is in 

general a squeezed coherent state as defined in (1.37). As a special case, the Gaussian 

Wigner function (3.27) becomes (3.9), the Wigner function for coherent states, when 

M = g. 

Since a Gaussian distribution is completely determined by its first and second mo

ments, the Gaussian state (3.27) can be determined solely by z c and S. Therefore, 

instead of using the density operator or its representatives, we can simply use the 

representation-independent zc and S to represent a Gaussian state. 

The Wigner ellipsoid corresponding to (3.27) is defined as 

(z - zc)U(z - zc)T = 1, (3.30) 

which is an ellipsoid in the 2Ar-dimensional phase space with its center at z c and its 

shape determined by M. Eqs. (3.27) and (3.30) are mathematically equivalent since, as 

just mentioned, a Gaussian distribution is completely determined by its first and second 

moments. Therefore we can use the Wigner ellipsoid as a geometric representation of 

the Gaussian Wigner function, hence the Gaussian state, in phase space [64], 

35 



The characteristic function corresponding to the Gaussian Wigner function (3.27) is 

a complex Gaussian function of z: 

*(z) = exp {—§-sJTEJzT + izizl). (3.31) 

By analogy to the Wigner ellipsoid, the characteristic ellipsoid for a Gaussian charac

teristic function is defined as 

( z - z e ) 2 3 ( * - * e ) T = l. (3.32) 

The center of the characteristic ellipsoid is the same as that of the Wigner ellipsoid, 

while the shape is determined by the covariance matrix S. This characteristic ellipsoid 

can also serve as a geometric representation of the Gaussian state in phase space [105], 

3.5 Thermal States 

We define the thermal state of a time-independent quantum system immersed in an 

ideal (non-dissipative) heat bath of temperature /3" 1 as the canonical ensemble with the 

canonical density operator 

_ exp{-£g} 
Qn = F ^ T i \i.ii) 

Tr[exp{-/3B}} 

where H = S(f) is the Hamiltonian of the isystem. 

Consider an iV-mode system with the inhomogeneously quadratic Hamiltonian 

B(f) = i f MrT + rafT, (3.34) 

where M is a symmetric and positive definite matrix as defined in Theorem 1.2.3, and n 

is an arbitrary 2JV-dimensional row vector. The Wigner function and the characteristic 

function of the thermal state of this system can be calculated using the results in Sees. 1.2 

and 1.3 as follows [104]: 

Firstly, let us transform the Hamiltonian H(r) in (3.34) into the following form: 

H(r) = i ( f - zOM(f - z i ) T - i z ,MzI 

= 0(z 1)3(S,)£„(f)#(Si).Dt(« 1) - ±zxMzT

u (3.35) 
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where 

zi •= -nM" 1 , (3.36) 

and 

^ ( f ) s T f ( o nrT' (3-37) 

with Si and SI denned as in Theorem 1.2.3. 
Secondly, substitute (3.35) into (3.33), then the latter becomes 

. = J(*i)£(Si) exp{-/3g y}5t(S 1)£)t( Z l) 
e" Tr[exp{-/?#„}] 

= £>(*i)$(S I)&.»S t(Si).D t(*i), (? 38) 

where 

Thirdly, according to (3.8) the Wigner function of the density operator ga is 

W„(z) = Tr [p(z 1)5(S 1)e f t wS*(S 1)X» t(z 1)A v v(2)] 

= Tr [e A NSt(S 1)Ct( Z l)A„,(z)j5(z 1)5(S 1)] 

= Tr [fty,Aw ((* - zi)Sj)], (3.40) 

where (1.56) has been used. 
Finally, recall that for a one-dimensional harmonic oscillator with the Eamiltonian 

•T(**)^(O !)•*©• (3-41) 

the Wigner function of the thermal state is [47] 

Wp{x, k) = t a j h ( / ? " / 2 ) exp {- tanh(/3w/2)( r a + — ) ) (3.42) 
7T I , >> TOW' J 

= tanh(M2) f _ , y / t - * * . / * ) 0 \U*\\ 
n *\ V ' ;» ^ 0 tanh(/?a>/2)/' Vfc/J 
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It follows that the explicit expression of (3.40) is 

f /tanh(/?n/2) 0 \ 1 

{ \ 0 tanh(/?fi/2)/ J 

= CV(/?)exp{-(z - z 1)JTtan(/3JM/2)(z - z , ) T } , (3-43) 

where 

tanh (^n/2) = diag{tanh(,3fic./2), tanhOSni/2), • • •, tanh(/3fl„/2)}, (3.44) 

and 

CWG8) = jr- wdet(tanh (/3n/2)). (3.45) 

Therefore we find tha' the thermal state is a Gaussian state if H is (inhomogeneously) 

quadratic. The covariance matrix corresponding to (3.43) is 

1 /coth 0311/2) 0 \ 
E / , = -icot03JM/2)J = -i-SrM SfT. (j.46) 

2 2 V 0 co th (^n /2 ) ; ; 

According to (3.31), the characteristic function corresponding to (3.43) takes the 
form 

<j>g(z) = exp{—§-zJTE iaJzT + izJzj} 

= e x p ^ - 4 z S J S,« T + « J z U . (3.47) 
1 4 I o coth(^n/2)y ' / 

The one-mode characteristic function corresponding to (3.42) is a special case of (3.47): 

*o(x, k) = exp \ — - coth(/?u;/2) (mux2 H ) > 
L 4 *• 771W' J 

= exp I - - i - coth(/?w/2) (*• f c)«° ( ! ) f > ( 3 4 8 ) 

which will be useful for later discussion. 
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Chapter 4 

Phase-Space Approach to 

Quantum Mechanics 

It is well known that the uncertainty principle makes the concept of phase space 

improper in quantum mechanics, since we cannot have a well-defined point in the phase 

space which corresponds to precise and simultaneous measurements of both the position 

and momentum of a particle. Therefore a genuine probability distribution function over 

phase space does not exist in quantum mechanics. Nevertheless, the Wigner function 

denned in Chap. 3, which serves as a quasi-probability distribution function over the 

"phase space" made of its arguments 2 = (x,k), has proved to be very useful in many 

branches of quantum mechanics, especially in those problems involving classical-quantum 

correspondence. 

The phase-space approach (or picture) to quantum mechanics, also known as the 

Weyl-Wigaer-Mo/al formalism [3, 70, 86, 90, 99, 101], serves as an alternative formal

ism of quantum mechanics that incorporates the Weyl correspondence rule with the 

Wigner function. In this approach the Wigner function plays the central role, as the 

wave function or the density operator does in other approaches to quantum mechanics 

(Schrodinger, Heisenberg, density-operator or path-integral). In contrast to other ap

proaches, there is no operator in the phase-space approach. In other words, the phase-

space approach resembles classical statistical mechanics; all operators are replaced by 

the corresponding c-number variables, known as the Weyl symbols, and the expecta

tion value of an operator becomes the average of the corresponding symbol over phase 
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space with respect to the Wigner function. This approach is particular useful when the 

Hamiltonian is (inhomogeneously) quadratic, i.e., when the system is linear, wherein 

all formulas are formally isomorphic to those in classical mechanics, and the solutions 

of the corresponding classical equations of motion complexly determine the quantum 

dynamics. 

4.1 Weyl Symbols and the Weyl-Wigner Correspondence 

As we discussed above, all operators have to be transformed into the equivalent Weyl 

symbols in the phase-space approach. There are many equivalent definitions of the Weyl 

symbol; in this paper we define the Weyl symbol /w(z) corresponding to an JV-mode 

operator / ( f ) via the following relation: 

+00 

/ ( f ) = J cP»zfw(z)Lw(z), (4.1) 
—TO 

where Aiv(z) is the Wigner operator defined in Sec. 1.3.2. The Weyl symbol is mathe

matically equivalent to the original operator since (4.1) is invertible: 

fw(z) = (2ir) w i r( /(f)A w (*)) , (4.2) 

where (1.63) has been used. 

Comparing (4.2) with (3.8), we see that the Weyl symbol of a density operator g 

is proportional to the Wigner function of the same density operator (the Weyl-Wigner 

correspondence): 

W(z) = (2*-)-" (Weyl symbol of g). (4.3) 

Prom the formulas in Sec. 1.3.3, we have the following two useful relations: 
+00 

tr(f(r)) = (2*)"" / <P"zfw(z), (4.4) 
—OO 

+00 

t r( /(f)a(f)) = l r ( | ( f ) / ( f ) ) = (2*)-" J<P"zfw(z)gw(z). (4.5) 
—oo 
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Eq. (4.5) contains the following two formulas as special cases: 

+00 

Tr(e=) = (2*)" JdP"z[w{z)f, (4.6) 

+oo 
< / » ) = Tr(e / ( f ) ) = J <P»zW(z)fw(z). (4.7) 

Using (4.7), we are able to calculate the expectation value of an operator as the average 

of its Weyl symbol over phase space with respect to the Wigner function. 

Prom (1.53), we see that the Weyl symbol of the Weyl operator D(zc) is exp {izjzj}, 

which is formally isomorphic to D(zc). As a special case, the Weyl symbol of the identity 

operator 1 is 1. 

The Weyl symbol fw(z) of the operator / ( f) is also known as the Weyl correspon

dent of / ( f ) by the Weyl correspondence rule (the symmetrization rule) [99]. This 

correspondence can be obtained via the isomorphism between D(zc) and exp {izJzJ} 
by comparing their series expansions in zc. The following Weyl correspondence will be 

useful in later discussion: 

(4.8) 

4.2 Characteristic Symbols 

The characteristic symbol /»(z) of an JV-mode operator / ( f ) is defined analogously 

to the Weyl symbol via the relation 

/(f) = J<f"<zh(z)D{z). (4.9) 

FVom (1.62), the inverse of the above relation is 

/*(*) = (2 J r)-"tr( / (f) i )(-z)) , (4.10) 

( * 1 ( X \ 
p k 

f <=* 3? 

i? k2 

\qp + pqy ^2xkj 
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hence the characteristic symbol is also mathematically equivalent to the original opera

tor. Moreover, the characteristic symbol and the Weyl symbol for a given operator form 

a symplectic Fourier transform pair: 

fw(z) = J <P"< exp {-iCJ*T} /*(C) (4.11) 
—CO 

according to (1.52). 

From (4.9), it is obvious that the characteristic symbol of the Weyl operator D(zc) 
is S(z—zc). As a special case, the characteristic symbol of the identity operator 1 is 

S(z). The following six formulas are the analogues of (4.3)-(4.8): 

$(z) = (2JT)W (characteristic symbol of gl, (4-12) 

i r ( / ( f ) ) = (2ir)*/»(0), (4.13) 

tr(f(r)g(rj) =tr(g(r)f(rj) 

= (2*)* J cPKzMz)gi(-z) = (2*)" J <PNzM-z)gi(z), (4.14) 

Tr(g=) = ( 2 ^ " / V * l * W f , (4.15) 

(f(r)) = Tr(gf(rj) = J * » » • ( * ) / * ( - , ) , (4.16) 

where 

f * "l f *'*(«),* N 
p "«(*),* 
f •<=> -*(*),** 
p* -*(*) . -

U P + P ? / 1 2«(*),*k J 

« v _ W(«) . , , _ WW f 

(4.17) 

(4.18) 
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Erom (4.16) and (4.17), it follows ihat 

<P> = T r ( ^ ) = - e [ ^ ] i = o , (4.20) 

<«->-^(«r)-[^L 0. «*> 

<^>=-«^))=[2?],=0- <**> 
4.3 Time Evolution of the Wigner and Characteristic 

Functions 

For a general quantum system with the Hamiltonian H = H(f;t), the quantum 

dynamics of this system can be completely determined by the von Neumann-Landau 

equation (also known as the quantum Liouville equation), which is the equation of motion 

of the density operator g [86]: 

J-g + i[*,«-0. (4.24) 

This equation can be taken as the fundamental equation of quantum mechanics since 

it is equivalent to the Schrodinger equation and the Heisenberg equation. The formal 

solution of (4.24) is 

Q(t) = U(t)Q(0)t<Ht), (4-25) 

where U(t) is the unitary time-evolution operator which satisfies the Schrodinger equa

tion 

t £ « ( t ) = M(t), W(0) = i . (4.26) 
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The equation of motion of the Wigner function can be derived from (4.24) as [6, 47, 86] 

^W(z; t) + 2H(z;t)sin (-J-2) W(z; t) = 0, (4.27) 

where S(z; t) is the Weyl symbol of H(r; t), and 

3-£[&£-£!). «•*> _a__a a_ 
. \ dkj dxj dxj 

with the arrows indicating in which direction the derivatives act. 

If we restrict the Hamiltonian B(f; t) to be (inhomogeneously) quadratic, then (4.27) 

degenerates to the classical Liouville equation, 

Ŝ *) + Eg^')-i:g^0-0. (4.29) 

where H=B(z\ t) is (inhomogeneously) quadratic in z and is in general time-dependent; 

Using Hamilton's canonical equations in classical mechanics, 

SB ; dH „ „ „ , 

Eq. (4.29) can be rewritten as 

( | + E ^ + E ^ ) ^ ; ' ) = | ^ ; * ) = o. (4.3i) 

Therefore the time evolution of z, i.e., the solutions of the corresponding classical equa

tions of motion (4.30), completely determines the solution of (4.31). 

In general, the solutions of (4.30) with respect to a (inhomogeneously) quadratic 

H(z; t) can be denoted as 

= ( ' : : ) • 
z T(i) = R(t)zT(0) + a T ( t) , R(0) = , a n d a ( 0 ) = O. (4.32) 

Since the time evolution of the classical canonical variables is a canonical transforma

tion, R(t) is a 2JVx2iV symplectic matrix. a{t) is a time-dependent vector in the 2N-
dimensional phase space, which vanishes for all t if and only if if (z; t) is homogeneously 

quadratic. The geometric meaning of a(t) is the trajectory traced by the point which is 

initially at the origin in phase space. Eq. (4.32) is essentially a time-dependent inhomo-

geneous linear canonical transformation, and we will call it "phase flow" hereafter. 
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Using (4.32), the general solution of (4.31) can be expressed as 

W{z; t) = W([z - o(t)]R-T(t); t = o), (4.33) 

and we say that the time evolution of the Wigner function follows the phase flow in 

phase space. 

The time evolution of the corresponding characteristic function can be obtained from 

(4.33) via (3.10): 

$(z;t) = exp{«Jo T(t)}*(«R- T(«);t = o), (4.34) 

which is also completely determined by the phase flow. However, the time evolution of 

the characteristic function follows the phase flow if and only if o(t)=0, i.e., if and only 

if B(z; t) is homogeneously quadratic. 

4.4 Time Evolution of the Mean Vectors and the 

Covariance Matrices 

For a quantum linear system, the time evolution of the operators f in the Heisenberg 

picture is formally isomorphic to (4.32) via the Weyl correspondence: 

f T(t) = R(t)rT(0) + aT(t). (4.35) 

For an arbitrary initial state with the mean vector (f (0)) and the covariance matrix 

S(0), the time evolution of the mean vector is a direct consequence of (4.35): 

<f(i)>T = R(*)(r(0)>T + a T (t) , (4.36) 

and the time evolution of the covariance matrix can be derived by substituting (4.35) 

into (3.22): 

E(t) = R(*)E(0)RT(t). (4.37) 

Note that (4.37) is determined solely by R(<) and 2(0), and is independent of (f (0)) and 

a(t). This relation can also be obtained by using (4.7). 
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Chapter 5 

Reduction of Density Operators 

5.1 General Theory 

Consider a quantum system made of two subsystems (A) and (B) whose density 

operator is denoted by gAB. With respect to this division, a reduction of ignoring the 

subsystem (B) is a commitment that no measurement on (B) will be made. After we 

perform this reduction, an operator O originally corresponding to a measurement on the 

total system reduces to 0A® 1, where 0A corresponds to a measurement on (A). The 

expectation value of 0A can be calculated as 

{dA) = Tr($AB(dA®i)) 

= TrATrB(gAB(6A®i)) 

= TrA([TrB(gAB)]6A) 

s TT(QA6A), (5.1) 

where TrA denotes the partial trace operation with respect to the degree(s) of freedom in 

(A), and TrB is defined in a similar manner. gA=TrB(gAB) is called the reduced density 

operator for the subsystem (A) which includes the influence from (B). The normalization 

condition (3.1) is an extreme case of TrB(gAB)=gA, where (A) is empty and (B) is the 

total system. 
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5.2 Reduction of a Density Operator via Its 
Representatives 

For the quantum system (A)+(B) discussed in Sec. 5.1, let us assume that the 

number of degrees of freedom in (A) is (N — X) and that of (B) is A, and define as = 
(xA,xB), y = {yA,yB)i ^ d k = (kA,kB) according to this division. The corresponding 

representatives of the reduced density operator (>A=TTB(QAB) can be easily obtained as 

+00 

M * A , 3 / J = J dxxBgAB(xA,xB,yA,xB), (5.2) 
—00 

+00 
WA(xA,kA)= Jd*xBdxkBWAB(,xA,xB,kA,kB), (5.3) 

— 00 

^A(xA,kA) = iAB(xA,0,kA,O). (5.4) 

As we mentioned earlier, the normalization conditions (3.5), (3.7), and (3.11) can be 

taken as the extreme cases of (5.2), (5.3), and (5.4). Note that (5.3) is an analogue of 

the marginal probability density in probability theory [53], 

Since (5.4) is simply a restriction of the original $(xA, xB,kA, kB) toa subspace in the 

2iV-dimensional phase space, the reduction becomes a geometric operation (a projection 

in phase space) via the characteristic function. Compared with (5.2) and (5.3), it is 

obvious that the easiest way to perform the reduction is using the characteristic function. 

5.3 Reduction of the Gaussian States 

As we discussed in Sec. 3.4, a Gaussian state is completely determined by its mean 

vector and covariance matrix. Therefore the reduction of a Gaussian state can be realized 

by the corresponding reductions of these two entities. Using the same assumptions as in 

Sec. 5.2, the reductions of the mean vector ZC,AB and the covariance matrix E*s can be 

obtained by substituting (3.31) into (5.4): 

ZCAB = {Xc,A,i"c,s,kCtA,kCtB) =*• zClA = (xClA,kc,A), (5.5) 
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and 
/<Tqq (T w ,> / < T ' „ <T',P> 

•SAB = = ^ s A = (5.6) 

when J SA is a 2(iV—A) X 2(N—A) matrix with the elements 

0"gg,/ii/ = Gqqwi (5.7) 

&pp,ftt/ — Cppiiipi (5.8) 

0' qp,liv = 0"gptMf> (5.9) 

for /i, v = 0 , 1 , . . . , (n — A). 

Hence we see that the reduced mean vector is a projection of the original mean vector, 

and the reduced covariance matrix is a suhmatrix of the original covariance matrix. If we 

use the characteristic ellipsoid (3.32) as the geometrical representation of the Gaussian 

state in phase space, then the reduction becomes the restriction of this ellipsoid to a 

2(N—A)-dimensional subspace. 

5.4 Time Evolution of the Reduced Density Operators 

For a quantum linear system, the time evolution of the Wigner function is given by 

(4.33) and that of the characteristic function is (4.34). Using the same assumptions as 

in Sec. 5.2, Eqs. (5.3) and (5.4) give the time evolution of the reduced Wigner function 

and the reduced characteristic function as follows: 

WA(xA,kA;t) 

= j dxxBdxkBWAB{xA,xB,kA,kB;t) 
—00 

= J dxxBdxkBWAB ([(xA, xB, kA, ka) - o(t)] R-T(t); t = 0), (5.10) 
-oo 

*A(xA, kA,;t) 

== exp{i(xA,0,kA,0)lar(t)}4>AB((xA,0,kA,0)R-T(t);t = o). (5.11) 
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Similarly, from (5.2) we have the time evolution of the corresponding reduced coor

dinate representation: 

+00 

QA(*A,VA>t)= j d*xBQAB(xMxB,yA,xB;t), (5.12) 
—00 

where Q{xA,xB,yA,xB;t) can be solved exactly in terms of the classical action for a 

quantum linear system [26, 82]. The complexity of (5.12) is similar to that of (5.10). 

From (5.11), we see that once the initial (total) characteristic function is obtained, 

we can write down the time evolution of the characteristic function in terms of the phase 

flow without doing any integrations. Among all representatives of the density operator, 

only the characteristic function possesses this advantage. Therefore we conclude that the 

characteristic function is the best representative for the problems involving reduction. 
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Part II 

The Model 
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Chapter 6 

Equations of Motion and the 

Solutions 

NOTE: Unless otherwise mentioned, the time f >0 throughout this chapter. 

6.1 The Model Hamiltonians 

In the literature, there have been several sue essful models for the quantum dissipa-

tive heat bath [30]. For quantum harmonic Brownian motion, the one used most often is 

the linear-coupling model [10,16,22,25,40, 44,45, 48, 73, 76, 85, 95]. Since the Hamil-

tonian of the linear-coupling model is not positive definite, a renormalization procedure 

is necessary. After the renonnalization . formed, the linear-coupling model is then 

equivalent to the independent-oscillator ^xodel [28, 29, 30], in which the heat bath is 

modeled by an infinite set of mutually independent oscillators attached to the Brownian 

particle by Hooke springs. In this paper, we shall use the independent-oscillator model 

exclusively without loss of generality. 

In the independent-oscillator model, the total system of a harmonically bound Brow

nian particle immersed in a quantum dissipative heat bath is described by the Hamilto-

nian 

*=£ +\m u& +s [4+1"""** - ®] - (<u) 

where q = %, and p = po are the operators for the Brownian particle, ro = m0 and ro<'s 
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are the characteristic masses, and w,-'s are the characteristic frequencies denned as in 

Sec. 1.1. (from now on we shall never drop the subscript "o" in w0.) Among the terms 

in (6.1), 

is the Hamiltonian of the harmonically bound Brownian particle, 

is the Hamiltonian of the heat-bath oscillators, 

^ -miwlqiq (6.4) 
t 

corresponds to the interaction, i.e., the linear coupling, between the Brownian particle 

and the heat bath, and 

( iZ"*"!)? 2 (6.5) 
t 

corresponds to the renormalization counterterm in the linear-coupling model. It is ob

vious that the Hamiltonian (6.1) is positive definite as long as w$ > 0. Without loss of 

generality, we shall assume that all U('s are different. The mechanical analogue of (6.1) 

is shown schematically in Fig. 1. 

Without changing the essential structure of the Hamiltonian in (6.1), we can linearly 

couple the Brownian particle to a classical time-dependent external force by adding the 

linear term — qfx(t) to (6.1) and get 

H'(t) = H-qfx(t). (6.6) 

Hence the time-independent H in (6.1) becomes a special case of this B'(i). We shall use 

both (6.1) and (6.6) as the model Hamiltonians, but note that only the former represents 

the "total system." The total number of heat-bath oscillators is assumed at first to be 

finite, and the thermodynamic limit n—s-oo will be taken starting in Chap. 8. 

6.2 Classical Equations of Motion 

From the discussion in Chap. 4, we know that for a quantum linear system the 

dynamics is completely determined by the corresponding classical equations of motion. 
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Figure 6.1: Mechanical analogue of the independent-oscillator model. Note that g,-

locates the center of mass of the j'-th oscillator with respect to its balanced position. 
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Therefore our study of the model Hamiltonians begins with the equations of motion for 

the classical correspondent of the quantum system described by (6.6). 

The corresponding classical Hamiltonian, i.e., the Weyl symbol, of the model Hamil-

tonian (6.6) is 

B\t) = £ + jrntfx* + £ [ J L + jmeuXxt - *) 2] - xfx (t). (6.7) 

Using Hamilton's canonical equations (4.30), we have the following equations of motion 
for this corresponding classical system: 

mi = k, (6.8) 

k = -mt^x + 5 3 mt<4(xt - as) + /*(*), (6.9) 
i 

mtit = k(, (6.10) 

kt = -miuiftxt - x). (6.11) 

Erom (6.10) and (6.11), the equations of motion for the heat-bath oscillators take the 

form 

xt + v}xt = '4x, (6.12) 

which indicates tha t each heat-bath oscillator is driven by a time-dependent force u\x(t). 

The formal solution t o the above equation is 

xt(t) = xt(0) cos(w«t) + fc<(0)Sm + "t f drx{r) sin(w*(t - r ) ) m&>£ Jo 

= i / (0 ) cos(w«t) + J f e t ( 0 ) W n ( " ^ 
m£L>t 

+ x( i ) - x(0) cos(uet) - f dT.i(T) cos(u><(t - r ) ) . (6.13) 

Combining (6.8), (6.9), and (6.13), we get the classical equation of motion for the position 

of the Brownian particle: 

mx(t) + mulx(t) + J dTx(r) ] £ mea} cas{wt{t - T)) (6.14) 

= -s(0)X><w?cos(wtf) + £ n y w ? U(0)cos(w/t) + *j(0)25te*ri + / x ( t ) ^ j L mttae J 
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or equivalently, 

mx(t) + J drrj{t - r ) i ( r ) + rowfc(t) = -x(0)r)(t) + f(t) + fx(t), (6.15) 

where 

»)(*) = Yl ™twt «»(w/t) (6.16) 
t 

serves as the memory kernel, and 

f(t) = Vl[xe(0)mew%cos(utt) + k((0)utsm(uet)] (6.17) 
£ 

is a time-dependent force acting on the Brownian particle. From the Weyl correspon

dence rule, the quantum analogue of (6.15) is 

rt 
m4(t) + f drV(t - T)$(T) + m<S0q(t) = -q(0)v(t) + f(t) + fx(t), (6.18) 

Jo 

where 

/(i) s £[ffi(0)m*w?cos(a>4t) +p/(0)u*sin^tjj (6.19) 

Eq. (6.18) can also be obtained from (6.6) using the Eeisenberg equation of motion 

[22, 28, 30]. 

6.3 Solutions of the Classical Equations of Motion 

In this section, we shall apply the Laplace transform method to solve the classical 

equation of motion (6.15) in terms of fx(t) and the initial values x 3(0) and fcj(0). Firstly 

we make a Laplace transform on (6.15): 

£,{*«} = "*(0)+™(0);+/>] + /*H ( ( 6 . 2 0 ) 

where the van' Me s is complex with Re(s) > 0, 

F M v u j [ m f f l ( l l ) i + >!t(0)l ,_„.« 
f [s] - v —*+^i—' ( } 

Us] = Cs{fx(t)}, (tt-22) 
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and 

Z(s) = m(s 3 + wg) + sfj[s], (6.23) 

with 

Note that Z(s) is an even function of s, and 

Z ( r ) > 0 , V r e R , (6.25) 

with 

Z(0) = row2, and r l h n ^ ^ = m. (6.26) 

Since (6.7) is an N-mode Hamiltonian with its homogeneous part positive definite, 

there are exactly N real normal mode frequencies corresponding to those N normal 

modes of the corresponding classical system, which will henceforth be denoted by Slj > 0. 

From the Laplace transform of x(t) in (6.20), we know that if ft,- is a normal mode 

frequency of (6.7), then both ±tO,- are zeroes of Z(s), i.e., 

Z(±in) = -m(n=-Wo') + 2 : ^ J = 0 (6.27) 

is the equation for those normal mode frequencies. Using the graphical method (referring 

to Fig. 2, where N = 1 + 3), we see that as long as the ue's are all different from each 

other, those N nonnal mode frequencies U,'s are also mutually different. The claim that 

all fij's are real is also confirmed since fi* >0. Moreover, we find that 

0 < 0 0 < «i < fii < "2 < fo < < fln-i < w„ < n„ < oo. (6.28) 

Because (6.27) is of the form 

JV-degree polynomial in CI1 , 

jp=^5 = 0 , (6-29) 

it is guaranteed that (6.27) has no other roots in addition to ±iilj. Therefore we conclude 

that Z(s)~l contains exactly 2N simple poles which lie on the imaginary axis of the 

complex s-plane and are symmetric about the origin. It is worthwhile to emphasize 
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fl2=wa fi2=w| 

Figure 6.2: Graphical method for determining the roots of Eq. (6.27) with JV = 1 + 3, 

which is equivalent to 3/1 = yi, where 

yi = ro(li2 - wg), and Jft = 5 Z " ^ 
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again that £ ( s ) - 1 is analytic on the s-plane except for these 2JV simple poles lying on 

the imaginary axis. 

We then define the fundamental solution u(t) of (6.15) as 

where f is an arbitrary positive real number since 2 ( s ) _ 1 is analytic for Re(s) >0. Since 

this fundamental solution u(t) is defined in terms of the inverse Laplace transform, it 

vanishes for 4<0. From (6.15) and (6.20), we can determine the initial conditions of the 

fundamental solution u(t) as 

u(0) = 0, A(0) = — , u(0) = 0. (6.31) 

Using this fundamental solution u(t), the time evolution of x(t) can be expressed as 

x(t) = mx(0)u(t) + mx(0)u(t) + / dru(r) [/(J - T) + fx(t - r)l 

= mu(t)x(0) + u(t)fc(0) + J2[meMt)*t(fi) + MQWO)] 

+ fdTu(T)fx(t-r), (6.32) 

where 

ut(t) sue f dru(r)sm(ut(t-T)), (6.33) 

and 

ue(t) = u\ I dTu(r)cos(u((t-T)) 

= ut J dr u(r) sm(u>t(t - T)) . (6.34) 

The time evolution of k(t) can be obtained from (6.32) straightforwardly: 

k(t) = m'u(t)x(0)^mu(t)k(Q) + mYi[rnm(t)xe(<i) + ue(t)ke(,0)] 

+ mj dTu(r)fx(t - r), (6.35) 

where 

ue(t) = u>| I dru(r) cos(uie(t - r)) (6.36) 
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according to (6.34). 

In principle, we can substitute (6.32) into (6.13) to calculate the explicit solutions 

of xe(t) and then ke(t) in terms of u(4), /*(*), and the initial values XJ(0) and kj(Q). 
However, it will be clear later that it is not necessary to obtain the explicit solution of 

xt(t) or ke(t) for determining the dynamics of the Brownian particle. 

6.4 Linear Responses and the Generalized Susceptibility 

According to the Weyl correspondence rule, the solution of the operator equation of 

motion (6.18) is formally isomorphic to (6.32): 

q(t) = mi.(f)g(0) + u(i)p(0) + fdrr^f) [f(t -r) + fx(t- T)] (6.37) 

= rau(t)?(0) + u(«)p(0) + J2 [m<M*)ft(0) + M<)fe(°)] (6-38) 

+ £dTu(T)fx(t-T), 

and the time evolution of the momentum operator p(t) is 

v(t) = m2ii(r)9(0) + mu(r)p(0) + m I dru(r) [f(t - T) + fx(t - T)] (6.39) 

= m3u(t)q(0) + mu(i)p(0) + m £ {m,ue(t)ge(0) + J*(t)«(0)] (6.40) 

+ m / dTu(j)fx{t-T). 
Jo 

From the above two expressions, we can calculate the responses of the Brownian 

particle with respect to an applied force which corresponds to fx(t) in the model Hamil-

tonian (6.6). Taking the expectation value of (6.38) with respect to a given initial 

quantu n state, we get 

«(*)> = mu(f)<8(0)) + u(*)(p(0)) + ^[m ttl <(t)<? 4(0)> + Ui(«)<p<(0)>] 

+ j T d r u ( T ) / x ( t - r ) . (6.41) 

If the mean vector of this initial state is zer", then the above expectation value reduces 

to 

<«(*)> <= fdTu{r)fx(t - T) = Hdruit - T)fx{r), (6.42) 
JQ Jo 
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wl ^re u(t < 0)=0 has been used. As a comparison, the linear response of the momentum 

expectation value for the same initial state is 

. (p(t)> = ra £°dr u(r - r)fx (r) . (6.43) 

In (6.42), if we interpret u(t < 0) = 0 as the causality condition, then the fundamental 

solution u(t) serves as the retarded Green's function for {q(t)) with respect to the applied 

force fx(t)- Horn linear response theory, we know that it is convenient to consider the 

retarded Green's function as a Fourier transform of the so-called generalized suscepti

bility a(u). The explicit expression for a(u) corresponding to u(t) can be obtained by 

setting f=e in (6.30): 

^expfe + iu)t] 
Z(e + iu) 

L / V e x p H u r t ) 
Z(e-iu)) 2JT J 

+oo 
= — / du>exp(-iu>t)a(u), (6.44) 

QM = W^) = W^) (6"45) 

is the generalized susceptibility of the total system for the response {q(t)) with respect 

to the applied force fx (t). Note that in (6.44) we have made a change of variable u—*—u 
in order to follow our convention for the Fourier transform. 

The reason that we took £ in (6.30) to be the infinitesimal c is because otherwise we 

will not be able to put the fundamental solution u(t) in (6.30) as a Fourier transform 

of a function of u>, and accordingly it is impossible to determine the explicit form of 

the susceptibility a(w) in terms of Z(s). The physical meaning of this limit is the 

manifestation of the resonant behavior of the total system, which is analogous to the 

resonant absorption in electrodynamics [50, 57], the continuous-spectrum transition in 

quantum perturbation theory [58], and Landau damping in collisionless plasmas [62], etc. 

This resonance is also the physical mechanism which allows us to construct a dissipative 

environment out of a conservative model Hamiltonian. 
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Conversely, we can take a(u) as the Laplace transform of the fundamental solution 

Q ( W ) = / dtexp[i(v + ie)t]u(t), (6.46) 
Jo 

where ie guarantees the convergence of the integral. This ie can be omitted if and only 

if we take the thermodynamic limit, which will be discussed in Chap. 8. 

Following the convention in linear response theory, we use the notations a'(ui) and 

d"(w) to denote the real and imaginary parts of ct(u>), individually. From (6.45) or 

(6.46), it is obvious that a'(u) and a"(y) are even and odd functions of w, respectively. 

Moreover, from (6.45) we find that 
a'^=W) = ̂ r Q" ( 0 ) = 0' (6-47) 

and 

lima"(w) = 0(w). (6.48) 

In linear response theory, it is more convenient to take the generalized susceptibility 

as a function of the complex frequency. Hence we shall now extend the frequency u into 

a complex variable C7=w + iw". It is necessary to emphasize that, although the original 

real u is the imaginary part of the complex variable s, the complex zs-plane does not 
overlap with the complex s-plane! According to (6.46), a(zv) is analytic for w" > 0 on 

the complex ro-plane, which is a generic property of the generalized susceptibility as a 

consequence of the causality principle. 

Since a ( c ) is analytic for w" > 0, a'(w) and a"(w) are related via the dispersion 

relation: 

a'(u) = — Pr / dv^-^-. (6.49) 
—oo 

Using the well-known formula in complex analysis: 
+00 +00 
/ dv—l^J-^- = p r / dv-^~ + «r/(w), (6.50) J u — u-ie J v — u 

—oo —oo 

or the symbolical expression 

^ a P r g J + WM. (6.5D 
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we have 

a(a>) = — f dv " ("> . . (6.52) 
—oo 

It then follows that the fundamental solution u(t) in (6.44) can be expressed as 

. +°° 
u(t) = — / du>exp(-iut)a"(u>) 

—00 

+ 0 0 

= — fdu sin(wt)a"(w). (6.53) 
—00 

Note that when t < 0, the right hand side of (6.53) is equal to —u(—t) / 0. This is 

because a"(u), unlike a(u>), is not analytic for u" > 0. For t e R, we define another 

fundamental solution w(t) as 

w(t) = n(t) - u(-t) 

= — / du exp(—hit} a"(u) 
—00 

= — fdusia(ut)a"(u), (6.54) 
IT J 

—00 

which is an odd function of t 6 R. 
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Chapter 7 

Thermal Equilibrium State 

NOTE: Unless otherwise mentioned, t e R and 0 < f3 < oo throughout this chapter. 

7.1 Diagonalization of the Model Hamiltonian 

As a preparation, we consider the diagonalization of the model Hamiltonian (6.1) 

[8, 29, 95] in this section. First let us put (6.1) into the matrix form 

# = | ( 9 , P ) ( ^ ° ) ( $ , p ) T = i ?Kf T , (7.1) 

where U and V are two NxN symmetric and positive definite matrices denned as 

V = &3€!±;,±-,±-,...,-L\, (7.2) 

v = 

3 

—m̂ wf 0 m&?i 

0 
0 (7.3) 

\-ro»w* 0 0 ••• mn«= ) 

According to Theorem 1.2.3, the matrix K can be diagonaiized by a congruence 

symplectic transformation: 

/v ON / n ON 
~ \ 0 U / ~ \0 Si) ' r.4) 
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where S is a 2Nx2N symplectic matrix, and the diagonal NxN matrix ft has the 

normal mode frequencies ft/s as its diagonal elements. The explicit form of S can be 

calculated via an orthogonal transformation as follows: 

/ U s 0 \ / X 0 \ /0-i 0 \ _ /n=XU"i 0 \ 
S = U n-ijlo xJlo ulj = l o n-ixuij' ( ? ' 5 ) 

with 

U§VU= = X Tfi 2X, and XTX = XXT = i„, (7.6) 

i.e., the square of each normal mode frequency Clj is an eigenvalue of the symmetric 

matrix U 2 VU=. Since we will only use (7.4) formally in the following, it is not necessary 

to calculate the explicit form of the matrix X or S. 

7.2 Phase Flow of the Classical System 

We shall now derive the phase flow (4.32) for the classical system corresponding to the 

quantum Hamiltonian (6.1) [8, 44, 45, 95] using the results obtained in the last section. 

First of all, we caa make sure that a(t)=0 since the Hamiltonian (6.1) is homogeneous. 

Because this Hamiltonian is time-independent, the time-evolution operator defined by 

(4.26) is simply 

tf(«) = exp {-«£}, (7.7) 

which is an element of the group Mp(2JV, R). According to the Weyl correspondence 

rule, R(t) in (4.32) can be calculated via the time evolution of r. Using the results in 

Sec. 1.2.2, we have 

f T ( t ) = Z}t(t)fTW(t) = R(t)f T, (7.8) 

where 
/ cos(flt) sin(fti)\ 

R(t) = exp{tJK} = S-1 

k-sin(ni) cos(flt); 
S, (7.9) 

with 

cos(fl«) = diag{cos(fi0i), cos(fiii), cos(fi2*)> • • • 1 cos(fi„i)}, (7.10) 
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and sin(S7t) defined in a similar way. 

Comparing the definition of the p'iase flow in (4.32) with (6.32) and (6.35), the latter 

two equations give the explicit expressions for the elements in the 0-th and iV-th rows 

of R(t > 0), which will be the only elements we need for studying the dynamics of the 

Brownian particle. Hence it is not necessary to obtain the explicit form of R(t) in (7.9). 

From the solutions (6.32) and (6.35), along with the explicit form of the phase flow 

(7.9), we find that the two-dimensional restricted phase flow on the Brownian phase 

plane takes the form 

( mw(t) w(t) \ 

(7-11) 

m2w(t) mw(t)J 

where w(t) is defined by (6.54). For t>0 , Eq. (7.11) reduces to 

/ mu(t) u(t) \ 

wm = (7.12) 

\m2ii(f) mu(t)/ 

7.3 Correlation Functions of the Brownian Particle 

If the total system described by the Hamiltonian (6.1) is immersed in an ideal (i.e., 

non-dissipative) phenomenological heat bath of temperature /3" 1 , the state of the total 

system will finally approach the thermal state with the canonical density operator (3.33), 

which will hereafter be called the "model the."mal state." After the total system reaches 

the model thermal state, i.e., reaches thermal equilibrium with the ^henomenological 

heat bath, the total system can be isolated and the phenomenological heat bath can be 

removed. Conceptually, in order to define the model thermal state of the total system, 

the introduction of this phenomenological heat bath is necessary. 

The correlation matrix Cg{h, *2) of the total system with respect to the model ther

mal state is defined as 

Qj(ti,*a) = (rT(tx)r(t2))p 

= R(*i)(*T(0)f(0)) R T(t 2), (7.13) 
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where ( )p denotes the expectation value with respect to the model thermal state, the 

same notation will be used throughout the remainder of this paper. Since the model 

Hamil Ionian (6.1) is homogeneous, the mean vector of the model thermal state is zero. 

Therefore it is not ne^sssary to include the mean vector in the above definition of the 

correlation matrix. 

Since the Hamiltonian B in (6.1) is time-independent, the model thermal state is a 

steady state. Hence we have 

(*T(t)Ht)\ = (*T(W0)\ = S„ + iJ (7.14) 

according to (3.22), where S^ denotes the covariance.matrix of the model thermal state 

which satisfies 

R(«)S,jRT(0 = S^. (7.15) 

Since S in (7.5) is block-diagor-j, 2,g is also block-diagonal according to (3.--6). 

Erom (7.14) we can infer that the operator r (t) is a multivariate (quantum) stationary 

process with respect to the model thermal state since the latter is a Gaussian state. The 

explicit expression of the correlation matrix Cp(ti,t2) is 

Qj(ti,*s) = R(t! - t 2)(S/j + t - 1 ) . ( 7- l f5) 

hence we can merely study 

Cffit, 0) = Cf,(t) = S0(t) + |R( t )J , * (7.17) 

where Sp(t) = R(t)S^. Note that CB(f)^Cg{-t). 

Among all the elements in Qj(4), those four in ||C,s(t)| are those corresponding to 

the Brownian particle: 

UA>W1 = |S/»(*J1I + 4ILR(*JIU 
(WW)* «W(0)>„\ 

(7.18) 

\tf(0«o)>, W)W))J 
Comparing Cg(f) with Cg{-t), we find that the two diagonal elements in |So(i)| are the 

symmetrized auto-correlation functioas for the position and momentum of the Brownian 
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particle: 

1LS/S Ml 11 = i<«*)«0) + q(0)q(t)%, (7-19) 

B.sfl(0l22 = 4-<iK*)p(o) + mm)\, (7.20) 

which are both even functions of t. 

Using the Heisenberg picture, it is easy to derive the following relations: 

™jt ILC/JWH n = - ILWH „ = iLQj(t)n21, (7.2i) 

and 

where 

and 

IL<*(t)fa = - m 2 J |ft,(tj] n , (7.22) 

{mm)0=(m)4(-t))e, (7.23) 

(flOW)), = <9(0)p(-i)>5 (7-24) 

have been used in deriving (7.21). 

Applying (7.21) and (7.22) to (7.18), we get similar relations among the elements in 

|S/>Mf||: 

"»5lS»(*JIu - -|S»(*)1» = I S S W I M , (7.25) 

ILS^(t)l22 = - m 3 ^ [ ^ ( t ) l l n . (7.26) 

Hence ||S/3(t)]| can be expressed as 

/ v(t;0) -mv(t;P)\ 

ILSflWH = . (7.27) 

\mv(f,0) -m?v(t;P)/ 

where v(t; /3) s {q(t)q(0))p is the counterpart of the fundamental solution n(t) for study

ing quantum harmonic Brownian motion. The explicit expressions of the elements in 

1[S (̂()1 will be calculated in the next section. 
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7.4 Fluctuation-Dissipation Theorem 

In this section, we shall derive the fluctuation-dissipation theorem (or fluctuation-

dissipation relation) [14, 56, 57, 59, 91] for our model, and then apply this theorem 

to obtain the correlation functions of the Brownian particle with respect to the model 

thermal state [51, 76]. The advantage of using this theorem is that, instead of diago-

nalizing the Hamiltonian explicitly, we can use the fundamental solution u(t) to obtain 

these correlation functions. This is one of many examples of using the analogy between 

the canonical density operator and the time-evolution operator in connecting quantum 

statistical mechanics with quantum dynamics. 

Firstly, we shall apply the results from Chap. 6 to prove the fluctuation-dissipation 

theorem for our model. Using U(t) in (7.7), the time evolution of q(t) in the Heisenberg 

picture can be expressed as 

9(4) = tf(t)q(0)U(t) 

= U(-t)q(0)U(t). (7.28) 

Since up to a proportionality constant, the canonical density operator can be taken 

as the time-evolution operator with imaginary time, i.e., 

b- *{7*\, (7.29) 

we have 

<^(o),= T r [ " ( 7 ^ T ) ] 

V" >fp Tr[i/(-t/9)] 
_ Tr[u(-i0)q(t-im(OJ\ 

Tr[u(-i/3)] 

= (q(t-i0)q(OJ}l3 

= exp{-ipat}{q{t)q(O))0- (7-30) 

On the other hand, from the canonical commutation relations (1.1) and the time 

evolution of q(t) in (6.38), it is easy to get the following operator identity: 

[«(*). 9(0)] = -««(*)!. < ^ ° - (7-31) 
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Accordingly, for t 6 R: 

[8(*),9(0)] = -.-w(t)i. (7.32) 

Taking the expectation value of (7.32) with respect to the model thermal state and 
using (7.30), we get 

(W),ffl)\ = [l " exp{-i/»t}] {mm% = -**<*)• (7-33) 

The fluctuation-dissipation theorem car. be easily obtained from (6.54) and (7.33): 

«(*iiS) = i<*«)«0) + 9(0M(t))/J 

= i[i+exp{-i/36y] (mm), 

= r - \z ; 1 / dwexp(-iwt)a (w) 
2 i Ll-exp{-j/39(}J J ^ ) \> 

—oo 

-foo 

—oo 

= — f duexp(-iut)a"(w)coth(0u/2) 
—oo 

+oo 

= — f ducoe(vt)a"(u)coth(/3u/2). (7.34) 
— 00 

Note that the integrand of the above integration is finite at u> = 0 according to (6.48) 

and 

coth(/fc/2) = - | + 0(e). (7.35) 

It is worthwhile to mention that in the proof of the fluctuation-dissipation theorem 

for a general system [56, 57, 59], the generalized susceptibility a(ai), hence a"(w), has 

to be defined from the retarded Green's function with respect to a perturbing force 

which corresponds to fx(t) in (6.6). However, since our model is linear hence exactly 

solvable, a"(u) can be defined directly from the fundamental solution u(t), and we do not 

even have to introduce the perturbing force fx(t) in stating *he fluctuation-dissipation 

theorem for our model [91]. (Although u(t) is indeed the retarded Green's function 
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with respect to /*(£)> and we can still interpret our o"(w) in the traditional way. But 

note that fx(t) does not have to be a small perturbation in this case.) Therefore the 

fluctuation-dissipation theorem is exact for our model, and it can be proved that the 

above argument is val'H for any quantum linear system. 

Substituting (7.34) into (7.25) and (7.26), we get 

+oo 
US„(t)T| 12 = - lSp(t)J 21 = H / *» sin(«t)u>a"{u>) coth(/Jw/2), (7.36) 

—oo 

and 

-> +°° m 2 r ILS/3(*)1l22 = -^ I duexp(-iut)u2a"{u)cotm3oi/2) 
- 0 0 

= — / <£jcos(uf)wV(w)cotri(/3u;/2). (7.37) 
—oo 

Similar to (7.34), the integrands oi the above two integrations are also finite at u = 0 . 

Substituting (7.34), (7.36), and (7.37) into (7.18), we then get the explicit expressions 

for the four correlation functions of the Brownian particle. As a comparison, we list two 

anti-symmetrized auto-correlation functions as follows: 

4<9(<)9(0) - mm)g = -iHt), (7.38) 2 

i(«*)«0) - KWt))0 = im'w(t), (7.39) 

which are both temperature-independent. 

7.5 Thermal Equilibrium State of the Brownian Particle 

If the total system described by (6.1) is isolated and is in the model thermal state, 

then the Brownian particle is in thermal equilibrium with the remainder of the system, 

i.e., the heat-bath oscillators. Therefore, it is legitimate to define the thermal equilibrium 

state of the Brownian particle in our model as the state corresponding to the 0-th mode 

reduced density operator of the canonical density operator. In the following, we shall 

derive the explicit form of this thermal equilibrium state of the Browman particle. 
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Since the Hamiltonian (6.1) is homogeneously quadratic, the model thermal state is a 

Gaussian state with zero mean vector, thus it is completely determined by the covariance 

matrix S/3 according to the discussion in Sec. 3.4. The characteristic function of the 

model thermal state takes the form 

$, a(z) = exp{-§-zJ T S / j J z T } . (7.40) 

From the reduction theory studied in Chap. 5, the reduced state out of the model 

thermal state that corresponds to the Brownian particle is characterized by the reduced 

covariance matrix UE/JI, which is also a Gaussian state with zero mean vector. This 

reduced state is then defined as the thermal equilibrium state of the Brownian particle 

immersed in a quantum dissipative heat bath modeled by the independent-oscillator 

model. The corresponding one-mode characteristic function is 

• « ( • • * ) = « * j - i ^ f l Z f l l J Q } . (7.41) 

Since Sp is block-diagonal, |[S/j]| is diagonal. Hence we can define 

•1*3*11 = " ) . (7.42) 

where [j3] indicates that these two variances are with respect to the thermal equilibrium 

state with the temperature /J- 1, and crqq[p] and <Typ\p] can be taken as the the initial 

values of (7.34) and (7.37), respectively, as follows: 

l + r 
ff«Wl = t»(0; 0) = — J <W'(w) coth(/3w/2), (7.43) 

Opp\0\ = -m 2ii(0; /9) = — / duw*a"(u) coth(/9w/2). (7.44) 
—OO 

Both (7.43) and (7.44) can be transformed into series expansions by using the 
Parseval-Plancherel theorem in Fourier analysis: 

+00 +00 

/ drf(r)g'(T) = JL J dc, j » G » , (7.45) 
—OO —OO 

where (/(t), F(u)) and [g(t), G(u>)) are two Fourier transform pairs according to the 

definitions in Sec. 1.1. 
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In order to apply the Parseval-Plancherel theorem to (7.43) and (7.44), first we have 

to replace coth(/3u>/2) by its principal value Prcoth(/3w/2) in (7.43) and (7.44) since the 

former has no Fourier transform but the latter does. This replacement will not change 

the results of the integrations since, as we just mentioned, the integrands of (7.43) and 

(7.44) are both finite at w=0. 

Since the Fourier transform of Prcoth(/?v/2) is [-i Pr coth(jrt//3)//3] and that of 

a"(w) is given by (6.54), according to the Parseval-Plancberel theorem we can transform 

(7.43) into 

+00 

«x«W = Z * - ^ ] [jPrcoth(W/?)]* 
—oo 

+00 

= ^g Jdrw(T)coth(,rr//3) 

—OO 

1 t9* 
= - r / dru(r) coth(n-T//3) 

p Jo 

= -i- fC°dTu(T)\l + 2JTlexp(-2^T/l3)\ 

+oo 2«-W _ _1_ 
~ a 

^ ;i=—oo 

where Cs{u(t)} = Z~1(s) = Z^i—s) has been used. Note that Pr disappears from the 

integration of (7.46) since the integrand is finite at T = 0 . 

Similarly, from (7.44) we have 
+oo 

o 
dTfi(T)cOSh()TT//9) 

_ ™ V r Z{s) - m ^ l 

_ - m 3 /' 
~ 0 Jo 0 Jo 

+oo 
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-f.£*-(¥)H+CF)'EF]}- "-> 
where we have used 

It is interesting to note that 2^JT//3 in the above two series is the Matsubara frequency 

of the temperature Green's function [67], and Z~l (2fin/f)) follows as the Matsubara sus

ceptibility analogous to the susceptibility a(ai) [62]. Eqs. (7.46) and (7.47) are convenient 

for practical calculation of cr„M and <Jpp]fl\ . 
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Chapter 8 

Quantum Langevin Equation 

In this chapter, we shall begin to take the thermodynamic limit and derive the 

quantum Langevin equation for the position operator of the Brownian particle from the 

independent-oscillator model. The purposes of studying the quantum Langevin equation 

are: (1) Among all equivalent formalisms, the quantum Langevin equation is the most 

suitable one for constructing the dissipative heat bath. (2) The quantum Langevin equr 

tion is the simplest approach for some special problems of quantum harmonic Brownian 

motion. (3) The independent-oscillator mode) is a well-defined quantum system which 

can be studied by first principles of quantum mechanics. But before we can make any 

prediction from it, we have first to verify the validity of this model. This verification 

can be dene via the con: -"i-tion of the quantum Langevin equation, and we will show 

that in the classical limit this qk —iianica! model giver results compatible with 

the classical phenomenological theories discusc.u ' ..._v . -. 

8.1 Spectral Density 

In this section, we shidl define the spectral density for the heat-bath oscillators of the 

independent-oscillator model. As we discussed in Sec. 6.4, the manifestation of resonant 

behavior is the- mechanism for the heat-bath oscillators being able to model a dissipative 

heat bath. Therefore in order to define the spectral density, we should first examine in 

more detail the behavior of Z(s) near the imaginary axis. 
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Using (6.51), we can express ri[e — iu] in (6.24) as 

r/[« - «u>] = i £ m < U ? f— ^ — — + — r - - i —1 (8.1) 

= - « P r £ r o < w | f a " ^ g j + - | Z ) " " ' " I [ s ( u + "<) + «(w-"<)]• 

Note that the real part of fj[e - to>] is an even function, while the imaginary part is an 

odd function of u. 
The spectral densi ;y p(w) is then denned as the real part of fj[e — iw]: 

p(u) -Ref/[€-iu>] = — - £ me w| [i(w + U() + £(u> - w*)], (8.2) 

which is a non-negative even function of u. Using this p(u), we have the following general 

relation: 
+00 

^ m < u | G ( w < ) = — fdup(u)G(u), (8.3) 

for any even function G(w). Accordingly, fj[« —1«] can be transformed into 

fjl- - tw] = -i Pr(w) + p{w), (8.4) 

where 
+oo 

V^) = \wjd,p{u){-^). (8.5) 
—oo 

Substituting (8.4) into (6.23), we get 

Z(e -iw) = -m(w s - u£) - wPr(y) - iwp(w). (8.6) 

Note that 

Z(e-iu)?0, VweR, (8.7) 

since all zeroes of Z(s) lie on the imaginary axis of the complex s-plane. Using (8.6), 

a(u) in (6.45) becomes 

a(«) = \a(u) | a [-m(w a - fc£) - u Pr(w) + t»>p(uj\, (8.8) 
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hence 

aV) = H")lV(u>)- (8.9) 

In terms of p(u) we can also transform r)(t) in (6.16), as an even function of 16 R, 
into the integral form: 

rj(t) = — / dup(w) cos(wt) 
—oo 

+00 

= — /du>exp(-iu>i)[2pM], (8.10) 

—oo 

i.e., r)(t) is the Fourier transform of 2p(w). 

Since both a(u>) and T)(t) are completely determined by p(w), it is convenient to 

work on this spectral density. In Sec. 8.3, we will show that p(u) also determines the 

correlation function of quantum noise. 

f.2 Quantum Dissipative Hi... Bath 

If a quantum harmonic oscillator is isolated, the time evolution of this oscillator will 

be periodic since the system is free of dissipation. On the other hand, if we intend to make 

a dissipative he.it *,ath model out of our model Eamiltonian, then the corresponding 

fundamental solution u(t) in (6.44) or (6.53) must decay with the increasing t. 

From the Riemann-Lebesgue Lemma in real analysis [98], the fundamental solution 

u(t) in (6.53) approaches zoro as t-»oo if a"(w) is a measurable function of w, which 

is impossible when n is finite. This can be understood from R(t) in (7.9), in which 

every element is a linear combination of periodic functions oft with frequencies fi/s, the 

normal mode frequencies of the total system, when n is finite. This means that a"(u) 
in (6.53) is a linear combination of delta fi notions j(u ± fij), and each delta function 

corresponds to a simple pole on the imaginary axis of the complex s-plane. 

Therefore, in order to make a"(u>) measurable, there must be a cut instead of a 

collection of finitely many simple poles on the imaginary axis of the complex .s-plane. In 

other words, to construct a dissipative heat bath model we must take the thermodynamic 

limit n—too, such that the accumulation of those infinitely many simple poles produces 

76 

http://he.it


an effective cut. From the relative positions among the u^'s and i l / s described in (6.28), 

we know that this can be achieved by a (uniform) distribution of infinitely many ue's. 
In addition, we have to demand that the spectral density p(w) be a measurable function 

since a"(w) is a function of p(u>) according to (8.6) and (8.9). It is interesting to note that 

this thermodynamic limit is equivalent to a field description of the heat bath [23, 30, 96]. 

From now on, we shall assume that the thermodynamic limit n-+oo is taken and 

p(u) is a legitimate spectral density. Accordingly, u(t), v(i;/J), and r)(t) all approach 

zero when t-+oo, and we have the well-defined Fourier transform pairs: (w(t), 2ia"(u)), 
(v(t;P),a"(u)cott(0w/2)), and (7}(t),2p(w)) according to (6.54), (7.34), and (8.10). 

Thus we are allowed to drop e in all related formulas henceforward. 

Conventionally, the heat bath models are classified in terms of the spectral density 

J(w) instead of p(w). 7(u>) is defined as 

J ( w ) = T E «W?«(«" ~ <•*). (8-11) 

which corresponds to the positive frequency part of p(w) since 7(w<0)=0. I[u) can be 

expressed in terms of p(w) as 

J(w) = wp(w)0(w), (8.12) 

where 8(u) is the Heaviside unit step function. Conversely, we have 

up(u) = I(u)-I{-u). (8.13) 

Hence these two spectral densities p(u) and J(a>) are mathematically equivalent. 

In contrast to an ideal (quantum) heat bath which has only one parameter, the 

temperature /?-*, to characterize a quantum dissipative heat bath we have to specify 

both the temperature and the spectral density J(w) or p(w). We usually let the spectral 

density I(u) take the form 

/(w) = myu'Riu; \)6(u>), (8.14) 

where 7 is a constant, and R(u; A) is the cutoff function with A as the high-frequency 

cutoff. The heat bath is called ohmic for o = 1, sub-ohmic for 0 < a < 1, and supra-

ohmic for a > 1. Note that in defining the spectral function (8.14), we have implicitly 
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assumed that each coupling constant meu^ is infinitesimal, since otherwise I(w) will be 

divergent. However, this is not the weak-coupling limit [7] because the coupling between 

the Brownian particle and the heat bath is described by I(u) which is finite in general. 

In the literature, the cutoff function R(u; A) usually takes the following forms: 

(i) Abrupt cutoff (Debve-Zwanzig model) [10, 108]: 

R{u;A)=6(A-u); (8.15) 

(ii) Lorentzian cutoff (Drude model) [38, 44, 45, 76, 95]: 

^ w ; A ) K A ^ ; ( 8 - 1 6 ) 

(iii) Exponential cutoff [17, 48, 61, 73]: 

R(u; A) oc exp ( - M ' / A * ) , 6 = 1 or 2. (S.17) 

It is obvious that I(u), hence p(w), is a measurable function c u> for the above three 

cutoff functions. 

According to (8.11), by suitably choosing the distributions for me and u>i of the heat-

bath oscillators, we can cons*iuct any given physical spectral density I(w) in the limit 

n—»oo. Therefore we have verified that the independent-oscillatov model is a legitimate 

model for a general environment [30]. 

S.3 Quantum Noise 

Consider a Brownian particle immersed in a quantum dissipative heat bath modeled 

by the Hamiltonian (6.1). We assume that initially the Brownian particle and the heat-

bath oscillators are independent of eadi other, i.e., the initial state of the total system is 

a product of the state of the Brownian particle and that of the heat-bath oscillators, the 

so-called factorizable initial state. If we want to model a quantum diss'pative heat bath 

of temperature /?"', the natural choice of the initial state for those independent heat-

bath oscillators is the thermal state with the same temperature. According to (3.48), 

the characteristic function of the thermal state of the heat-bath oscillators is 

c 
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= w{-\Y,cotH3Ui/2)(zt,kt)et(*)\. (8.18) 

Using ( ) l > a t l l to denote the expectation value with respect to the initial state of the 

heat-bath oscillators, we have 

( « ) y , = ( R L = »> (8-19) 

< * ^ L , = 2 i c o t h ( ^ / 2 ) ' (8-20) 

fa'') bath = ^t mtUl C O t h ( ^ / 2 ) ' <8-2 1) 

<**>**=-<**>**-i**- < 8 - 2 2 > 
In the following, we shall argue that under the above assumptions, the force term 

f(t) on the right hand side of (6.18) serves as the quantum noise (or quantum random 

force) [31], which is the quantum analogue of the colored noise discussed in Sec. 2.5. 

(I) Since /(t) is a linear combination of ?<(0) and pt(0), and the thermal state of the 

heat-bath oscillators is Gaussian, we conclude that f(t) is a quantum Gaussian process 

with respect to ( )i>Btit. 

(II) </W)t„th = 0 according to (8.19). 
(III) The symmetrized correlation function of f(t) is defined as 

*(*», t»\ fii = i</(ti)/(t2) + fojfo))^- (8-23) 

From (8.20)-(8-22), we have 

- s- £ " W sin(««(ti - 1 2 ) ) , (8.24) 

hence the explicit expression of the correlation function JT(*i, t3; /3) in (8.23) is 

K(h,h;l3) = •|-]£ro/u>?coth(/?w</2)cos('.J>{(ti - t 2 ) ) 
e 

= — / dwp(w)u>coth(/9w/2) cos(u)(tj — t*)) 
—oo 

= j - /dwp(w)wcoth(/3w/2)exp(±iw(ti-t2)). (8.25) 
—CO 
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Since u>coth(/?w/2) is an even function of w for finite /?, it is suitable to use (8.3) to 

convert the sum into an integration. 

Because Kfa&i P)=K(h -i2,0; p) according to (8.25), f(t) is a stationary process 

with respect to ( )&„«*• Hence we can jierely study 

K(t, 0; P) = K(*; p) = — I du exp(-»wt)«p(w) coth(/3w/2), t e R , (8.26) 
2JT J 

—oo 

and accordingly aip(a>)coth(/3w/2) can be interpreted as the power spectrum of /(*), the 

quantum analogue of IF(U) in (2.29). K(t;P) is usually called the noise kernel in the 

path-integral approach. 

In order to discuss the classical limit of K(t; /?), let us first approximate K(t; P) in 

(8.26) by 

Kit; P)K$- f dw exp(-iut)up(u) coth(/3fiu-./2), (8.27) 
2JT J_A 

where A is the cutoff frequency. Note that we have let h appear explicitly in the above 

equation. If we impose the classical limit phA «: 1, which corresponds to the high 

temperature limit and/or the limit h->0, then it follows that 

K(t;P)*±£duexp(-iw«)p(w; » ^ , (8.28) 

which is analogous to the correlation function of the classical colored noise given by 

(2.28). 

' From (I)-(m), we conclude that f{i) serves as a quantum analogue of the classical 

. colored noise. As a comparison, we also calculate the commutator of /( t i) and /(*i) as 

follows: 

[/(*i)./(*2)] = - » £ n w ? s i i i ( w < ( t , - t 2 ) ) i 

_• + c c 

= — / dup(u)us\n(u(ti — *2))i 

= ivih - ta)i, (8.29) 

which is an odd function of (tj—*a) and is temperature-independent just like (7.38) and 

(7.39). 
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8.4 Quantum Langevin Equation 

From the above discussions, we find that if (i) n-»oo and the spectral density of the 

heat-bath oscillators is defined according to (8.14), and (ii) the initial state of the total 

system is factorizable with the heat-bath oscillators being in a thermal state, then it is 

legitimate to call (6.18) the quantum (generalized) Langevin equation for the position 

operator g. Note that. ri(t)/m and /(() in (6.18) are, individually, the quantum analogues 

of the memory kernel and colored noise in the classical generalized Langevin equation 

(2.26). The solution of (6.18) is given by (6.38). 

Comparing the quantum Langevin equation (6.18) with fx(t) = 0 with the classical 

generalized Langevin equation (2.26), we find that: (1) There is no classical correspon

dent to the term — q(0)r)(t) in (6.18), which is an intrinsic defect of the linear-coupling 

and independent-oscillator models. (2) The lower limit of the integral term in (6.18) is 

t=0 , in contrast to that in (2.26) which is taken to be —oo. This is because in Chap. 6, 

we took t = 0 as the initial moment when we solved the equations of motion. Therefore 

the stationary solution of (6.18), which corresponds to the thermal equilibrium state of 

the Brownian particle, only exists when t-»oo in general. On the other hand, for the 

classical generalized Langevin state (2.26), the stationary solution exists for any finite t. 

For the thermal equilibrium state of the Brownian particle, since o/'(u>) coth(j3w/2) 

and v(t;0) form a Fourier transform pair, we can interpret or''(w)coth(/Jw/2) as the 

power spectrum of the stationary quantum, process <j(t). Compared with (8.9), we get 

a"(u) coth(/3w/2) = \a(u)f [wp(w) coth03u>/2)]. (8.30) 

According to the discussion in Sec. 8.3, w/)(w)coth(/3w/2) is interpreted as the power 

spectrum of the quantum noise f(t), hence for the stationary solution of the quantum 

Langevin equation (6.18), Eq. (8.30) is the quantum analogue of (2.31). Through the 

successful derivation of the quantum Langevin equation from the independent-oscillator 

model, the validity of this model is herewith verified. 

The advantage of the quantum Langevin equation (6.18) are: (1) Its solution (6.38) 

is state-independent, hence we can take the expectation value with respect to any given 

initial state (not necessarily factorizable) to calculate the time evolution of the mean vec

tor of the Brownian particle. (2) Using the solution of the quantum Langevin equation, 
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we can derive the time evolution of the covariance matrix of the Brownian particle with 

respect to an arbitrary factorizable initial state, which will be discussed in Sec. 10.3. 

The limitations of the quantum Larjevin equation are: (1) It is derived under the 

assumption that the initial state is factorizable, hence it cannot be applied to the general 

problems with non-factorizable initial states. (2) With respect to the factorizable initial 

states, it is inconvenient (although not impossible in principle) to study the relaxation 

of the non-Gaussian initial states of the Brownian particle using the quantum Langevin 

equation, because these kind of states cannot be completely determined by the first two 

moments. 

8.5 Ohmic Dissipation 

In this section we shall study the simplest example of quantum harmonic Brownian 

motion, i.e., the case corresponding to ohmic dissipation with infinite cutoff. In this case 

I(u)=m.ju$(u), and p{u)=mi becomes the friction constant. From (8.10), 

jj(t) = ^- J dw exp(-iu>i) = 2rnyS(t), (8.31) 
—CO 

and accordingly the quantum Langevin equation (6.18) with /x( t )=0 reduces to 

!(*) + lh(t) + u?q(t) = -2T«(*)9(0) + %&, (8.32) 
Ttl 

or equivalently, 

~m + t'm + ("g + 27*(*))4(t) = ^ , (8.33) 

where (1.11) has been used. 
The corresponding generalized susceptibility a(u) takes the form 

m(—w2 — i~/u> + wj) ' «H = -=7=^rzzr^. ( 8 - 3 4 ) 
hence 

a»=(^fw- ^ 
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The fundamental solution n(t) for (8.32) is easy to solve using (6.44). Let us consider 

the underdamped case as an example. In this case the two zeroes for the denominator 

in (8.34) can be expressed as 

roi,2 = ±va - i -y, va = \]ul - ^- e R . (8.36) 

Using a contour integral on the complex c-plane, we get from (6.44): 

«(t) = ^ e x p ( - i 7 t ) . (8.37) 

Note that the corresponding u(t) has a jump at t=0 . 

In contrast to the classical Langevin equation, where ohmic dissipation is associated 

with white noise, the power spectrum of the ohmic quantum noise is m7wcoth(/8w/2)1 

which is obviously colored. This difference can be traced to the failure of the classical 

equipartition law in quantum statistical mechanics. In the classical limit discussed in 

Sec. 8.3, we have 

K{t;P)<*?j!-6{t), (8.38) 

which corresponds to classical white noise discussed in Sec. 2.4. Hence we find that, using 

ohmic dissipation accompanied by the classical limit, the quantum Langevin equation 

(8.32) becomes the analogue of the classical Langevin equation (2.21) with an extra 

tf(t)-term, which can be interpreted as a frequency shift according to (8.33). 

Before closing this section, let us discuss two more interesting questions. The first 

one is the weak-coupling limit of the ohmic quantum dissipative heat bath [7], which 

corresponds to the case 7—*0. From (8.35), we have under this limit: 

„ , •• sign(t>>) [ e 1 

= 2 ^ 7 [«(<" ~ "0) - %> + ub)] • (8.39) 

Hence the heat bath model reduces to an ideal heat bath free of dissipation. According 

to (7.43) and (7.44), in this limit the thermal equilibrium state of the Brownian particle 

is consistent with the thermal state of a harmonic oscillator. It is obvious that this 

conclusion is also true with respect to a finite cutoff. 
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The second interesting question is the long time behavior at low temperature. Let 

us use v(t; /3) with large t > 0 as an example to compute the so-called long-time tail 

[38, 44, 45, 51, 76]. The formulation we shall use is a generalization of that discussed in 

Sec. 7.5. 

Applying the Parseval-Plancherel theorem (7.45) to (7.34), in analogue to (7.46) we 

have for any t>0: 

ti(t;/8) = — J dw[a"(uj\[ex.p(iut)coth(./3u/2)Y 
—oo 

-fee 

= y A - p ^ ] [^Prcoth(x(r-t)//3)j* 
— OO 

= i /°°dru(T)[coth(7r(r +1)/0) + Prcoth(jr(T - t)//3)]. (8.40) 

This formula is especially useful for low temperature expansions. For the special case 

that the temperatuie approaches absolute zero and t is large, we get the asymptotic 

value of v(t; /3) as 

,fc0«i.p r JT«Mr)[^] 
—1 f00 

~l*]odTU{T)T 

• r j ) -a7-J w = o 
(8.41) 

Jo 

-1 
irt* 

Ttmufit* 

where (6.46) has been used, and we have taken advantage of u(t) being very small for 

large t. 
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Part III 

The Dynamics 



Chapter 9 

General Formulations 

9.1 Time Evolution of the Brownian Particle 

From the discussion in Sec. 5.4, we know that once we have the explicit form of 

the initial characteristic function, we can immediately write down the time evolution of 

the reduced characteristic function in terms of the phase flow. For quantum harmonic 

Brownian motion, the subsystem A is the Brownian particle and B is collection of 

the heat-bath oscillators according to the notations in Chap. 5. With respect to the 

Hamiltonian (6.1), if the characteristic function of the initial state of the total system 

is $«u(*0i according to (5.11) the time evolution of the reduced characteristic function 

$o(z> k; t), which corresponds to the reduced density operator for the Brownian particle 

at t, is given by 

$0(1, k; t) = 9 M ( ( * , 0, k, 0)R- T(J)) = $,„ ; ( z ( 0 ) , (9-1) 

where (x, 0, fc, 0) is a vector in the 2iV-dimensional phase space with only two non-zero 
components, and 5(t) is a 2iV-dimensional vector defined as 

z(t) = (x, 0, k, 0) R" T(t) = (x, 0, k, 0) J T R(t)J, (9.2) 

which is a function of x, k, and t. Note that xj and kt are not involved in the definition 
ofz(t)! Comparing (9-2) with (6.32) and (6.35), we can decompose 

5(i) = (x(t), X!(t), x 2(t), • • •, 5 n (t) , fc(t), fc,(t), hit), •••, fe„(t)) (9.3) 
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into the following expressions: 

o-o-
where 

and 

ro(0 = 

«(*) = 
mmeue(t) mtite(t)/ 

with the initial values 

r ° ( o ) =G i ) ' and r£(0) = 0. 

(9.4) 

(9.5) 

(9.6) 

(9.7) 

The quantum dynamics of the Brownian particle is then completely determined by 

the matrices fj{t), whose elements are the elements of the 0-th and 7V-th rows in R{t). 
Hence our claim in Part H that only these two rows in R(t) are needed for studying the 

dynamics of the Brownian particle has been confirmed. 

Eq. (9.1) is the main result of this paper. We shall show in the following two chapters 

that it can be applied to quantum harmonic Brownian motion with great efficiency. If 

the model Hamiltonian Is (6.6) instead of (6.1), according to (5.11) there will be an extra 

factor exp {i(xO, k, 0)JaT(t)} in (9.1). which corresponds to a shift in the mean vector 

of the Brownian particle and is easier to deal with using the quantum Langevin equation 

discussed in Chap. 8. 

9.2 Two General Relations 

Since there is no coupling term involving the momentum operators in the model 

Hamiltonians, there exist two general relations which are useful in simplifying the calcu

lations. With respect to the model Hamiltonian (6.1) or (6.6), the Heisenberg equation 

of motion for q of the Brownian particle takes the form 

dq 
mTt=p' (9.8) 
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which is the quantum correspondent of (6.8). Taking the expectation value of the above 

equation with respect to a given physical state, we have 

Accordingly, the time derivative of <rw(t) is related to c, p(t) by 

= -j(mm+mm) - (m)(m) 
= "«.(*)• (9-10) 

Since (9.9) and (9.10) are valid for any given state, we can always calculate (p(t)) 
and 0qP(t) from the time derivatives of (q(t)) and crqg(t), respectively. Therefore we 

shall henceforward omit the explicit expression for <7qp(t). Note that due to the coupling 

terms in the model Hamiltonians, there is no simple relation between <7gq(t) and <7pp{t) 
nor between crgp(t) and <7pp(t). 
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Chapter 10 

Factorizable Initial States 

In this chapter we shall consider the time evolution of a Brownian particle whose 

initial state is independent of that of the heat-bath oscillators, which is a thermal state. 

In other words, the initial state of the total system is the factorizable state that we 

assumed in deriving the quantum Langevin equation. As we mentioned in Chap. 8, the 

quantum Langevin equation is only convenient for obtaining the time evolution of the 

mean vector. For general problems, we shall use the reduced characteristic function to 

study the time evolution of the Brownian particle. 

Throughout this chapter, the density operator of the total system corresponding to 

the factorizable initial state is assumed to be 

g(t=0) = §AgB, (10.1) 

where the density operator §A corresponds to an arbitrary physical state of the Brownian 

particle, and gB to the thermal state of the heat-bath oscillators at temperature / 3 _ 1 as 

discussed in Sec. S.3. 

1.0.1 Time Evolution: General Formulation 

We define the characteristic function corresponding to the density operator (10.1) of 

the factorizable initial state as 

4ini W = <M*, *0*sfa> kt), (10.2) 
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where the characteristic function $A(x,k) corresponds to gA, and $B(xe, ke), which is 

the same as $tath(xe, fy) in (8.18), corresponds to gB. Note that both $A(x,k) and 

$s(av,fo) are individually normalized. 

According to the formulations in Sec. 9.1, the time evolution of the reduced charac

teristic function for the Brownian particle with respect to the factorizable initial state 

(10.2) is 

*o(*,M) = **(S(*).£(*))**(2«(*). *<(*))• (10-3) 

Substituting (9.4) into $ B (xe(t), k((t)J and comparing with (8.18), we get the following 

exact expression: 

**(£<(*).*«(*)) = exp|- i^coth(/3w</2)(a: ,fe)rI(«)g € rf( t)r J I 

= exp|-y (*,*)©(«;/3)Q J, (10.4) 

which is the analogue of the innuence functional in the path-integral approach. The 2x2 

matrix ©(t; /3) is defined as 

©(*;/?) = i£cc*h(/!W2)rI(t)g«r*(t) (10.5) 
l 

= E£: 0 0 * h oa*/ 2 ) •2ut 

I m?[ue(ty + uf i*(i) s] -mue(t)[iit(t) + u}ut{t)] » 

• -mue(t)[ue(t) + <4ut(t)] ut(ty + u>%uetff . 

At t=0 , ©(0;/?)=0 according to the initial values of X({t) in (9.7), hence we have 

* B(5 f(0),fe(0)) = l (10.6) 

according to the normalization condition of $B(xz,ki). It follows that 

$o(z,fc;i = 0) = $„(x(0),ft(0)) =iA(x,k), (10.7) 

which means that there is no initial influence from the heat bath on the Brownian 

particle, consistent with the assumption that the initial state is factorizable. 
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The explicit expressions for the elements in ©(t; /?) can be calculated by using (6.33), 

(6.34), and (6.36), with the aid of (8.25) and (8.26) as follows: 

©n(t;/J) = m* f /"dTidT2u(rJ)a(T2)ii'(r1-7-25/3) 
Jo Jo 

m a f I rt |2 
= — / duwp(w) coth(,£?u;/2) / <frexp(iu;r)vi'r) . (10.8) 

—oo 

©22(<;/9) = / f dndT^u^u^Kfn-TiiP) 
Jo Jo 

= — f dwwp(w) coth(/3w/2) / dr exp(iwr)u(r) , (10.9) 
—00 

©i 2 ( t ; /3) = © 2 i ( i ; /3) 

= -W, / I dTldT2V.{Tl)u{T2)K{jx-T2;ff) Jo Jo 

= - f ©22(*;/3), (10.10) 

where if (t; /3) is the correlation function of the quantum noise defined in (8.26). 

Summarizing the above results, we get the time evolution of the reduced' characteristic 

function for the Brownian particle as 

$o(^fei*) = ^ ( 2 W , f c ( t ) ) e x p | - j ( x , A ; ) 0 ( t ; / 3 ) Q j l , (10.11) 

which is completely determined by the initial state of the Brownian particle, the fun

damental solution u(t), and the spectral density as well as the temperature of the heat 

bath. Note that the elements of the matrix ©(t; ft) depend explicitly on the spectral 

density p(u), which means that (10.11) depends on the cutoff frequency A in (8.14). 

10.2 Approach to Equilibrium 

In this section we shall prove that for an arbitrary factorizable initial state, as time 

t—too the Brownian particle always approaches the thermal equilibrium state defined in 

Chap. 7. 

As discussed in Sec. 8.2, if we take the thermodynamic limit n-*oo and use the 

measurable spectral density p(w), then the fundamental solution u(t) approaches zero as 
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t—too according to the Rieraaui-Lebesgue lemma. Similarly, u(t) and &{t) also approach 

zero in this limit according to (6.53). Efeice we have 

lim r0(t) = 0, (10.12) 
t-co 

and 

Um *,, (x(t), k{t)) = $A(0,0) = 1 (10.13) 

according to the normalization condition on $A(z,k). Thus we find that the final state 

of the Brownian particle is independent of its initial state. As t—>oo, the reduced char

acteristic function for the Brownian particle takes the form 

Um *o(*,M) = £ m e x p { - ! ( s , Z : ) 0 ( i ; / 3 ) Q } 

= e x p j - y ( z , f c ) 0 ( c o ; ; 3 ) e p j . (10.14) 

The explicit expressions for the e; -ments in 0(oo,/3) can be obtained by applying (6.46) 

and (8.9) to (10.8)-(10.10): 

tri? f I f°° I2 

®ii(oo;j9) =; — / du>u;p(a;)cotli(/k;/2) / dr exp(iun-)u(r) 
—oo 

_ -!-ao 
771 I = — / dww3p(w)coth(/3w/2)ia(a;]|2 

27T J 
—oo 

2 + ° ° 
- y - / duv'o/'(u)ca&HI3u/2), (10.15) 

©22(00;^) = — / dwwp(w)coth(/?u;/2) / drexp(iwr)u(r) 
—00 

-i-co 

= — /<2wwp(w)coth(0w/2)|a(w)|2 

27T J 
—00 

+ 0 0 

= — f dua"iu>)coih(Pw/2), (10.16) 
"7T J 
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and 

©«(»;/?) = - ^ e M ( o o ; 0 ) = O. (10.17) 

Note that we htve omitted U. from the kernel exp(iwr) in (10.15) and (10.16). This is 

because, after taking the thermodynamic limit, both Fourier-Laplace transforms of u(t) 
and u(t) converge. 

Comparing the four elements of 0(oo; /?) with (7.43) and (7.44), we find that the 

final characteristic function of the Brownian particle is 

< h m $ o ( , , M ) = e x P { - | ( x , f c ) ( ^ ^ J Q } , (10.18) 

which is exactly the characteristic function (7.41) for the Brownian particle in thermal 

equilibrium with the heat-bath oscillators. Therefore we have proved that, with re

spect to an arbitrary factorizable initial state, the Brownian particle always approaches 

thermal equilibrium when t—*oo. 

10.3 Time Evolution of the Gaussian States and the 
Covariance Matrices of Arbitrary Initial States 

To illustrate the application of the results derived in the last two sections, let us 

consider a simple example where the initial state of the Brownian particle is the Gaussian 

state defined in Sec. 3.4. The characteristic function of this initial state is the one-mode 

version of (3.31): 

*A(*,fc) = e x p | - - i - ( z , f c ) j T 2 0 j r J + » ( « , f e ) j r C H , (10.19) 

where (ze,kc) is the mean vector and So is the 2x2 covariance matrix of this one-mode 

Gaussian state. 

Substituting (10.19) into (10.11) and using (9.5), we get the time evolution of the 

reduced characteristic function of the Brownian particle as 

#o(«,fc;*) (10.20) 

= exp | - | (*, k) [j T lLR(t)1 s„ M*Wi + ©(<;«] ( * ) + «(*.*) i 1LR(*)H ( * c ) }• 
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From this characteristic function, we find that the mean vector follows the restricted 

phase flow with (x c, fcc) as the initial value, and the covariance matrix evolves according 

to 

E 0 (0 = |R(t)1E0|LR(i)F +j T 0(i ; /3) j . (10.21) 

Therefore the state is always Gaussian in the course of time evolution, and it approaches 

the thermal equilibrium state as t—*oo. 

Using the formulas in Sec. 4.2, we can generalize the above results to that of the 

time evolution of arbitrary factorizable initial states. Suppose that a given initial state 

of the Brownian particle has the initial mean vector (xc,kc) and the initial covariance 

matrix So. It is easy to prove that (i) the time evolution of the mean vector follows the 

restricted phase flow with (xc, kc) as the initial value, and (ii) the time evolution of the 

covariance matrix obeys (10.21). Nevertheless, (i) and (ii) cannot completely determine 

the time evolution of the Brownian particle for a non-Gaussian initial state. 

The above results (i) and (ii) can also be obtained from the solution of the quantum 

Langevin equation. This can be easily done if we put (6.37) and (6.39) into the following 

form: 

©=mm Q + i > C £ ) ) [*-*>+'<*-4 <*»*> 
then s e t / X ( I - T ) = 0 . 

10.4 Environment-Induced Damping of Quantum 

Interference 

In this section we discuss an interesting problem where the initial state of the Brow

nian particle is a superposition of two coherent states [12, 48, 73, 107]. We shall show 

how to use the characteristic function to calculate the damping of quantum interference 

due to influence of the environment in the course of time evolution. 

In order to simplify the formulation, we introduce a new notation z = (x, k) for the 

vector on the Brownian phase plane. Accordingly, £>{—*) represents the corresponding 

one-mode Weyl operator. Note that this notation will be employed only in this section. 
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We then assume that the initial state of the Brownian particle is a superposition of 

the following two one-mode coherent states: 

|za> + |zfr>, (10.23) 

where z a =(x 0 ,fc 0 ) and Zb = (xb,H) are two non-identical constant vectors on the Brow

nian phase plane. The mean and difference of za and zj, are denned as 

Zm = - ~ , Z* = Z a - ZJ. (10.24) 

The density operator corresponding to the initial state (10.23) is 

QA = CA (|z„> + |Z(,>) (<z0| + <Z(,|), (10.25) 

where 

CA = —, 7 (10.26) 
2( l + Re(za|z6>) 

is the normalization constant, with 

(z„|zt,> = exp {—J-ZAgozI + i z a j z l } (10.27) 

according to (1.48). 

Using (3.12) and formulas in Sec. 1.3.1, the characteristic function of QA can be 

obtained as 

*.,(z) = Tr[a,.D(-z)] s C ^ z l + ^ l + ^ + W z ) ] , (10.28) 

where 

&(z) = <z o |0(-z)|z a) = exp{--l-zgoZT + fzjzl}, (10.29) 

and 

&(z) = (zb\D(-z)\zb) = exp{-Jzg 0 z T + izjzj} (10.30) 

are analogies of (3.13), and 

4ab(z) S <Za|£>(-2)|Ze>> 

= exp{~ i ( z + za)go(z + z&)T + izjzT

m + i z 0 j z j } 

= <z0|z6>exp{~|-zgoZT + izj(zT

m - | jgozI )} , (10.31) 
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and 

frjz) = <r»| j(-z)|za> 

= exp{—J(z - z a)go(z - z a ) T + izjz^ - f z ajzj} 

= (z t |z 0) exp{--l-zg0zT + izj(z^ + i jgozl)} (10.32) 

correspond to the interference terms. 

Once we get the explicit expression for $A(Z), the characteristic function for the 

initial state of the Brownian particle, we are ready to derive the time evolution of the 

reduced characteristic function $o(z; t) for the Brownian particle. Using the notation 

2 T(i) = / j = r„(i)zT, (10.33) 

Eq. (10.11) becomes 

* 0 (z; t) = *„(z(i)) exp{- iz0( t ; /3 )z T } . (10.34) 

Substituting (10.28) into (10.34) gives the explicit expression of $o(z;t). In order to 

keep track of the interference terms, we express $o(z; *) in (10.34) as 

* 0 (z ; t) = CA [$ a(z; t) + $ b(z; t) + * a 6 (z ; t) + $6a(z; t)], (10.35) 

with 

$ a (z;t) s exp{-iz[rj(t)g„r 0(«) + 2©(t;/?)]zT +« jz j ( t )} , (10.36) 

4 b(z; t) = exp{-lz[rj(t)g„r 0(t) + 20(t;/J)]zT + izjzftt)}, (10.37) 

* o f )(z; t) = <z a|z b>exp{-iz[rJ(t)gor 0(t) + 2©(i;/3)]zT + izj[z^(<) - +jrJ(*)gozl]}, 

(10.38) 

*fc,(z;t) = <z t|za)exp{-j-z[rl(t)gbr„(t) + 2©(i ;/3)]zT + «j[z^(*) + | j rJ ( t )gozl]} , 

(10.39) 

96 



where 

zl(t)=iR(t)U, 4M = mtM, (10.40) 

and 

^(t)=lR(tWm, (10.41) 

i.e., z t(t), zt(*)i and z m (t) all follow the restricted phase flow on the Brownian phase 

plane, with z a , zj, and z m as their initial values, respectively. 

Since among those four terms in (10.35), $o(z; t) and $i,(z; t) correspond to the time 

evolution of the coherent state jz„) and |z&), individually. It follows that [$a!>(z; t) + 
$ta(z;t)] corresponds to the interference. Because the characteristic functions have no 

direct physical meaning, in order to make a quantitative study of this interference we 

have to transform the characteristic function (10.35) into the Wigner function: 

W0(z; t) = CA [Wa(z; t) + Wb(z; t) + Wai{z; t) + W^z; t)], (10.42) 

with Wa(z\ t) being the Wigner function corresponding to the characteristic function 

$a(z;t) in (10.35), etc. 

Since $ a(z; t) in (10.36) is Gaussian in z, we can use the formulas in Sec. 3.4 to get 

the corresponding Wigner function: 

Wa(z; t) = C,it; 0) exp { - [z - z0(t)] II(i; /?) [z - z„(t)]T } , (10.43) 

where 

and 

n(t;/3)=jT[rJ(i)gor„(t) + 2©(t;/3)] ' j , (10.44) 

,/det(II(i;/3)) 
d ( t ; f l o V \ • (10.45) 

Similarly, we have 

Wb(z;t) = C,(ii^)exp {-[z - zb(tj\II(t;/3)[z - z 6 ( t ) ] T | , (10.46) 
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and analogously, 

W„j,(z;t) = W&(z;t) (10.47) 

= Ci(t; /?)(z0|zb> exp {- [z - z m (i) + f z^gor0(t)jT] II(i; j8) [zT - zj,(i) + i J r J ( t ) f o zL]} . 

Hence we get the explicit form of the Wigner function corresponding to the interference: 

W i n 4(z; t) = Wot.(z; t) + Wj»(z; t) = 2Re [w a 6(z; t)\ 

= 2Ci(t;/3)Kz a |z i l>|exD{lz ag 0r„(i)jTn(t; /8)jrJ(t)g o Zl} 

exp{-[z - zm(t)]n(t; /3)[z - z m ( t)] T } 

cos{-§-zajzJ + z agor 0(t)jn(t; 0)[z - z m ( t ) ] T } . (10.48) 

In order to quantitatively analyze the influence of the environment on the interfer

ence, we have to define a function which measures the relative strength of the interference 

term Win ((z; t) compared with the direct terms W„(z; t) and Wb(z; t). Consider the nor

malized ratio 

X(t) = Kz a |z 6 >|exp{lz i g o r 0 (i)j T n(t;/3)jrJ(i)g 0 zi} 

= exp{- J-z* [ft, - gor„(<)jTn(«; /3)jrJ(t)g„]zi}, (10.49) 

which is one half the ratio of the upper limit of Wjnt(z; t), 

2C 1 (t ;^)Kz o |z 6 ) |exp{iz a g 0 r 0 (t) j T n(?;^)jrJ(t)g I > zl}, (10.50) 

to the maximum value of Wa(z;t) or W a(z;t), which is equal to Ci(4;/?). Eq. (10.50) 

is only the upper limit instead of the maximum value of Wj„t(z; t) in general because 

of the cosine term in (10.48). from the quasi-probability interpretation of the Wigner 

function, we know that this x(f) meets the requirement as an indicator of the relative 

strength of the interference. Note that x(*) depends on z A explicitly, and x(0) = 1. 

In general x(*) is a monotonically decreasing function oft, which indicates the damp

ing of the interference induced by the environment. When t-*oo, we have 

X(oo) = e x p { ~ i z a g o z ; } < 1. (10.51) 
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As a comparison, let us consider the same problem for an isolated harmonic oscillator. 

The corresponding x(t) can be obtained by setting ©(t;/?)=0 and 

/ cos(w0*) -sin(w0i)/(maJo)\ 

r„W = (10.52) 

V mu0 sin(w0{) cos(w0t) / 

in all related formulas. Hence we get II(t; /3) = go, and x(*) = 1 for all t in this special 

case, which means that the interference does not decay if there is no environment coupled 

to the Brownian particle. 

10.5 Quantum Fokker—Planck Equations 

In this section we shall derive the equation of motion for the redaced characteristic 

function $o(z, k; t), and from it obtain the equation of motion for the corresponding 

reduced Wigner function Wo(x, k; t). Both equations are usually called the quantum 

Fokker-Planck equations and are equivalent to the master equation for the reduced 

density operator of the Brownian particle [10, 44, 45, 48, 79, 96]. 

It is necessary to emphasize that, the purpose of constructing these quantum Fokker-

Planck equations is not to determine the time evolution of the Brownian particle. We 

have already obtained the time evolution of the reduced characteristic function $o(a:, k; t) 
in (10.11). The main motivation of this construction is to derive the quantum analogues 

of the classical Fokker-Planck equations discussed in Sec. 2.6, and from them to deter

mine the quantum version of the diffusion coefficients. 

The Fokker-Planck equation (2.43) for the classical characteristic function is a first-

order linear partial differential equation. Since all formulas for quantum Brownian mo

tion have classical analogues, we start the derivation of the quantum Fokker-Planck 

equations by considering the following linear combination of first-order partial deriva

tives of the reduced characteristic function $o(2 :i* :t*) : 

L{x,k;t)= ^ + CX -^ + Ck ¥ k . (10.53) 

Using (10.11), we have the explicit expression of the time derivative of $o(s, k; t): 

dt g & 2 = • .(*(*),5(0) |«p{- |(»,*)e(*;«(*)} (10.M) 
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d*A(i(t)Mt)) 
dt 

= *o(*.*;t) 

exp {4(..fc)eftfl(;)} 

-i( , , .)0 ( t ; / 3 )Q] 

a^(g(t),fc(t)) ^„(£(t),fc(i))^ a /x(t) 

*o(*,fc;*) -•£-(*>*) ©(*;/*)(*) 

/»,(«(»),&(*)) a»il(s(t),S(t))\ / » \ r i / x \ | 
( W> ' W) j r ° ( n J e x p { ~ ^ f c ) 0 ( f ; / 3 ) ( J } -35(i) 

Similarly, we have 

e$o(x,fc; 
3s 

a*(t) 

^ = *„(*,*:*) f-(*,fc)e(t;/8)Q] (10.55) 

+ 

and 

( «m ' W) J)<°U{oh{-T(*>k)&^\k)\' 

^ | M = *„(*,ft;t) [ - ( , ,* )e f t /» )Q] (10.56; 

a^(x(t),fc(t)) a^(x(t),fc(t))\ / o \ r w , /z\\ 

with r0(t) defined by (9.5). Note that the above three expressions are expressed in terms 
of matrix multiplications. Substituting (10.54)-(10.56) into (10.53), we get 

fCxY 
KCJ. 

L(x, k; t) = -$<J(EI k; t) 

+ 

1 (», ft) eft 0) Q + (x, k) 0(t; /?) C 

(d$Jz(t)AtJ) d*Jx(t),k(t))\ \.,Jx\ (Cx\ 

(—W-- • W) J HJ + r ° ( t ) UJ 
«p{-±-(*,*)oft0(*)}. (10.57) 

Noticing that on the right hand side of the above equation, there are two terms 

(10.58) 
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which are not functionals of $o(x,k\t). Since $A(x,k) is an arbitrary function, we 

cannot make any further simplification or transformation on the above two derivatives. 

Therefore in order to construct a linear partial differential equation for $0(^1 k\ i) from 

(10.57), we must demand that 

°0+r°<;)=°' (10.59) 

such that both terms in (10.58) disappear from (10.57). The coefficients Cx and Ck are 

then determined as 

( c ; ) = - r ° i ( t ) ^ ( i ) a A ( t ) ( i ) ' (io-6o) 

where A(t) is a 2x2 matrix with the elements: 

uu — u'ii 
An(t) = uu — u2 

A 1 2 (t) = — , m 

A 2 1 (i) ( ii s — u ii \ — - — r r i uu — u* j 

A 2 2 (t) = 0. 

Substituting (10.60) into (10.57), we have 

L{x, fc; t) = - * 0 ( z , k; t) (x, fc) e(t;/?) + ©(t;/3)A(«) 
(:)• 

(10.61) 

(10.62) 

(10.63) 

(10.64) 

(10.65) 

Rearranging (10.65) and using (10.62) and (10.64), Eq. (10.65) becomes 

]£ + {— + An(t)ar) -^ + A 2 i ( i ) « ^ + Dkk(t; 0)x* + Dxk(t;P)xk 

where 

Dkk(t;P) s &11<t<® +A„( t )e„( t ; /? ) + A 2 1 (f)0 1 2 (t ; /?), 

$o(x,k;t) = Q, 

(10.66) 

(10.67) 
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and 

Dxk(t; /?) = ©, 2(t; /?) + S i i M ! + A u ( t ) 0 1 2 ( i ; 0) + A2 1(t)©22(«; /3). (10.68) m 

Eq. (10.66) is the quantum Fokker-Planck equation for the reduced characteristic func

tion corresponding to the Brownian particle [96], which can be taken as the c-number 

representation for the master equation of the reduced density operator. Note that in 

(10.66) the coefficient of the term fc2$o(s, k; I) vanishes because of the relation (10.10). 

From the expressions (10.8)-(10.10), we see that in general the elements in ©(i;/?), 

hence Dkk(t; /?) and Dxk{t;j3), depend on the history of the Brownian particle. Thus in 

general the solution of the quantum Fokker-Planck equation (10.66) corresponds to a 

non-Markovian process. 

Eq. (10.66) can be easily transformed into the quantum Fokker-Planck equation for 

the reduced Wigner function WQ{X, k; t). As discussed in Chap. 3, the Wigner function 

and characteristic function are symplectic Fourier transforms to each other, hence we 

have the following correspondence: 

\ dk ' dx ' dk ' dk' ' dx*' dxdk) W (x' • ' 

•«=>• (xjt,k-^,x~,x*,k*,xk)$(x,k-,t). (10.69) 

From this correspondence, the quantum Fokker-Planck equation for the reduced Wigner 

function W0(x,k;t) corresponding to (10.66) follows as [44, 45, 48, 79, 96] 

l + ̂ l + I( A-^- A"« f c)-^(^)fe + ̂ ( ^ ) ^ Wo(x,k;t) = 0. 

(10.70) 

The corresponding equation of motion for the coordinate representation g(x,y;t) of 

the reduced density operator [48] can also be obtained from (10.66) by a similar method. 

Both (10.66) and (10.70) are mathematically equivalent to tne quantum Langevin equa

tion discussed in Chap. 8. 

In the following, we shall calculate the explicit expression of (10.70) for ohmic dissipa

tion with infinite cutoff frequency. From (8.33), we see that in this case the fundamental 

solution u(t) satisfies the following second-order differential equation: 

u(t) + 7 u(t) + w£ (t)ti(t) = 0, (10.71) 
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where 

c4(t) = u£ + 27<S(i). (10.72) 

The matrix A(t) follows as 

V-mu»(t) 0 / 
A(t)= . (10.73) 

-muj(t) 0 
Substituting (10.73) into (10.70), we get the quantum Fokker-PIanck equation for 

the Wigner function of a harmonically bound Brownian particle coupled to ohrrdc heat 

bath with infinite cutoff frequency: 

i+ii-Um^x^k)~D^^+D^^iek Wo(x,k;t) = 0. 

(10.74) 

To calculate the coefficients Dkk(t;0) and Dxk(t;0), we first need to use integration 

by parts to express ©u(t; /?) and ©i2(t; 0) as follows: 

©n(t;/5) (10.75) 

= 2m2 / dru(r)u(t)K(t - T;0) 
Jo 

= 2m2 / / dT1dT2u(T1)u{T2)K(T1 - T2;/3) + 2m I dTb(T)K{r;0), Jo Jo Jo 

©1 2(t;/3) (10.76) 

= - m / dru{r)u{t)K(f. - r; /?) - m [ dru(r)u(t)K(t - T; 0) 
Jo Jo 

= -mj j dndT2[u(n)u(T2) + «fr)ufa)] t f (n - r2;0) - J dru(r)K(T;0). 

Substituting (10.8)-(10.10), (10.73), (10.75), and (10.76) into (10.67) and (10.68), 
and using (10.71), we get 

Dkk(i;0) = m fdrk{T)K{T;P), (10.77) 
Jo 

Dxk{t\/}) = - f dTu{T)K(r\li). (10.78) 
Jo 
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In the classical limit with K(t; /3) given by (8.38), we have from the initial conditions 

(6.31): 

Dkk(t;/3) = ^=Dk, (10.79) 

Dlk(t;/3) = 0, (10.80) 

and (10.74) becomes [10] 

d . k d 
3t+ m dx dk ~9fc(m'"" ( i ) : , : + 7 f e ) " - D * W0(x,k;t) = 0, (10.81) 

which is the quantum analogue of the classical Fokker-Planck equation (2.41). Obviously, 

the solutions of (10.81) correspond to Markovian processes. 
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Chapter 11 

Non-factorizable Initial States 

In the previous chapter we have discussed in detail the time evolution of a Brownian 

particle with respect to the factorizable initial states, which is bated on the assumption 

that there is no initial correlation between the Brownian particle and the heat bath, 

and the interaction between them is switched on only after t > 0. The simplicity of 

these kind of initial states allows us to derive many explicit results. Unfortunately, such 

naive and simplified initial states tre not realized in most applications. Initial states of 

a Brownian particle which can be prepared in the laboratory are thosf non-factorizable 

states called perturbed thermal states. These non-factorizable initial states have been 

discussed by several authors in the literature [16, 40, 80, 85]. In this chapter we shall 

use the characteristic function to calculate the time evolution of the Brownian particle 

with respect to these non-factorizable initial states. 

11.1 Perturbed Thermal States General Formulation 

The perturbed thermal state of the total system described by the Hamiltonian (6.1) 

is defined as 

& = 3*a*A (11.1) 

where Qf is the canonical density operator of the model thermal state defined in Chap. 7, 

a=a(q,p) and b=b(q,p) are two operators which only act on the Brownian particle, and 

c^^m (u-2) 
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is the normalization constant. The operators a and 6 must satisfy certain conditions 

in order to guarantee that the perturbed thermal state (11.1) is a legitimate dtnsity 

operator. In this section, we shall derive the general formulation for the time evolution 

of a Browniac particle with respect to the initial state (11.1). 

According to Chap. 9, we have first to obtain the explicit form of the initial charac

teristic function corresponding to (11.1). Using (3.12), we have 

««„•(*) = Tr [ & £ ( - * ) ] 

= Ci2V[fifc8fi(-z)]. ( r . 3 ) 

In order to get as. explicit expression for $j„i(z), we need to resort to the character

istic sym'/ols defined ir Sec. 4.2. According to (4.9) and (4.12), the operators a, b, and 

Qi, can bi2 expressed as 

a = j CPNia(z)D(z), (11.4) 
—oo 

6 = / S"zb{z)D(z), (11.5) 
—OO 

and 

h = (2JT)-* j ^z^{z)t){z), (11.6) 
—oo 

where a(i.) and b(z) are the characteristic symbols of the operators a and 6, respectively, 

and $p(z) is the characteristic function corresponding to Q0 which is defined by (7.40). 

Substituting the above three representations into (11.3), it follows that 

+oo 
* , „ , ( * ) = ( 2 * - ) - " C £ 6 J<lU'ZadmZk<la'zl,a(za)b(zb)*e(zl,) 

—oo 

tr[b(za)D(z,)D(zh)b{-z)]. (11.7) 

Note that the trace in (11.3) has been replaced by the equivalent pseudo-trace in (11.7) 

since the product of the Weyl operatois is not in the trace class. Using the formulas in 
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Sees. 1.3.1 and 1.3.3, the pseudo-trace in the above integrand can be evaluated as 

tr[D(za)£>(z,)D(zb)D(-z)] 

= (2jr)"«(za + zb + zf - z)exp{\zi(za - zbf + | z < J * j } , (11.8) 

hence (11.7) reduces to 

*w(*) = C& j ^^^"z^z^biz^^z - z a - zb) 
—CO 

exp{^zJ(za-zby + fzaJzl}. (11.9) 

Substituting (11.9) into (9.1) and using (7.40), we get the time evolution of the 

reduced characteristic function for the Brownian particle: 

*o(z ,M) = *<m(*W) (11-10) 

= CS, / <fa,zadmzia(.za)b(zb)9e(z(t) - z a - zb) 
—oo 

exp {f 5(t)J(ra - *b)T + 4*J*l} 

= exp {-•§-(i,0,fc, 0)^23^(1,0,fc,0) T} 
-R*> 

C& / <P"zaf»zba(za)b(zh) exp {4-z.JzI - \{za + z t ) f E s J ( z a + 2 t f } 
—OO 

exp {(», 0, fc, O)STS0{t)}(za + * 6 ) T + 4(1,0, k, 0)JR(i)(*o - stf}, 

where z(t) is defined as in (9.2), and we have used (7.15) and Sp(t)=R(t)E/) in simpli

fying (11.10). 

Since both & and 6 are one-mode operators which only act on the Brownian particle, 

according to the discussion in Sec. 4.2 the characteristic symbols a(z) and 6(z) can be 

specified as 

a(z) = ao(s, fc) J[S(xt)6(kt), (11.11) 
e 

&(*) = 60(x, fc) J[6{xt)6(kt) • (11.12) 
i 
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Therefore we can further sirrplify $o(s, k; *) into 

*„(*, k; t) = exp | - 1 (x, k)f |Ztflj Q } (11.13) 

+00 

<% j dxadkadxbdkb-9^,(xa,xb,ka,kb) 
—OO 

-P{(M) [ns,«ii (l+

+l) + ±mm [III)]}, 
where 

fcfc) = Oo(l a, *a)ib(*»> fc») (11-W) 

^{Ux^(l[)-Ux'+xb'k'+kb)iT^^{zVkb)}' 
and |[R(t)ll, |LSp(t)l, and 1[Ŝ U are denned by (7.12), (7.27), and (7.42), respectively. 

Note that the first line of (11.13) is the characteristic function of the thermal equilibrium 

state for the Brownian particle given by (7.41). 

Finally, the easiest way to determine the normalization constant C%b is to impose the 

normalization condition on (11.13): 

*o(0,0;t) = C^,J dxadxhdkadkb*lb(xa,xb,ka,kb) = l. (11.15) 
—00 

In summary, Eq. (11.13), together with (11.14) and (11.15), describe the time evolu

tion of a Brownian particle with the perturbed thermal state (11.1) as the initial state. 

Note that in (11.13), unlike in (10.11), the spectral density p(u>) of the heat bath does 

not appear explicitly, which means that all the results derived from (11.13) are indepen

dent of the cutoff frequency. The time evolution of the mean vector and the covariance 

matrix corresponding to (11.13) can be calculated via (4.19)-(4.23). 

When t-t-oo, according to the Riemann-Lebesgue Lemma: 

lim |[R(t)H = 0, and lim 115,3 (t)l = 0. (11.16) 

Applying the above results to (11.13) and using (11.15), we find that 

(Um4o(^fc;0 = exp|--i-(x,fc)j TlE JallJ T H , (11.17) 
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which means that with an arbitrary perturbed thermal state as the initial state, the state 

of the Brownian particle always approaches the thermal equilibrium state corresponding 

to (7.41) as t-*oo. 

The above formulation can be trivially generalized to the the most general perturbed 

thermal state, which is a linear combination of several g^b's defined in (11-1) with the 

same gg but different o's and b's [40]. 

11.2 Localized Thermal State 

In this section we shall consider a practical example of the perturbed thermal state 

called the localized thermal state. It is prepared by filtering the ensemble of the Brow

nian particle, which is originally in thermal equilibrium with the heat bath, through a 

Gaussian slit represented by the operator [40, 85] 

Hx« *>=(dy* i * <** {-£-(* - *?} MM 

= ( i f ^{-A^3}' (u-i8) 

where z and q correspond to the position of the Brownian particle, xc is the center and 

<r0 is the variance of the filter. Note that a0 cannot be arbitrarily small due to the 

uncertainty principle. According to the definition in the last section, this initial state is 

the perturbed thermal state (11.1) with 

a = b = P(xc;<r0). (11.19) 

From the Weyl correspondence rule discussed in Sec. 4.1, we know that the Weyl 

symbol of the operator P(xc; <r0) is 

It follows that the characteristic symbols Ch(x,k) in (11.11) and ba(x,k) in (11.12) take 

the form 

Oo(x, fe) = b0(x, fc) = C0S(x) exp|-<r0fc2 — ixck\, (11.21) 
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where 
\l/4 

Substituting the above results into (11.13) gives 

*o(z,fc;t) 

(11.22) 

(11.23) 

= e x p { - i ( x , f c ) r | S / 5 H j Q | 

ClCih j dkadkb exp {-o0(k\ + kl) - ixc(ka + kk) - i<r„I>3](fca + hf} 

exp {[-mi(t; f3)x + v(t; /3)k](ka + kb) + ±[mii(t)x - u(t)k](ka -A*)} 

• «p{-!(«,*)ri=,ij(*)} 

C?C£t | dfc a<ffc 6exp{-i(fc a >fc 6)A('* < ') + (*.,**) [Be*) Q + d ] J , 

where 

(11.24) A=2,0Q |)+-y»() I). 

B(t) = -m*(t;/S)Q J)+•<*!« (" J)-*-*"^*^.1! o) + ^"(t)(o "l1)' 
(11.25) 

and 

d = - : i t J ) . (11.26) 

After performing the double Gaussian integrals in (11.23), we get 

«o(*.M) = exp j - | - ( * ( * ) | j T H 2 , s l ] j - BT(f)A"1B(t)] (*) + (x,fc)B T(t)A-dJ , 

(11.27) 

where 

A"%^ot^)[( 2-°+^)(o D-'^G o) (11.28) 
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hence 

BT(t)A"1B(t) = — 
0b + < 7 O T K ] 

J_ 
4<7 0 

/ m?v{t;Pf -mv(t; P)v(t; /}) y 

\-mv(t;P)i{t;P) v(t;0f J 

/ m?ii(t)2 -mu(t)u(t)\ 

\-mu(t)ii(t) «(t) 2 / 

and 

BT(i)A"1d = • 
/mi(t;P)\ 

\-v(t;f3))' 
Erom (11.27), we find that the time evolution cf the mean vector is 

with the initial value 

V k(t) ) «b + o„[0) \, ro*(t; /?) / ' 

and the time evolution of the variances are 

and 

„ fr t - ,T ™ »na»>(t;/;)' m'uft)' 

(11.29) 

(11.30) 

(11.31) 

(11.32) 

(11.33) 

(11.34) 

Note that i>(O;/?)=<r„[0]. It is interesting to notice that at t=0 , the filtering operation 

changes the original variances <T„[8] and ap,ff) into 

"b + OqtftPi 

which is the harmonic mean of aa and uOT[/3], and 

J_ 
4(7 0 

(11.35) 

(11.36) 

When t—*oo, it is obvious that this state approaches the thermal equilibrium state, 

as discussed in the last section. 
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11.3 Thermal Squeezed Coherent State 

As another example of the non-factorizable initial state, we consider the thermal 

squeezed coherent state of the Brownian particle [40, 80]. Although it is a special case 

of the perturbed thermal state (11.1), because of the symplectic symmetry it is easier 

to first derive the time evolution of the total system, then perform the reduction to get 

the time evolution of the Brownian particle. 

Let us first briefly discuss the general multimode thermal squeezed coherent state 

constructed from the thermal state of the total system, which is defined as a quantum 

state corresponding to the density operator 

Unseats, (11.37) 

where 

UDS = D{zc)S{Q) (11.38) 

is the same operator for constructing the ordinary squeezed coherent state (1.37), with 

Q = g-iexp(m P )g*eSp(2iV,R). (11.39) 

In order to construct the thermal squeezed coherent state for the Brownian particle, 

we define the or.e-mode analogue of Q in (11.39) as 

* - * * ( * - ) • * - ( * H)« ( iL4o ) 

where 

C ; ) (n-4i) 

is a positive definite and symmetric symplectic matrix, hence the elements in Q0 satisfies 

a d - b c = l , and a, d > 0. (11.42) 

The inverse of Q0 follows as 

Q - ' = f d

c ~ b V (11.43) 
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The thermal squeezed coherent state for the Brownian particle can be defined as a 

special case of the general (11.37) with UDS only acting on the Brownian particle, i.e., 

with the UDS in (11.38) specified by 

zc = (Xc,0,kc,0), (11.44) 

and 

Q = Q 0 © l 2 © b © © l 2 = U + A , (11.45) 

where I2 and l 2 W are the 2x2 and 2iVx2JV unit matrices, respectively. We make a special 

arrangement of the elements in Q such that 

- * - ( : : ) • (11.46) 

hence 
/ a - 1 b \ 

We then define the matrix E via 

Q - = J T Q T J = W + E , (11.48) 

where 
/ d - 1 -b \ 

E = J T A T J ' ^ = ( - c a - J ' 
(11.49) 

After these preparations, we can begin to study the time evolution of the Brownian 

particle with respect to the thermal squeezed coherent state. Firstly, we use (3.12) to 

calculate the characteristic function of the multimode thermal squeezed coherent state 

(11.37) as follows: 

$,„;(*) = Tr]ftDS~gfCLb{-z)\ 

= Tr[gfUlsb(-z)UDS\ 

= Tr[efb(-zQT)]eXp{izUl}. (11.50) 

Comparing with (3.31), we find that this *j T O(z) has the initial mean vector z c and the 

initial covariance matrix 

Q- 1E,sQ- T = I2?'. (11.51) 
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Substituting (11.48) into (11.51), the latter becomes 

S f = Sp + X0ET + EE,} + EE^ET. (11.52) 

According to (4.37), the time evolution of the above covariance matrix is 

E?(t) = R(t)S /3RT(t) + R(t)S1sETRT(i)+R(i)ES^RT(j) + R(J)ES/3ETRT(t) 

= 2,3 + S^(t)ETRT(«) + R(«)ESJ(i) + R(t)ES / 3ETRT(t). (11.53) 

Now we can perform the reduction by extracting out of (11.53) the elements corre

sponding to the Brownian particle: 

l=?(*JI 

= P b l + !S/3(«)ETRT(t)Tl + |LR(«)ESJ(i)l + ORWHEfcFlTCtJII 

= ra+I&WI ILEUT wir + vrni m u^wr 
+ mm m PV.II P IIT wmT. ("-54) 

where we have used the property that the only four non-zero elements in E are those in 

p i . The explicit forms of <x„(t) and Cppty) for the Brownian particle follow as 

<r„(t) = -2cu(t)«(t;/3) + 2(d-l)mu(i)ti(t;/3) 

- 2(a - l)mu(t)i(t; /?) + 2bm?ii(t)i(f, /3) 

+ <7„&3]{l + [ ( d - l)mi(t) - cu(t)]'} 

+ CppCajf-bmifi) + ( a - l)a(t)] 2 , (11.55) 

and 

o„{t) = -2cra2u(4)i(t;/J) + 2(d-l)m 3u(«)u(i;/3) 

- 2 ( a - l)m3u(t)v(t-,p) + 2bm*u(t)v(t\0) 

+ ViqWlW ~ l)ro au(t) - cmi(t)Y 

+ <7H>[0){I + [-bm2u(J) + ( a - l)mu(i)] 2 }. (11.56) 
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To obtain the time evolution of the mean vector for the Brownian particle, we first 

substitute (11.44) into (4.36) and get the time evolution of the mean vector of the total 

system as 

z T(t) = R(t)(x c,0,* c,0) T, (11.57) 

hence the time evolution of the mean vector for the Brownian particle is 

Q - I R W I © ' (u-58) 

i.e., the mean vector follows the restricted phase flow. 

When t-*oo, it is easy to see that this state approaches the thermal equilibrium 

state. 

11.4 Displaced Thermal State 

Our last example of a non-factorizable initial state is the displaced thermal state 

[40, 45], which corresponds to the thermal state of the total system with the Brownian 

particle displaced from the original balanced position by an external constant force. 

The Hamiltonian which describes this initial state can be taken as a special case of the 

Hamiltonian in (6.6) of the form 

H'(t) = H-qfx8{-t), (11.59) 

where 3 is the model Hamiltonian defined in (6.1), fx > 0 is a constant force, and <?(—t) 
is the Heaviside unit step function. The physical picture for the system described by 

(11.59) is that the Brownian particle is displaced by an external constant force when 

t < 0, and accordingly each heat-bath oscillator is also displaced to a new balanced 

position. The external force is then switched off at the moment t = 0 + , so that the total 

system, which corresponds to the Hamiltonian (6.1), begins to evolve in time. 

In the following we shall study the time evolution of the Brownian particle with 

respect to this initial state. From Sees. 1.2.2 and 3.5, we know that this initial state is 

a special case of (11.37) with UDS = D{xe), hence it is also a perturbed thermal state. 

However, an easier way to solve this particular problem is as follows: 
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Firstly, we need to calculate the characteristic function of this initial state, which 

is the thermal state with respect to the Hamiltonian H'(t) in (11.59) for t < 0. From 

Sec. 3.5, we know that the covariance matrix of this initial state is the same as the model 

thermal state defined in Chap. 7, hence the only quantity we have to calculate is the 

new balanced position for the Hamiltonian (11.59) at t<0 , which corresponds to 21 in 

(3.35). This new balanced position is easy to determine by completing the square of the 

Hamiltonian (11.59) for t<0: 

'̂=£ + l ^ ( ' - i ) a + ?[2ft + T m ' ^ - ^ ] -2 l^ - <&"> 
Hence we see that the new balanced position, which minimizes (11.60), is (xi,0) with 

Xi being an JV-dimensional vector and each of its component being equal to / j / ( i» i^) . 

The physical meaning of this result is that the whole system is uniformly shifted by 

fx/fa*^) m configuration space, which is a trivial consequence for the independent-

oscillator model since all heat-bath oscillators are attached (and only attached) to the 

Brownian particle. 

Substituting z\ = (xi, 0) into (3.47), we get the characteristic function of the initial 

state as 

iM(z) = exp {—§-zJTE j 3j2T + tzJ(xi, O f } . (11.61) 

Since this displaced thermal state differs from the model thermal state (7.40) only by 

a mean vector, from (7.15) we know that the total covariance matrix is steady, hence 

the reduced 2x2 covariance matrix for the Brownian particle is still | [S^| . Therefore to 

determine the dynamics of the Brownian particle with respect to this initial state, we 

only have to calculate the time evolution of the mean vector. For t > 0, with the new 

balanced position (xi, 0) as the initial value, the expectation value of the position of the 

Brownian particle evolves according to (6.41): 

«W> = nm ( £ ) +X>M*) ( £ ) - (U.62) 

Instead of calculating the explicit form of the above expression, let us consider an aux
iliary system described by the Hamiltonian 

H'aux = H-qfx, (11.63) 
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which differs from (11.59) only by the external force fx being constant for all t. Therefore 

the position of the Brownian particle is stationary for this auxiliary system, i.e., 

W > °)>o u*= tf(0)U= •»*<*) ( ^ | ) + E « W ( * ) ( ^ g ) + fx fadru{r) 

(11.64) 

according to (6.41). Since {g(0))=(g(0))O U I, comparison of (11.62) and (11.64) gives 

(«*»-(«0)>-/,j[**-«(T) 

^ h ^ r ^ H - (n-65) 

It then follows that 

(p{t)) = -mfxu(t). (11.66) 

As i-»oo, according to (6.45) and (6.46): 

jy^=wr^rr (u-67) 

Substituting (11.67) intc (11.65), we find that {q(t)) approaches zero when t—too. Since 

u(t) decays to zero for t—>oo, so does (p(t))- Thus we conclude that when t—*oo, the 

mean vector of the Brownian particle vanishes, hence the state of the Brownian particle 

approaches the thermal equilibrium state. 
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Conclusion and Outlook 

The aim of this dissertation is not to propose a new theory for quantum harmonic 

Brownian motion, but rather to develop an innovative methodology with the most ap

propriate mathematical methods. I began this study by noting that almost all existent 

approaches involve complicated calculations due to the inevitable reduction operation, 

which is commonly performed by integrating over all heat-bath degrees of freedom. I 

then noticed that the reduction operation can be much simplified by using the char

acteristic function as the representative of the density operator. Accordingly, the time 

evolution of the Brownian particle is also much easier to calculate via the reduced char

acteristic function, and the modified phase-space approach is the most efficient approach 

for studying quantum harmonic Brownian motion. 

Of course, the characteristic function is not a new idea. I am neither the first one who 

noticed the simplicity of using the characteristic function for reduction [33, 43], nor the 

first who applied it to quantum harmonic Brownian motion [96]. However, I believe that 

the systematic study of quantum harmonic Brownian motion in a general environment 

via the characteristic function is original, and no one has previously claimed that (at 

least for this problem) the path-integral approach can be completely replaced by a more 

efficient phase-space approach. 

In my opinion, solving a problem involving reduction is an art of doing the mini

mum calculations. In this modified phase-space approach, the reduction operation is 

performed by a projection in the phase space, which guides us to calculate only those 

quantities necessary for describing the reduced system. The only inconvenience of this 

approach is that the characteristic function has no direct physical meaning. But we can 

easily transform it to the Wigner function whose physical meaning is obvious and clear. 
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In summary, the success of this modified phase-space approach to quantum harmonic 

Brownian motion relies upon the following three facts: 

(i) The model Hamiltonian is (inhomogeneously) quadratic hence the system is linear, 

therefore it is suitable for the phase-space approach. Moreover, this kind of Hamiltonian 

allows an exact aad explicit derivation of the fluctuation-dissipation theorem. 

(ii) The characteristic function is the most efficient representative of the density 

operator for performing the reduction operation. 

(iii) The analogy between the time-evolution operator and the canonical density op

erator allows the application of results from dynamical problems to the study of the 

thermal equilibrium state of the Brownian particle. 

Generally speaking, all problems of quantum harmonic Brownian motion can be 

solved with more efficiency using this modified phase-space approach. The following are 

some examples that I hive not been able to cover in this dissertation: 

(I) External classical force /*(*) linearly coupled to the momentum of the Brownian 

particle: This corresponds to adding a term 

m Jo 

to the model Hamiltonian (6.6). Doing this puts the position and momentum operators 

on the same footing in the model Hamiltonian. 

(H) Time evolution of the Wigner function and the coordinate representation of 

the Brownian particle: This can be obtained from the time evolution of the reduced 

characteristic function via the transformation formulas listed in Sec. 3.2. In particular, 

for factorizable initial states the exact propagators [10, 73] can be derived from (10.11). 

(in) Damping of quantum interference with the initial state being a superposition of 

two non-identical squeezed coherent states: This is a trivial generalization of the problem 

discussed in Sec. 10.4. 

(IV) System with a few coupled Brownian particles [16]: This corresponds to a 

reduced system with more than one degree of freedom. According to the formulations 

in Chap. 5, the modified phase-space approach can be straightforwardly generalized to 

deal with this kind of problem. 
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(V) Bree Brownian Motion [39,40,46]: This corresponds to the limit wa—»0 in quan

tum harmonic Brownian motion. Since the model Hamiltonian becomes non-negative 

definite in this limit, the corresponding v(t;/3) diverges in general. Therefore it is nec

essary to replace v(t; /?) by 

(y(t; ff) - v(0; /3)) + v{0; 0) = (v(t; /?) - <7„[fl) + <rggW 

before taking the limit w0-»0. It can be shown that only (v(t; f3)-0qq\0\), whvh is always 

finite, survives after the limit has been taken. To compare with the classical theories dis

cussed in Chap. 2, the quasi-probability distribution functions over configuration space 

and momentum space can be obtained, respectively, via 

P(x;t)= J dkW0(x,k;t), 
—oo 

and 

P{k;t)= JdxWc(x,k;t), 
—oo 

where Wo(z, k; t) is the reduced Wigner function of the Brownian particle. 

Although I have only discussed quantum harmonic Brownian motion in this disser

tation, the technique introduced here can be generalized to many other linear quantum 

open systems. In particular, the characteristic function is useful for any problems re

volving the reduction operation. In the following, I list four possible non-trivial gener

alizations of this modified phase-space approach: 

(I) Time-dependent quadratic potentials, where the characteristic frequency of the 

Brownian particle becomes time-dependent, and u$(t) is allowed to be zero or negative 

for certain time intervals (e.g., a particle periodically kicked by a Hooke force [17], a 

charged particle in the Paul trap [35, 72]): The calculations are similar to those in this 

dissertation, but the corresponding fundamental solution a(t) cannot be expressed in a 

closed form in general. It is believed that some approximations are necessary for this 

kind of problem. 

(II) Anharmonic potentials: The phase-space approaches rely on the model Hamil

tonian being (inhomogeneously) quadratic. If the Hamiltonian contains higher degree 
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terms [11,33,16], e.g., those in quantum tunneling or quantum coherence problems, then 

the time evolution of the Wigner function and the characteristic function cannot be ex

actly determined by the phase flow. As in the path-integral approach, a perturbation 

scheme is necessary for dealing with these kind of quantum systems. 

(HI) Finite-state systems: la contrast to the quantum harmonic oscillator which has 

infinite energy eigenstates, many quantum open systems can be approximated by finite-

state systems, e.g., the simplest two-state system [61]. Since these so-called spin-boa J 

Hamiltonians have no classical analogues, there is no corresponding classical phase space. 

Nevertheless, the technique of performing reduction via the characteristic function is still 

valid for these systems [43]. 

(IV) Fennionic heat baths [15]: The model discussed in this dissertation is, of course, 

a bosonic heat bath. It has been noticed recently that an infinite set of fennionic parti

cles can also serve as a heat bath model. It is thus an interesting problem to generalize 

this modified phase-space approach to include the fermionic degrees of freedom. A pos

sible way is to start with the supersymmetric Wigner function [1]. 

APOLOGY: Since Brownian motion, both classical and quantum-mechanical, has 

a long history and has been studied by innumerable authors, it is almost impossible 

to exhaust the literature on this subject. To conclude this discussion, I would like to 

make an apology to those authors whose works I have not been able to quote in this 

dissertation. 
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