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The Smoluchowski equation for diffusion through phase space is solved in terms of the eigen-
states of the relaxation operator equation. Formally exact expressions for single-particle aver-
ages, two-particle averages, the linear response, etc., are found. An Einstein relation is esta-
blished between the diffusion constant and the mobility that describes a displacement current.
This formal apparatus is able to be implemented if the eigenvalues and eigenstates of the relaxa-
tion operator equation are available. The many-particle wave functions that solve the relaxation
operator equation are found by employing a variational ansatz. The low-lying excited states of
the relaxation operator problem are able to be built up from the many-particle ground state and
from the single-particle states that describe the equilibrium statistical mechanics. A number of
problems are examined to illustrate the content of the formal solution to the Smoluchowski
equation and to provide a test of the adequacy of the variational ansatz. These problems are (a)
two single-particle problems (a particle in a harmonic potential and a particle in a sinusoidal po-
tential), (b) two exactly soluble problems, i.e., problems for which the relaxation operator equa-
tion can be solved exactly (a linear chain of harmonically coupled particles and this chain with
each particle in a harmonic external potential), and (c) the ¢* chain and the sine-Gordon chain.
Comparison of the exact solution and the variational solution to (b) shows the variational solu-
tion to give a good description of the low-lying excited states. For the latter two problems the
linear response, diffusion constant, dynamic structure factor, etc., are calculated. Particular at-
tention is given to the role of kinks in the dynamics of the ¢* chain and the sine-Gordon chain.
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I. INTRODUCTION

Over the past few years thére has been consider-
able interest in physical systems that have properties
which exist because of essential nonlinearities in the
fields with which they are described.!'? Often those
systems are mapped onto one of a small number of
nonlinear models, e.g., the sine-Gordon chain, the ¢*
chain, etc. As a consequence these models have re-
cently been the subject of intense investigation and a
great deal has been learned about their properties;
e.g., the Newtonian dynamics of the models has been
extensively explored®™ (i.e., the F = ma properties of
the system) as has the equilibrium statistical mechan-
ics.5712 However, relatively little is known about the
statistical dynamics of nonlinear systems except in a
weak coupling limit in which the statistical dynamics
is approximated by the Newtonian dynamics.’ 71316
The purpose of this paper is to describe a general
treatment of the statistical dynamics of nonlinear sys-
tems in the heavy damping limit. In this limit, the
opposite of the weak coupling limit, the Smolu-
chowski equation can be used to describe the motion
of the distribution function of the system through
configuration space.

In Sec. II the Smoluchowski equation is introduced
and solved formally in terms of the many-particle
eigenstates and eigenvalues of the relaxation opera-
tor. Formally correct expressions for the time evolu-
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tion of single-particle averages and of two-particle
averages are worked out. The linear response of a
system to an external field is related to the time evo-
lution of the displacement fluctuations; an Ein-

stein relation between the diffusion constant D and
the mobility u that measures the displacement
response is established. Then, since displacement
current is related to the probability current, a remark-
ably simple and useful expression for D results. The
usefulness of this formal apparatus is predicated on
the belief that solutions of the relaxation operator
equation are available. In Sec. III we solve the relax-
ation operator equation, a many-particle Schrédinger
equation, for the low-lying excited states using the
variational principle and an ansatz similar to the
"Feynman phonon" ansatz.!” In the circumstance in
which the equilibrium statistical mechanics is
described by a single-particle Schrodinger equation we
find that the many-particle excited states of the relax-
ation operator are built up from the many-particle
ground state and the solutions of a single-particle
Schrodinger equation. We specialize further discus-
sion to this circumstance (although it is not neces-
sary) and exhibit a variety of useful formulas for cal-
culating matrix elements between many-particle wave
functions, etc. In Sec. IV we describe the solution to
two single-particle problems; a particle in a harmonic
potential and a particle in a sinusoidal potential.

(The relaxation operator equations for these prob-
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lems are single-particle equations that can be solved
exactly; the variational ansatz is unnecessary.) We
show that the existence of an Einstein relation and
the probability current ~displacement current rela-
tionship permits one to achieve a result for D for the
latter problem that is identical to that found by Festa
and d’Agliano'®!° by careful examination of the for-
mally correct expression for D. In Sec. V we exam-
ine two many-particle problems for which the relaxa-
tion operator equation can be solved exactly. These
are a conventional harmonically coupled linear chain
and a harmonically coupled linear chain with each
particle in a harmonic external potential. We solve
the relaxation operator equation exactly and we solve
it using the variational ansatz. We compare the exact
eigenvalue spectrum of the relaxation operator with
that found using the variational ansatz and we also
calculate the diffusion constant using the exact eigen-
states and eigenvalues and the variational eigenstates
and eigenvalues. The results are identical. This
latter calculation serves two purposes; it illustrates
the delicacy of calculations of long-time behavior and
it shows that the variational ansatz yields behavior
for the low-lying excited states that is quite satisfacto-
ry. In Sec. VI we make application of the formal ap-
paratus for solving the Smoluchowski equation to two
nonlinear systems; the ¢* chain and the sine-Gordon
chain. For the ¢* chain we calculate the displace-
ment response to an external field and the dynamic
structure factor. In certain limits the results are the
same as those of Imada.?’ For the sine-Gordon chain
we calculate the dynamic structure factor and two re-
lated structure factors introduced by Schneider er al.?!
These structure factors probe the chain for the pres-
ence of kinks (solitons), phonons, and breathers.

We also calculate the diffusion constant by appeal to
the argument in Sec. II. We do not find the peculiar
long-time behavior found by Stoll er al.2 For both
the ¢* chain and the sine-Gordon chain we find the
kinks to play a dominant role in the w —0 dynamics.
Certain details that are used in the body of the paper
are briefly described in several Appendices.

II. SOLUTION TO THE SMOLUCHOWSKI EQUATION

In this section we solve the Smoluchowski equation
(SE) and we exhibit the formal expressions for the
quantities that we are interested in calculating, e.g.,
two-point correlation functions, linear response to an
external field, etc. We consider a system of N classi-
cal particles having coordinates u;, - - - uy =1, that
interact with one another and external fields through
the potential energy ¥V (u; - - - uy) = V(W) and that
are acted upon by viscous forces of suitable strength
that the evolution of the system through configura-
tion space is described by the Smoluchowski equa-
tion. The Smoluchowski equation for the configura-

tion space distribution function o (@) is

3o () _ e 8 | svem 8 (v (=
o DE ™ e o [e a()]

0))

where D is a diffusion constant. Equation (1) is
solved subject to the specification of the coordinates
uy -+ - uy at some initial time 1o (u{ - - - uf =0qy),
and any constraints that exists among the u; [e.g.,
periodicity like 8(uy —u;)]. The solution to this
equation is employed to calculate the average value
of A(uy - - - uy) =A(T) at time 1; i.e.,

(4= f v [ d8od @ o [@rlTon)P @) . @

where P (1) is the probability that the configuration
of the system at o is UWp. In Eq. (2) and sometimes
elsewhere we use a notation that denotes the initial
conditions that are involved in determining o.

To solve Eq. (1) we replace the equation for o by

one for & defined by!®?
o= 812G 3)
i.e., by
% _swye o)
ot
where
N az
S(W)=D 2 —-——2+U,-(iI) )
i=l u;
and
2
TN 14 4

The operator $() in Eq. (5), the "relaxation" opera-
tor, is Hermitian. It is convenient to seek solution to
Eq. (4) in terms of the solution to the auxiliary, re-
laxation operator problem

S(D)¥,(T) =5,¥,(T) . @)

For this problem the ground state is §o =0,

Wo(T) =expl—38V (D], (®,/¥,) =8,, [here we
use ®,(T) to denote ¥;(T)]* and the equilibrium
distribution function is ®¢(T) ¥o(TW). Upon expand-
ing () in terms of the ¥, (W) in Eq. (7), i.e.,

s[5 lm) = 3 e @O v@) | ®
we find &,(Uot) = &,(Up) exp(—s,t), (here we use a

notation that shows that the amplitudes &, depend
on the initial conditions Up; from this point onward
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we take the fiducial time o to be zero). At t=1y=0
we have o (70|T0) = ®o(T) & (T0 |Tp0) = 8(T —Tp)
and & (W0|g0) = 3,, 7,(T0) ¥, () or

a,(T00) =, (W) Py (Uy). Thus, we have

&(True0) =3 ::0((;)\ ®,(T)V,(@e ™ . (9)
v o\ Yo

Averages: Upon using Eq. (9) in Eq. (2) we find
(A) =3, (@l 4| ¥,) (@,|05'P)e ™ . (10)

v

where (@,14|%,) = [ dT0, (D4 (@ ¥,(D isa
many-particle matrix element. If we set P(Tp) equal
to the equilibrium distribution function
By (o) ¥o(Ty), then (A4,) = (®o|A4|¥,) and is in-
dependent of time.

We define the 4B correlation function to be

(A.Bo) = [ a7 [ a4 (@) o (51 [,0) B (Ty) Po(To) .

an

where Po(Ty) =exp[—B8V (W) 1 = ®o(Ty) ¥o(Ty) is
the equilibrium function. Using Eq. (9) we have

(A,Bo) =3, (®ol4|W,) (d,|B|Woye ™ . (12)

This equation involves the calculation of quantities
typical of those we will discuss in succeeding sections.
For example we will discuss the diffusion constant

D o« (d/dt) (u,ug). From Eq. (12) we see that to
learn the behavior of the 4B correlation function we
need to learn both the eigenvalues and the eigenfunc-
tions of 8, Eq. (7). We also see that the long-time
behavior of the 4B correlation function depends on
the qualitative nature of the eigenvalue spectrum of
8. If s, has a gap as v —0, then?’

(A,Bo) ~ (Dol A |Wo) (Po| B|Wo) = ({(4)) ((B)) .

13)
where ((F)) is the equilibrium average of F (1),
(Fyy= [ aze"F @)/ [ e at = (00| F| o)
(14)

(Let us pause briefly to call attention to notation; we
use { - - - ) to denote averages calculated with o
and we use (( - - - )) to denote equilibrium aver-
ages.) If S, is dense as v —0 the long-time behavior
of the AB correlation function can be quite complex.

‘ET“ (A)) ~ ({4)) =fd’u‘exp(—B V) exp

See, for example, Sec. V or Ref. 18.

Linear response: Suppose we disturb the system of
particles discussed above by adding the external po-
tential

N
AV =+ 3 u;F(1) 15)
i=1
to V(1 - - - N). Then, returning to Egs. (1) and (3)
we find to linear order in F,
85 . _BD I %
—=—8—— Y — [PV F . 1
o1 G o, 2 614;[ oWoF ()] (16)

Upon expanding & in the complete set of states gen-
erated by S we have

&(G’l|u00) _ 2 (bo(ll)
v ] UO)

®,(T) ¥, (D)e

+BD 3, ¥.(@) 3 (@) ayl\vo)r O

v#0
an

where
t
F=fare

Here we have used o (U1|T0) =8(T—1Tp); the re-
striction » # 0 in the second term is not really neces-
sary since (®o|dV/du;|W,), the average force on par-
ticle 7 in equilibrium, is zero. The response of 4 (W)
to the perturbation in Eq. (15) is

-5, (1=t")

F(r') . (18)

(4)) = [ at [ avo 4 @ o @70 Po(T) | (19)

where Py(Uy) is the equilibrium distribution function.
For A4 (@) such that (®o|4 |¥,) =0, we have

(4,) = +B’D2(¢0|A|‘lf)(d>|2 I\PO)F(r) )

(20)

Consider the special case F (1) = Fg®(r). Then,

-5t
F, (1) =Fo(1—e ¥)/s, and as t — +oo we have (we
assume we need not worry about $,¢as v —0)

(<b IE l‘l'o)

Q@1

On the other hand for the perturbation in Eq. (15) as
t — +oo the system approaches a new equilibrium ap-
propriate to V(1 - - - N) + 3~ u,F, (We deal here
with systems for which the perturbation does not lead
to a current, e.g., the ¢* system.) Thus we expect

(4:) ’”+BZDF02 (DolA |, )

~BF3, u,-]A / dTexp(—BV) . @2)



21 DYNAMICS OF NONLINEAR SYSTEMS: THE HEAVY DAMPING . . . 4487

Linearizing the right-hand side in F and using
Do (T) = ¥o(T) —exp[—%ﬁ V(W)] leads to

lim (4,) ~ ((4))
t— +oo

=BFo 3, (Dol |¥,) (D, 2“:1‘%) . 23
Comparison of Egs. (21) and (23) leads to the identi-
ty

|4
3, (@olu| ¥,) =D (2ol 2 |¥,) . 24)
This identity can be proved directly from manipula-
tion of the Smoluchowski equation; it is independent
of the special conditions that led to Eqs. (21) and
(23).

Einstein relation: We take the definition of the dif-
fusion constant to be!®

D = lim —2((X, Xo)2)=-—hm -—(X,Xo)

(25)

where X =N~} 2,. u;, the center of mass. Upon using
Eq. (12), we have

D=~ lim 3 (®o|X|¥,) (®,|X[¥o)s,e ™ . (26)

We take the definition of the mobility to be

. d (X))
I ,]—'.T.. a Fo 27

where (X,) is calculated as the linear displacement
response to the external field +3, u;Fo®(r). Using
Eq. (20) we have

1
(X;) =B*DF, 3, (¢0|X|‘l’v)s—

L

x(d»lz |\l’o)(l—e Yy L (28)

Thus

. V -
p= lim B?DFy 3, (%ol X|¥,) (®,] 2%;“,0)9 5,0

(29)
Employing the identity in Eq. (24) we can write
p=B lim 3 (Bl X|¥,) (®,|X|¥o)s,e ™
= +oo »
or
w=gD , (30)

the Einstein relation.
The current we have used to define the mobility in
Eq. (27) is the displacement current uFy,

(u;) ~ uFot. This definition is unconventional but
necessary. In the Smoluchowski equation picture a
current related to a property of the velocity would not
make sense.

The displacement current defined by Eq. (27) can
be related to the probability current associated with
the Smoluchowski equation. Upon integrating Eq.

(1) over u, + - - uy we have
60’(”1)
D*——-J
a' ou Uy (u1)
where

Ju)=faz - an

e"’uﬁ-—(e‘wo)] 1)
1

is the probability current and U(1 - - - N)

=V -+ N)+3,uFo In steady state the
probability current is a constant, J(u;) = W, that
can be found by very simple means.®2 We expect
the steady-state displacement current wFy to be
directly proportional to the steady-state probability
current. Then, from the Einstein relation in Eq.
(30), we can relate the diffusion constant to the
steady-state probability current. This relationship is
of great computational utility. The diffusion constant
can be very hard to calculate directly,'® whereas, the
probability current is easily calculated directly;

W —u—D.

III. SOLUTION TO THE RELAXATION OPERATOR
PROBLEM

It is clear from the formal manipulation in Sec. III
that a premium is placed on solution to the relaxation
operator equation, Eq. (7). Here we describe an ap-
proximate treatment of the relaxation opérator equa-
tion; we find the eigenvalues, the eigenfunctions, and
we exhibit formulas for the matrix elements that are
useful in carrying out calculations. An essential
feature of our method of solution of the S equation,
Eq. (7), is the use of the complete set of single-
particle states generated by the transfer integral solu-
tion to the equilibrium statistical mechanics (this
method of treating the equilibrium statistical mechan-
ics is outlined in Appendix A).

We rewrite Eq. (7) in the form that suggests a
many particle Schrodinger equation; i.e.,

__.__ M- N
'gl 2m6 +0,(1 - )] o )

=E¥,(1---N), (32)

where U;=#2U;/2m and E,=k%s,/2mD. We seek to
solve this equation. Certainly depending upon the
details of a particular problem a wide variety of
methods may have application to solution to Eq.
(32). In this paper we are primarily concerned with
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systems in which the particles are strongly coupled so
that particle-particle interactions cannot be treated as
a perturbation. Further we are interested in
phenomena like diffusion in which the long-time
behavior of the system is examined. From Eq. (26)
we see that this means that the low-lying excited
states of Eq. (32) are important. Thus we want to
focus on methods of solving Eq. (32) that give reli-
able information on the low-lying excited states of a
strongly coupled system. Since, we are fortunate to
have the ground-state solution to Eq. (32) and all of
the n-particle correlation functions for the ground
state available from the transfer integral solution to
the equilibrium statistical mechanics, Appendix A, it
is natural to seek the low-lying excited states in the
form

N
V(- N =C I F(u)¥( - N) , (33)
iml
where C is a constant to be adjusted to normalize ¥
and F;(u;) = F;(i) is a single-particle function that
depends upon u; and possibly upon the index / that
locates a particle along the chain.?® This latter depen-
dence is present in principle because the particles are
not free to move in any way relative to one another
but rather are ordered along the chain. We denote
the Hamiltonian in Eq. (32) by H, H Vo= EyW¥,,
Eo¢=0. The procedure is to calculate the expectation
value of H using ¥, from Eq. (33) and to vary the
result with respect to the funetional form of F;(u;).
For the expectation value of H, we have
(E=(V|H|W¥)/(¥/¥)),

2 IZfP(I)(’)VFi'(Ui)VF,-(u,-)d/
E=brmom .
[Efpu)(’-/)l:t.(l‘,)l:j(u’;) di dj
i

34)

where p'"(4,) and p® (u,u;) are the single-particle
and pair densities for the ground state (see Appendix
A). Varying E with respect to F;(4;) leads to the
equation of motion

2
—?ﬁ;l‘vi[pm(i)vﬂ(i)]—kjzfp(z)(lj)ﬁ(j)dj=0 .

(35)

This equation is simplified upon making the substitu-
tion

G(u) =LpW(D1V2F(u) 36)
Eq. (35) becomes
_R £ Gl & e
2m du? Gi(u;) + 2m [p™M () 1172 au,2[" (up)]

()¢ ;5
i p P (i)
=A§fd/ [p“)(i)P“)(j)]]/Z G,(uj) . (37)

Let us assume that the single-particle density p‘"
can be derived from a Schrodinger equation; i.e.,
hoCu) == 2 )+ W ) o)
) E-T— i)+ i i
Yolu 2m 2 Yolu; ui)Polu

=eopoly;) (38)
where [p"V ()12 =yo(u;). Then, Eq. (37) becomes

_ K ¥ NS
2m ou? + W(u,)]G,(u,)

—eoGiu) A 3, [ di Ko(iDG(H) . (39)
J

where Ko(ij)) =pP(i)/[pV (D pV (/)12 a known
function. We can solve this equation analytically if
the transfer integral problem associated with determi-
nation of the equilibrium statistical mechanics can be
reduced to a Schrodinger equation. To head in this
direction we expand G;(u;) in terms of the complete
set of states generated by the transfer integral prob-
lem

Gi(u) =" 3 g,u,(u) (40)

where 6, is a phase that depends upon the location of
particle / along the chain. We have

S (ulhlv)g, = eogs =2 S e ™" (ul Ko v,
v J
(1)

The right-hand side of this equation is greatly simpli-
fied upon using the expressions for p‘! and p?®
given in Appendix A:

[p(l)(U)]l/2=lllo(u) , 42)
p P (uuy) = 3, dolu) o (u) b, (1) ol uy)
xexpl—|i;|B(e,— €)1 .

where ;= n;— n; (n;,n; locate particles i,j along the
chain). We have

(ulKo(iD vy =3, [ di dj (Vo (DN, ()
x expl—|ly|B(e, — €)1

=8y.,v ECXP['—|/_U|B(E.,_€0)] 5 (43)

i.e., the right-hand side of Eq. (41) is diagonal in v.
We have

S (ulhlvyg,=leo—rT,(8)]g, . (44)
v
where
o =|11Be,~¢y) sinhx
9) = ol Oy 45
T.(0) ;e ¢ coshx, —cos@ @)
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x,=pB(e, — €) and we have assumed the phase 6; to
be of the form ¢, =n;0. It is very common in the
treatment of transfer integral problems to work in the
limit that the transfer integral can be reduced to a
Schrodinger equation, i.e., the complete set of states
that gives the equilibrium statistical mechanics is gen-
erated from hy, =¢€,¢,, Eq. (38). From this point
onward we specialize our treatment to this case.
When the transfer integral equation is reduced to an
equation like Eq. (38) we refer to this reduction as
the Schrédinger equation approximation (SEA). Us-
ing SEA, Eq. (44) becomes diagonal and we have

E(q)=)\,(q)=(e,—e9)/T,(q) . (46)

These energy eigenvalues depend upon the phase fac-
tor 8 =gqa (a is a length that describes positions along
the chain) and the index v which specifies the single-
particle excitation level. The many-body wave func-
tion appropriate to E,(q) is

Vo, (1 N)=Co, 3" w, (1) o)™
XWo(1 --- N) , (4D

where C,,({[NZT,(¢)1'*}~" and Z is the partition
function for the equilibrium problem (see Appendix
B where the normalization and other properties of
the many-particle wave functions are worked out).
The constant Cg, in this equation is chosen such that

(@, - N |, (1 - - N)) =38 5, .(48)

From Sec. II we see that the quantities of interest
typically involve matrix elements between the many-
particle ground state and the excited states, e.g.,
(A4,B) involves (®o|A4|¥,). For 4(@) =3},
x A (u;), we have

(Dol 4 (W) |Wy,) =8,0C,  NZT, (@) Ao, ., (49)

where
Ao.,=fdu do(u) Ay, (u) (50)

is a single-particle matrix element involving the
single-particle states of the transfer integral (TI)
problem. It is the enormous simplification offered by
the reduction of many-particle matrix elements to
single-particle matrix elements, illustrated by Eq.
(49), that makes the ansatz of Eq. (33) particularly
useful. We note that matrix elements of 4 () that
involve the ground state, like the matrix element in
Eq. (49), do not require the phase factor in the
specification of the excited state; i.e., they always in-
volve 8,0. For the matrix elements of a quantity that
depends upon phase, e.g., 3, exp(—ig'an;) 4 (u;)
=4, (T) or 4,, we have

(o] 44 (W) | W,.0) = 8, ,CarNZT (@) Ao, . (51)

Finally, using the results above for many-particle
matrix elements we are able to write the 4B correla-
tion function in a way which involves knowing only
the properties of the single-particle transfer integral
problem

(AgiB_y ) =8, 3T (@) Ao,Be ** ,  (52)

where s,,, =2mDE ,(q) /K.

Below when we discuss the S (g, w), the diffusion
constant, we will make use of many of the results
displayed here.

IV. SINGLE-PARTICLE PROBLEMS

Here we describe the solution to two single-particle
problems using the formalism developed in Secs. 11
and III. The purpose of this section is to illustrate
with simple examples some of the manipulations that
are helpful in calculations of the type under discus-
sion.

Example 1: a single-particle in the external poten-
tial %I‘uz. The equilibrium statistical mechanics is
simple and does not require the use of TI methods.
Equation (7) or (32) takes the form

—(B/2m) g, + 5 Vouly,=E ¥, | (53)

where Vo= (‘7/91“)%2/m, E,=¢,+(BTk?)/2m), and
s,=2me,D/k%. The eigenstates of Eq. (53) are the
harmonic oscillator states, E,= (v + 17),‘. wy,

o= Vy/m so that

s$,=vpll, v=0,1,2, ... . (54)

The relaxation operator spectrum is discrete, $9=0,
$;=pI'D, 8,=28TD, . ... For the displacement-
displacement correlation function we have

(ug) =3 (0lulv) (v|u]0)e ™™

=1(0|u|1)|?exp(—BT'Drt) , (55)

where the second line follows-upon using the proper-
ties of harmonic oscillator matrix elements. Using
the ground state and first excited state from Eq. (53)
leads to

(uug) =(kgT/T) exp(—BI'Dt) . (56)

As t — 400, (u,ug) —0, since the excitation spec-
trum in Eq. (49) has a gap above the ground state,
8, —8o=pID.

Example 2: a single particle in the external poten-
tial —Vocosd. Equation (7) or (32) takes the form

_ 2 dy,

2 e +0(0) g, =Ep , (57
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with
U(8) = (#¥/2m)[(5BVo)?sin’0 — 3 BVocosf]  (58)

and E,=(#*/2m)s,. The quantum-mechanical prob-
lem set by Egs. (57) and (58) is difficult. However,
at low temperature U(6) may be approximated by
the first term in Eq. (58) and Eq. (57) becomes

d*y,

d6?
a form of the Mathieu equation. The solutions to the
Mathieu equation are in Floquet form and a band-
structure results. As 7 —0 the lowest band has a
width related to tunneling through the barrier,%%°
(%B Vo)?2, between the potential minima at 0, ,
2w, . .., the eigenfunctions are tight-binding wave
functions, £o—0 and a continuum of states occurs
above E,.

For the displacement-displacement correlation
function involved in calculation of the diffusion con-
stant we have

+ 3BV 1 —cos20)0,= 20, . (59)

5

(8:80) = 3, 016l vn ) (vn|6l0Ye ™" (60)

where 7 is a band index and v is a wave vector. Cer-
tainly as t — +oo the n sum in Eq.(60) is dominated
by the lowest band, n =0. As v —0 8y, <% Itis
clear that a very delicate balance in the assessment of
the v dependence in Eq. (60) is involved in determi-
nation of the t — +oo behavior of (u,u¢) and in cal-
culating the diffusion constant. Festa and d’Angliano
have carefully examined this problem and have calcu-
lated the diffusion constant. They find

T=tGr )/f o 61

where p(8) = ¢(0)yo(8) is normed to 1 over 27
and we have written Dy=1/7, for the case of diffu-
sion through angle. On the other hand employing
the procedure for calculating the steady-state proba-
bility current, illustrated in the treatment of the
sine-Gordon chain,®?¢ one finds the probability
current to be

2

=2aW =Q2w)?BF f _—
uFo=2m (2m)?BFo/7o 0 (0)
Thus by direct computation the relation between the
diffusion constant D, and the steady-state probability

=BDF, . (62)

current W described at the end of Sec. III is confirmed.

V. EXACTLY SOLUBLE MANY-PARTICLE
PROBLEMS

A. Linear chain

The linear chain of harmonically coupled particles
is described by

N
va - N) =3 5T —u)? . (63)

i=1

From Eq. (32) the relaxation operator equation ap-
propriate to this system is

N 2
3= _aaT BT+ ¢ BT3(2u; — iy — ) [
i=] i
sv
=3qu ) (64)

The eigenstates to this equation are the phonon
states that are built up from the ground state

W,(1 - N)=lny - ny)

(a1 ... t
=(a) (a,

'O ™we) . (65)

where ¥, is the well-known correlated Gaussian
ground state and at least one of the n; must be
nonzero; the eigenvalues are

$=0 , (66)

$,=28TD zsinzﬂzﬂn,, , (67)
q

where v denotes the set of occupation numbers
{n, -+ ny). Let us use these states to calculate
S(k;). We have

1 NY iku,
Sk = 3 (")) 68)

jm] jo

which upon using Eq. (52) becomes

:ku

S(k,r)=—llgz(<b0|e Nw,) (@,le | wo)e ™
if

69

Instead of proceeding to evaluate this expression as it
stands we use the well-known operator identity?’ for
combining the exponentials to write

iku, i ik ( ) [y, .
((eku’),(e kuj)0> _ <ek U~ )ek lu;, uj’ollz . (10)
Then, using standard methods we find
iku, k? D
i / - RASEE.. 4
(e ), (e )o) =exp TN
i _e—iq(l)reiq(ki-—k )
x3 o) ,
q $q
where s, (D is the value of s for a one-phonon excita-

tion into state g; s,,‘”=2ﬂl";D sinz(%qa) and R, =n;a
locates particle / at site »; along the chain. Interest-
ingly, we find that we need only the one-phonon
states to carry through the calculation exactly. Equa-
tions (69) and (71) may be manipulated to yield the
following result:

Stk =73S.(k1) ,
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where
S, (kt)—exp[——zﬁ—r][ +f e~*I,(x) dx| ,
(72)
with
_1 1 —cosnv .
f [ 1 —cosv ’ (73)

1, is the modified Bessel function, W, is the Debye-
Waller factor for particles separated by n, n =|n;
—ny| and 15! =BT,;D. As t = +oo the integrand in
large parentheses approaches x~'/2 and — +oo,
S,(k,t) —0.

Let us use the phonon states to calculate the rate
of diffusion of the center of mass

X(@)= u» )

|Mz

1
N
We have

Dy=14 lim 4 (Lx(@ - x@al?)

= lim LU(X@3) — (X (@)X (@)0o)] . (78)
t— +oo df

Using the phonon states from above and the results
in Sec. III we have"
s,

iq(R; R)]—e q
Dy= lim dt ~ 222 - (19

(As above we find that only the one-phonon states
are involved.) The sum on i and j yields N2 3 ;

x 8,6, where G is a reciprocal-lattice vector. Thus,
since ¢ is confined to the first Brillouin zone, then

d Dt
Dy L2
ll—l'Teo dt N

or
=D/N . (76)

In this expression for D, and that for S (k,t) above,
we have two exact results because we are able to ex-
actly solve the Smoluchowski equation. It will be
useful to compare these exact results to those ob-
tained using the product ansatz for the many-particle
wave function. To this end let us calculate Dy using
¥, and s, from Sec. III.

The equilibrium statistical mechanics. of the linear
harmonically coupled chain involves plane wave
eigenstate, yx(u) «exp(iKu) and free-particle
eigenvalues, Bex = K?/28T; see Appendix C. Thus,
for the many-body wave functions we have

‘]’q,[((l e N)*Cq’( zeiq"i ‘I’K(ui)\vo(l .-« N) ,

an

where ¥o(1 - - - N) is the correlated Gaussian
ground-staie wave function and Cox =[NZTx(q)]1'2.

The relaxation operator eigenvalue appropriate to the
many-body wave function is, Eq. (46)

coshxx —cosqa

78
sinhxx/xx (78)

Sq.x =BI2D

where xx = K%/28T,. We note that as K —0, s, x ap-
proaches sq(' , the exact one-phonon relaxation opera-
tor eigenvalue, from above as the variational princi-
ple requires. To calculate the diffusion constant for
the center of mass we use Eq. (74) [see also Eq.
(25)] for Dy and we use the formulas in Sec. III for
the many-particle matrix elements, e.g.,

3 (Dol ui| Wok ) =84,0Cox NZT(0) (Olu|K) , (79)
and we find

1 _d__l_ _ st
Dy Jim d’N%TK(O)(OlulK)(KluIO)(I e ),

(80)

where 89 x =28T,Dxg tanh(-;-x,() and Tx(0)!
-tanh(%xx). This equation can be rearranged to
yield
_ . %0k’

Dy=D lim L 3 K2(0|u|K) (K|ul0)L=e ")

—e dt g 80,

81)

To perform the K sum we use

KOlulK)=—i fdu ¢o(u)u‘%w,((u)

=i(0|K)=idko=K(K|ul0)* (82)
to obtain
Dy=D/N . (83)

This result for D is the same as that found above,
Eq. (76), using the exact eigenstates. We see that
this is in part due to the fact that D involves the

g —0 and K —0 limit of ;5. The variational.ansatz
seems to give this limit correctly. On the other hand
the manipulations displayed above expose the delica-
cy of the limit that yields the correct large ¢ behavior
[see in particular Eq. (82)]. It is concern for han-
dling these manipulations (and for the consequences
of an approximate s,) that leads us to prefer to get at
D from the probability current —Einstein relation
route described in Sec. II.

B. Linear chain in an external field

The linear chain of harmonically coupled particles
in an external field is described by

N
V(i --- N)= 2[%r2(ui+l-ui)2+%l‘|u,-2]
=1 (84)
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Because of the harmonic single-particle potential
%I’,u2 the relaxation operator eigenvalue problem
has a gap between the ground state and the first ex-
cited state. Thus (X,X,) decays to zero as t — +oo
and there is no diffusion constant, S(k,t) —S(k,
+o00), a nonzero value, as t — +oo, etc.

VI. NONLINEAR SYSTEMS

Here we describe the results of application of the
formalism developed in Secs. II and III to two non-
linear systems: (A) the ¢* chain and (B) the sine-
Gordon chain.

A. The ¢* chain

The ¢* system is described by the potential energy’

N N
V(l cotr N) = 2 V4(ll,‘) + E%FZ(u,-H —11;)2 N
i=1 i=1
(85)
with
V,,(u,-)=—%|A|u,<2+%Bu,~4 . (86)
Both the statistical mechanics and the dynamics of
this sytem have been extensively studied. In the
SEA [see the remark above Eq. (46)] the statistical
mechanics is described in terms of the solutions to

__1 a
28T du?

=V o, =€, . 87)

At low temperatures the statistical mechanics is dom-

inated by the first few low-lying states from Eq. (87).

These are the tunnel-split ground state (o4, Yo-,

0 < Ey-— Epy << E\+— E¢4) and the low-lying tun-

nel-split excited states (Yn+, Yp—,

0<E,_—E,s << Ep41.+— Eq+); see Appendix C.
The displacement response of the ¢* system to a

perturbing field

- S uF®() (88)
is given by Eq. (20),

() =BDZL 3 (@l Sl ¥,)

-5t

14 l1—e ¥
27 ¢ . (89
(@) 3 A= 60

v

Using Eq. (24) this becomes

() =872 33 (@olul w,)

/7

X (®,|u;| o) (1= ™) . (90)

Then, using the results from Sec. 11 for many-body
particle matrix elements we have

(uy =BFo 3, T,(0)(Olulv) (v|u|0)(1—e"

5

Yy . 91)

At low temperature we expect this response to be
dominated by the matrix elements to the first few ex-
cited states.

For this system S (k,1) is given by Eqgs. (68), (69),
and (49);

Sk =N 3 T,(0) (0]e™|v) (v]e=*|0)e ™" .
92)

The ground state and first excited state, o=y and
Y1=y_, are y+=1[0g(u) £6,(u)1/V2 and
(0]e™|1) =i (0|sinku|1) =i sinkuo. Thus,

S(k,1) = N sin?kugT,(0)e V', (93)

with §; =2BF2D(€] - 60)/T1(0) and

T,(0)! =tanh[%B(sl —€9)]. The energy difference
B(e; —€;) is related to the tunnel splitting in the
equilibrium problem which we take to give the
number of thermally activated kinks. We define

HK=B(E|“€0) . (94)
Then,

1

S(k,!) =N sinzkuo——f——
tanh (5 ng)

x exp(—=2T",Dng) [tanh(%nk e . (95)

As T —0, ng —0 and we have

-I,Dn?

K g (96)
The behavior of S(k,r) is dominated by kinks; S (k¢)
decays very slowly in time and its amplitude increases
as ng'. Results similar to these have been achieved
by Imada.? The static structure factor is

S(k)=N 3 7,00) (0le™|v) (vle~™[0) . (97)

S (k,) = 2N sin*kuge

We note that S (k,1) and S (k) defined here have spa-
tial structure that depends only upon the behavior of
a single particle; the matrix elements that give the k
dependence in Eq. (92) are between single-particle
states. Certainly these single-particle states contain
information about the coupling and the correlated
motion of particles along the chain.

Consider the response of the ¢* system to an alter-
nating external field that couples with a different
phase to each particle, i.e.,

-3 eim"u,»Foe-im i (98)
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where n; locates a particle along the chain. Then, for
the ¢ — w Fourier component of the displacment
response, we have

(u(qw))=BF 3, 3 e
[/

iqa(nl.

TP (@olu,| ) (@, 1] Wo)

e—imt — e_sv'

X —g:-_‘i—w—s,, . 99)
[Once again we have made use of Eq. (24).] Using
the matrix elements from Sec. III we have

(u(g,®),) =BFy 3, T,(q) (Oluln)(n|ul0)

. -8 t
—iwt _ qn
x£&——¢ s, . (100)
Sgn—iw
At long times we may write this expression as

(ulqg, ),)
BFoug
where the in-phase component of the response is

_ (Oluln) (n]ul0) Tu(a)sd
ué qu,,+w2

=3 (4,(q0) +iB,(qw)] , (101)

An(q, @) , (102)

and the out-of-phase component of the response is

- (0|u|")("|u|0) Tn(q)sqnw

B,(q, »)
nd ug SE+

. (103)

At low temperature 4 (¢, w) and B(gq, ) are dom-
inated by the n =1 contribution; we have {(0|u|1)
= Uy,

A(q, ) =ng 1/ (ST +yD) (104)
and

B(q w)y=nxy/( ST +y) , (105)
where y = w/wp, wp=2T,D, and

coshng —cosqa

SinhnK/nK (106)

.f](q,”K) =

In Fig. 1 we plot f), the halfwidth or inverse height
of A(qw), as a function of ga. Both 4 and B are
very narrow as 7 —0 and ng —0. Of course the
response implied by Eqs. (104) and (105) is the
Lorentzian response of a damped system.

In writing Eqs. (104) and (105) we have neglected
excitation to the higher excited states. Again, at low
temperatures excitation to the third excited state y;—
involves matrix elements of order ug but in this case
the energy difference is of order 1. The resulting
contribution to (¥ (gw),) has almost no structure as
a function of ga. The amplitude 4,(q,0) is of order
1 compared to 4,(q,0) = ng'.

Just as we defined the response to an external field
that has different phase at each site we can define a

1.0 0.5 o]
T I
/ cos qa
1072 —
Enc=l07 .
f
f o 107% |- —
> n2 +(ga)?
k| .
L > 2
6 l— "k = 1073
107° - —
(a)
o0 L (o) |
qa = 0.045
107 .
f,
1072 |- -
1073 ! | | 1 | 1
1.0
XeT
Es

FIG. 1. Linewidth as a function of ga and 7. The width
of S(g, w), f| given by Eq. (106), depends upon tempera-
ture through ng =exp(—BEg) and wave vector ga. As
T —0, ng —0, and f| —0 for ga < ng: the linewidth is a
strong function of ga as shown in the inset. For ga >> ng
the line shape is only a mild function of ¢ga. At fixed but

small ga the linewidth is a strong function of T as shown in (b).

dynamic structure factor with a similar phase depen-
dence

NN iqa(n.~n,) iku, —iku
33 e (e )Y 5 (107)

1
S(gkit) =—
N &S

we have

S(gkin) =N 3 T,(q) (Ole™|n ) (n|e~ |0y e "o’

(108)
and
. = iku —iku A__
S(gk;w) ;(0|e |n)Y(n|e=*|0) T,(q) o +52
(109)

We write Eq. (109) in the form

i(—‘171\(]4-“i=ES,,(qk;m) . (110)
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Then for S; we have
Si(kq;w) =|(0]e™[1)[2(ng/wp) (fE +yD)" . (11D

where
coshng —cosqa

./] T

sinhng/ng
Eq. (106). The form factor | (0|e**|1)|? measures
the structure of the single-particle state at wave vec-
tor k. At low temperature | (0|e®¥|1)|2=sin%ku,
and®

Sl(qk, w) ':"-—SiI'lz(kHo)('1[(/(1)1))(fl2 +y2)_‘

=sin?(kug) B:(q, w)/w . (112)

B. The sine-Gordon chain

The sine-Gordon (SG) chain is described by the
potential energy

N N
V- N) =3 Vso(8) + 3 3 Ex(8,51—0))?
i1 i=]
113)
with ¢
VsG(8) =—E cosb . (114)

Both the statistical mechanics and the dynamics of
this sytem have been extensively studied.®° In the
SEA the statistical mechanics is described in terms of
the solution to the Mathieu equation; i.e.,

1 d?

- — (115)
2BE, d?

—E\cosb|y, =€, .

At low temperatures the statistical mechanics is dom-
inated by the states in the first few bands of Eq.
(115); the width of the first band goes to zero as
exp(—BEy) as T —0 and the spacing between bands
goes to zero as T, see Appendix C. Unlike the ¢*
system, the response of the SG system to an external
field like that in Eq. (88) is the flow of current. This
current response has been extensively studied. [See
Refs. 8(c) and 26.] We return to it below. Let us
begin by looking at the dynamic structure factor.
Proceeding as above, we find

S(gk;w) =N 2 (0|e™®v) (v]e™®|0)

ﬁ(év—é) 1
8 : Sfo+y?

where f, = (coshx, —cosqa }/(sinhx,/x,), wp=2T,D,
and x,=B(€,—€). Let us at the same time consider
two other probes of the behavior of the system, the
sine and cosine dynamics structure factors defined by
Schneider, Stoll, and Bishop?'-?

. (116)

@®p

N N iga(n.—n
scc(q;:)=LN 33 ™" (cosh,) (cosh)e) (117)
im] jm]

GUYER 21
and
1 NN iga(n.—n) .
Sss(a;0) =+ 3 3e 7 7 {((sing;),(sing;)o) .
im] jeml
(118)
For these dynamic structure factors we have
Scclg, @) =N 3, (0]cos8|v) (v|cos8|0)
Ble,—€) 1
x 119
wp fE+y? (119
and
Sss(g, @) =N 3, (0[sin6|v) (v|sin6|0)
(Blome) 1 (120)

wp SE+y?

The three dynamic structure factors above have strik-
ing similarity. They differ only because of differ-
ences that occur in the matrix elements which deter-
mine the modes to which the probe couples. At low
temperatures tight-binding wave functions can be
used and we find (here n denotes the band index
and v is the wave vector)

(0|eik'|nv)=8k,,8,,,0 » (1213)
(0lsin@|nv) =8,,82 o(kgT/E4)'? | (121b)
and
(O|cos8|nv) =8,18,022ksT/E4 . (121¢)
Thus
S(gkiw) _ Blewk — €q) 1
2 = s 122
N wp S +y? (122)
Sss(g;w) =4kBT B(e10— €np) 21 L a23)
N Eg wp Sfio +y
and
2
Scclqw) -3 kgT | B(exp— €) 21 . (124)
N Ey ®p S +y

For the energy differences we have B(¢€,0— €g)
=n/¢, £ =E,/E), and

Beox — €00) =2nk sinz(-;-k) ,

where ng is the number of thermally activated kinks
(Appendix C). The integrated amplitudes under the
S(gk;w), Sss(q;w), and Scc(g, w) curves are

wpS(gq.k) _ sinhx; (125)
N coshx; —coshga

wpSss(q) _a kT sinh(1/¢) (126)
N E4 cosh(1/¢) —cosqa '
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and

’ sinh(2/¢)

cosh(2/¢) —cosqa - az2m

O)DSCc(q) =8 kgT
N Eq

These amplitudes are shown in Fig. 2 as a function of
qa [for simplicity we take £ =10 and ngx =exp

x (—BE4)]. Both Sss and Scc are mild functions of
qa whereas S (g,k) becomes a sensitive function of
qa as ng, the number of kinks, approaches zero.

The three probes S(q.,k), Sss(q), and Scc(q)
detect three qualitatively different features of the sys-
tem; S(q,k) is sensitive to the presence of kinks,
Sss(q) is sensitive to displacement fluctuations (pho-
nons); and Scc(q) is sensitive to width fluctuations

10.0 —
BE¢ =8

0.0 I
1.0 0.95 0.90

cos qa

FIG. 2. Sine and cosine amplitudes as a function of ga.
The amplitudes of the sine and cosine scattering factors,
Eqgs. (126) and (127), are shown as a function of ga for
BE¢=8. Changes in temperature produce a mild change in
the amplitude of these functions. The amplitude, S(g¢k,0),
Eq. (125), is of order 1073 for k =g at BE4=8 and is not
shown. Although the scattering from kinks is not strong
enough to appear in the static structure factors, it dominates
the w —0 dynamic structure factor.

(breathers). (Of course, in the heavy damping limit
the dynamics of all of these is seen as an w —0
mode.) From this observation we learn that the
breathers make themselves known in the equilibrium
statistical mechanics through renormalization of the
n =0 band width and in the » =2 band. For exam-
ple, cos#; correlations on the equilibrium chain obey

((cosb;cosb;)) = 3 (0|cosb|v) (v|cosh|0)

xe TG ()

From Egs. (121) this reduces to
((cosb;cosb;)) =8(kgT/E4) exp(—2|n;—n;|/¢)
(129)

Width fluctuations or cosine correlations decay over
length /cc= %f. Similarly the displacement fluctua-
tions or sine correlations ((siné,sing;)) decay over
length /ss=¢. Both /cc and /sg are independent of
temperature. On the other hand the correlations in-
volved in S(gk;w) decay over length

| =exp(+BE¢), | = +o0 as T —0.

Now let us turn to a discussion of the diffusion
constant for the sine-Gordon chain. From above,
Sec. V we consider the diffusion of the center of
mass O,

N

1
= . 130)
2] Nj}_l:o, (
We define
Lty d - 2 i
D zll_g(l)dr((@ )?) . (131)

If we proceed directly to evaluate this expression we
are led to an equation much like Eq. (81). Instead of
proceeding in this way we use the result of the dis-
cussions in Sec. II (see also remarks in Sec. IV).

The diffusion constant is related to the mobility by an
Einstein relation; the mobility can be calculated
directly in terms of the probability current for which
a very simple expression obtains. Then we have

D=kBTDo(21r)2/f02' (2(;) , (132)
Po

where po(0) is the single-particle density for the
equilibrium problem; see Appendix B. A substantial
amount of discussion about this formulation of a cal-
culation of the current is already in the literature, the
role of kinks as current carrying entities has been dis-
cussed, etc. We refer the reader to this literature for
details.® 26

The principal point we wish to make here is that
the probability current, displacement current, and dif-
fusion constant are well defined and exist for the
sine-Gordon chain. Thus averages like ((® —®,) ?)
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have well-defined known behavior for large . This
should be compared to the result reported by
Schneider and Stoll,?? ((® —@,)2) ~ 1*/*, who do
their calculations in the weak damping limit.

VIII. CONCLUSION

In this paper we have described an approximate
solution to the Smoluchowski equation.?® Formal solu-
tion to the Smoluchowski equation and formal expres-
sions for single-particle averages, two-particle aver-
ages, the linear response, etc., can be written using
the complete set of many-particle states generated by
the relaxation operator equation. This equation is a
many-particle Schrodinger equation. The task of
finding a practical method of solution of the relaxa-
tion operator equation, is tackled in Sec. III using a
variational ansatz. We find that the many-particle
excited states of the relaxation operator for a system
can be built up from the many-particle ground state
(which is known) using the single-particle states ap-
propriate to the description of the equilibrium statisti-
cal mechanics of the system. As a consequence the
many-particle quantities, e.g., matrix elements, called
for in the formal expressions for averages, etc., are
expressed in terms of single-particle quantities,
e.g.,single-particle matrix elements, etc. Since, the
single-particle problem is well known and easily
solved for the systems of interest the variational an-
satz yields a remarkably useful solution to the
relaxation-operator equation.

We make application of the Smoluchowski equation
to two exactly soluble problems (problems for which
the relaxation-operator equation can be solved exact-
ly) and we compare an exact calculation of the diffu-
sion constant with a calculation that uses the approxi-
mate solution to the relaxation-operator equation
found with the variational ansatz. The value of D is
the same for both calculations. We take this agree-
ment to support the position that the variational an-
satz reliably describes the low-lying excited states of
the relaxation operator. This position is given further
support when we make application of the variational
ansatz to the solution of the relaxation operator
equation for the ¢* chain and the sine-Gordon chain.
We find that the many particle eigenvalues of the re-
laxation operator for the ¢* chain agree with a result
for these quantities found by Imada (using perturba-
tion theory) for a particular circumstance.

As an illustration of the application of the varia-
tional ansatz to a nontrivial problem we examine the
behavior of the dynamic structure factors and the
linear response of the ¢* chain and the sine-Gordon
chain. We also argue that the diffusion constant is
well defined for the sine-Gordon chain and that there
is no reason to expect exotic long time behavior for
this system.
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APPENDIX A: EQUILIBRIUM STATISTICAL
MECHANICS

Here we have assembled most of the results that
are necessary for carrying out calculations of the
equilibrium properties of a system. The equilibrium
statistical mechanics of a classical system described by

N
va - N =3 Vu) + 350 —u)? (A1

i=-1

and subject to the constraint 8(uy+ — u;) (this con-
straint ties the system to itself but leaves it free to
move as a whole, e.g., to have a diffusion constant)
is given in terms of

Z=fd1 e dN+1S(UN.H—UI)e_pV“'”N) (A2)

The partition function Z is calculated exactly using
the complete set of states given by the transfer in-
tegral equation®~®

- - v—u)2 —Be
fdu ¢ P11 AN )/ch:,,(v)=e g wo(u) . (A3)

We denote the corresponding left-hand function by
¢,(u). Then,

Z= ze—Nﬂ"’ (A4)

and
F=—kgTInZ . (AS)

For single-particle averages we have

(A )y = Se

TP wlalvy = (0]4]0)

(A6)
where
Wlaluy = [ au ¢,(u) 4 )

and the reduction of ({4 )) to (0|4|0) occurs in the
thermodynamic limit, N — +oo. For a two-particle
average we have

({4 u)B(u)))y =3 (0l4|v) (v|B|0)
% e—lnulﬂ(cv—(o) ’ (A7)

where |n;| =|i —j| measures the separation of i and
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Jjon the chain. (Once again we have taken

N — +00.) (See Ref. 6 or 8 for a slightly more-
general form of these averages and for remarks on
circumstances that force one to be careful in taking
the thermodynamic limit.) Of particular interest are
the single-particle density

p W (w) = ((8(u;—u))) = o) yo(w) (A8)
and the two-particle density
p(Z)(u,‘uj) = ((8(“, —u )8( u;— U) ))

= E 4’0( ll) l‘ly( ll) ¢v( v) \po( v)e-|ﬂulﬁ(¢v—¢0) .

(A9)

It is these latter two equations that are used exten-
sively in the body of the paper, e.g., Sec. III.

The transfer integral equation, Eq. (A2) is reduced
to a Schrodinger equation in a variety of circum-
stances (see, e.g., Ref. 8). Then, Eq. (A2) is re-
placed by

1

d*
" 25T, 4 + Vi) |y, (u) =

&y, (u) (A10)

and €, differs from €, in Eq. (A2) by an unimportant
v-independent additative quantity.! Equation (A10)
is the Schrodinger-equation approximation (SEA)
used extensively above. Although in SEA, ¢ =y*,
we continued to use a notation that is faithful to the
form of the original transfer integral problem.?*
Solutions to Eq. (A10) for particular systems of in-
terest are described in Appendix C.

APPENDIX B: MANY-PARTICLE WAVE FUNCTIONS
AND MATRIX ELEMENTS

Here we work out various details of the calcula-
tions of the properties of the many-particle wave
functions, etc., introduced in Sec. III. From Eq. (47)
the many-particle wave functions are

Wﬂv(l T quz o wV(u’ ‘1’0(1 <o N) .

; wolu;)
(B1)
Thus, we have

+igan, —iq'an
(@, |¥e)=C) Cou 3, 3 e "
iJ

¢‘4( /) ll‘v(’) l
) woli)

Yo),

(B2)

(ol

where (®o| - - - | W) is given by
<¢0| Ce |‘1’0)=de C

=N (B3)

dN +18(ll,,+| —ul)q)o\Po

Now, the matrix element on the right-hand side of
this equation is simply a two-particle equilibrium
average of the type described in Appendix A. Thus
we may write

|\Pq,> C qu 2 2 iqan; —rq aan

v

where we use Eq. (A7)

o.(7) v, (1)
do( /) Yol

The sum on /j yields 8", and we have

‘Nﬁ'oe‘“’u"’(‘u“o)

Mpv= ((b()l |¢0)=8uve

—-NB
Dy, ¥ar) =8, 8l Cul’NT (e 0 . (B4)

Here exp(—NBe) is the partition function Z for the
equilibrium problem, Eq. (A3), and T,(q) is defined
in Eq. (45). We have

|Coul?=1/NZT,(q) , (BS)

and for the ground state, C¢ = Z. Matrix elements
of the kind called for in Eqs. (12) and (20) involve
the many-particle ground state and an excited state.
For example,

(@0l 3,4 (u) | ¥,,)

=C0C¢v229mnj(¢o|f4(ui) AT |¥) . (B6)
i woluy)

Once again reduction is possible using Eq. (A7). We
have

(Dol 3,4 (4)|¥4,) =840CoC,,NZT,(0) (014 )

(B7)

where (0|4 |v) is a matrix element between single-
particle states. For a phased quantity like Aq,(ﬁ’), Eq.

(51), we have
(®ol e “ia (u) | ¥,,)

=38 CoCoyNZT,(q) (0|4 |v) . (BY)

These results permit us to express the 4B correlation
function in simple form

(A—g(@),B,(Wo) = 3, T,(0) (0|4 |v)(v| Bl0)e ¥
qv

(B9)

APPENDIX C: SINGLE-PARTICLE WAVE FUNCTIONS

In the Schrédinger equation approximation, the
transfer integral equation is reduced to the solution
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of the differential equation

L@yl =eu (1)
28T, du? vy

A. The linear chain

The linear-chain problem discussed in Sec. V is
described by V,=0. Then, the single-particle wave
functions and eigenvalues are

v, (u) < exp(iKu)
and
e,=K2/2BZI‘2 .

B. The ¢* chain

The ¢* chain problem discussed in Sec. VI is
described by

Vi(u) == 3|4 |u*+ 5 Bu* . (€2)

This potential is characterized by a length u¢ =|4|/B
and the well depth —%IA |2/B; see Fig. 3(b). The

solution to Eq. (C1) with ¥,(u) given by Eq. (C2)
involves the discrete set of states of a particle in one
of two wells that is split by tunneling between the
wells. These states are near —%IA |2/Bas T —0,

they are split by exp(—BEs) (Es is the energy of the
¢* soliton”) and separated by kzTas T —0.

C. The sine-Gordon chain

The sine-Gordon chain problem discussed in Sec.
V1 is described by
V.(u)=V1(0)=—E|c050 . (C3)
Thus Eq. (C1) becomes the Mathieu equation

__1 4
2B%E, d9?

—EcosO|y,=€,4, . (Cc4)

The solutions to this equation are in Floquet form.
As T —0, the lowest energies are in the n =0 band
just above —E,. In this limit

G,z—El—ﬂK(l —COSV) ,

lv| <<, nk =exp(—BE)4 (E, is the energy of the
sine-Gordon soliton); see Fig. 3(c).

¥,-

\
(u) v,.

Yor

Vor

v(8)
8
2E,
‘

FIG. 3. Eigenvalues and eigenfunctions. The three
many-particle problems studied in the text have equilibrium
statistical mechanics described in terms of the complete set
of states associated with a quantum-mechanical single-parti-
cle problem. Each single-particle problem is characterized by
a single-particle potential and generates a complete set of
eigenfunctions and eigenvalues. The relationship of the
single-particle density to the wave functions permits one to
understand that fluctuations in the average position of a par-
ticle are described by a linear combination of cey and seq (or
Yo+ ¥1-), whereas fluctuations in the average width of a
particle are described by a linear combination of ceq and ce,
(or Yo4. Wp4). It is the observation that Sgs (Scc) probes
the transitions from ceg to se; (and ceq to ce,) that lead to
the identification of these states, se, (and ce;), as giving in-
formation about phonons (breathers).
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