PHYSICAL REVIEW A

VOLUME 17, NUMBER 1

JANUARY 1978

Growth of fluctuations in quenched time-dependent Ginzburg-Landau model systems

Kyozi Kawasaki
Department of Physics, Temple University, Philadelphia, Pennsylvania 19122
and Department of Physics, Faculty of Science, Kyushu University, Fukuoka 812 Japan*

Mehmet C. Yalabik" and J. D. Gunton'
Department of Physics, Temple University, Philadelphia, Pennsylvania 19122
(Received 23 June 1977)

A dynamical theory is presented for the enhanced fluctuations that occur in a time-dependent Ginzburg-
- Landau model system with the order parameter not conserved which is quenched from a thermodynamically
stable to an unstable state. In a certain weak-coupling, long-time, and long-distance limit, diffusion and
saturation effects can be treated separately. As a result explicit expressions are found for the probability
distribution functional, the two-point reduced distribution function, and the pair correlation function of the
fluctuations, which evolve from an arbitrary initial probability distribution functional. The behavior of the
latter two functions is also displayed graphically. A central role is played by the time-independent nonlinear
transformation of the order parameter which takes care of the saturation effects. The nature of such a
transformation is discussed in a general context. If the problem is viewed as a nonequilibrium critical
phenomenon, the theory corresponds to the Landau mean-field theory. An expansion in € =4 —d is
suggested to improve our treatment, where d is the dimensionality of space.

I. INTRODUCTION

In recent years, the time evolution of the fluc-
tuations of a system suddenly brought (quenched)
into a thermodynamically unstable state has re-
ceived increasing attention from theoretical® and
experimental physicists.?3 Major efforts have been
directed towards constructing methods capable of
handling the strongly nonlinear character of the
problem. The subject is of fundamental importance
because of its relevance to the old problem of ob-
taining a correct statistical-mechanical descrip-
tion? of metastable and unstable states. The prob-
lem is also of interest because it involves a second
length (the “domain” size) in addition to the corre-
‘lation length associated with phase transitions.

The present status of our theoretical understand-
ing is somewhat mixed. On the one hand consid-
erable success has been achieved in the develop-
ment of approximate calculational schemes® which
adequately explain for example the fluctuation
spectrum of the spin-exchange kinetic Ising model®
as given by computer simulation studies. On the
other hand, recent spinodal decomposition experi-
ments in fluids®** seem to indicate inadequacies of
the existing theories. In any case the present
theory is characterized by the absence of a con-
trolled approximation scheme in which one has a
clear idea of the error involved. In this regard
the recent work of Suzuki® on simple stochastic
models with small nonlinear couplings seems
particularly interesting. In essence he has shown
that the nonlinear terms in the stochastic equation

17

can be treated as a singular perturbation® in the
interesting domain of the long-time behavior of the
system. Indeed, a simple change of variables re-
duces his nonlinear stochastic equation for this

~domain into a readily solvable form.

The range of applicability of the class of models
treated by Suzuki is, however, restricted to sys-
tems such as lasers in which only a finite number
of degrees of freedom are important. One of us,
therefore, has attempted in recent works’ to ex-
tend Suzuki’s method to treat models withan infinite
number of degrees of freedom (field theories)
which should have a wider range of applicability.
Before describing this work we digress for a mo-
ment to present a simplified version of Suzuki’s
theory in order to facilitate a better understanding
of our study of the time-dependent Ginzburg-Lan-
dau (TDGL) model. For this purpose we consider
a simple “laser” model which is described by the
following equation for the probability distribution
function P(S,t) of a single variable S:

8P(S,t) . @ (a

Zwlor 35

80 .8 )
T 35 TS+ 63 P(S,t), (1.1)

where L, 7, and g are positive parameters of the
model. This equation has the well-known equili-
brium solution describing coexisting phases, with
peaks around the mean-field values S=xS,, with S
= (67/g)Y2. If we start initially with a Gaussian
distribution centered around S=0, exp(-S?/2x),
with x being the initial variance, instability leads
to a rapidly growing fluctuation. Hence, even for
small values of g, a simple perturbation solution
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of (1.1) in powers of the nonlinear coupling breaks
down for times of the order of (2LT) In[67/g(x
+77)]. This is an example of a singular perturba-
tion® whose solution in this case requires retaining
all orders of g in the perturbation theory which ap-
pear in the combination

y ()= (g/6T)(x +7)e?l"t

(i.e., one sums the most “dangerous” diagrams).
This corresponds to taking the limits g—0, {—
such that 3 () remains finite. This is somewhat
reminiscent of the irreversible statistical-mechan-
ical theory of Van Hove and Prigogine.® Suzuki®
has shown that in this limit it is legitimate to drop
the second derivative in (1.1) for long times such
that the probability distribution is sufficiently
broad and to match the solution of the modified
stochastic equation at the initial time. Since the
stochastic equation is first order, just like the
Liouville equation, its solution can be obtained by
first solving the characteristic equation, which in
this case is the following deterministic equation of
motion for S(t):

as@) _ gL s

T_L-rs(t)-—é— S@)3. (1.2)
The asymptotic solution for the long-time behavior
is

S(t)=5°(t) <1 +é£1_s°(t)2>-1/2 1.3)

with §°(¢)=S(0)eL™, which we regard as the trans-

formation S(0)—~ S(t). Now, since the time develop-
ment of the probability distribution goes backward

in time as in the Liouville equation, we obtain

P (S, t) by substituting the inverse transformation

S—e2L7s/[1 - (g/67)S?]M/? (1.4)

into the following modified initial distribution func-
tion obtained by matching:

P(S) = @nx) 2=5% & - (1.5)

with X=X+ L/7. Thus, after including the Jacobian
of the transformation, we obtain the following re-
sult for the probability distribution function at
long times: )

P(S, 1) =[2a%(B)] 1 - (g/67)8%]"%/2

X exp{-S?/% 1)1~ (g/67)s%]}, (1.6)
with |S|<S,, and
X () =xe®r"t, (1.7)

Equation (1.6) reduces to a Gaussian distribution
function in terms of the variable S° given by

S°=S/[1- (g/671)s%]*/2, (1.8)

which is in fact the same transformation as (1.3).

Eventually, the-variance X(¢) of S° increases indefi-
nitely. However, S never exceeds its saturation
value (67/g)'/2. In fact, the transformation (1.8)
squeezes the broadened Gaussian distribution of

S° at long times into the double-peak distribution

of S. In this sense (1.6) may be called the
squeezed-in Gaussian distribution function. It
should be noted that the time-independent trans-
formation (1.8) plays the central role in this meth-
od.

The time enters only in the variance of the Gaus-
sian distribution of S°. At #— « (1.6) reduces to the
sum of two 6 functions peaked at S==+S,, which is
incorrect. The distribution function which reduces
to the correct equilibrium solution in this limit can
be obtained by matching the solution of the modi-
fied stochastic equation to the solution of the full
stochastic equation near the final state.”

As noted above we have attempted elsewhere

- to extend the above ideas to systems with an infi-

nite number of degrees of freedom, and in parti-
cular to TDGL stochastic models which are sud-
denly quenched from a thermodynamically stable
state to an unstable state. For such models there
exist a set of variables with long wavelengths
which are unstable in the initial regime and are
somewhat analogous to the variable S above. How-
ever, one encounters a problem in that there exist
other variables with short wavelengths which are
stable and for which the method described above is
not applicable. However, we have been able to
show?® that the dynamics of these long- and short-
wavelength fluctuations become asymptotically de-
coupled for the long-time domain (the “turbulent”
regime'®) and that the effect of the short-wavelength
fluctuations is only to renormalize various param-
eters in the model. This result enables us to
limit our consideration just to the dynamics of the
unstable long-wavelength fluctuations for which the
idea of Suzuki can be applied. The system can then
be described by the following model stochastic
equation for the probability distribution functional
P({S},¢) for the local order parameter {S} valid at
large times: :

?@t—) =~ %c;{S}P dsh, o), (1.9)

where {S}%{Sﬁ; k <k} with « defined below and

L
Ca{S}EYESa —gg—

xfff 5@ -k, —k, -%,)S; Sz Sz . (1.10
]'El iz .k,s 1 k‘Z 3 kl k2 k3 ( )

Our notation is thé following:

Lzmwf aF |
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d is the spatial dimensionality, 5/6S; is (27) times
the functional derivative with respect to Sz, 0 is
(2m)® times the & function, and L is the kinetic coef-
ficient. The positive quantities g and «* [with v;
=L(k% - g?)] are the parameters which appear in

the Ginzburg-Landau-Wilson free energy &,

<I>—-f —KZ)IS;IZ

+£f_J_J_f. 6(E1+E+§3+ﬁ4)
4l k) YkyY kg  ky

xsils;zsl;ss;4 . (1.11)
The negative sign in front of ¥® implies that the
system is being driven to an equilibrium ordered
state. The absence of the second functional deriv-
ative in (1.9) is justified® in the turbulent regime
provided that we match the solution of (1.9) at
short times with the solution of the original sto-
chastic model. The original model® includes the
addition of the second-derivative term

6°P ({S}, ¢)

L
; 05:0S;

to the right-hand side of (1.9). It is worth noting
here that the approximation scheme that led to (1.9)
involved dropping those terms in the final solution
for which the coupling constant is not multiplied by
the large factor exp(2L«?t). Hence, as far as the
description of phase transitions is concerned, our
approximation does not go beyond the Landau
mean-field theory.

The present work is devoted to the study of the
behavior of the model defined by (1.9) and (1.10) in
the weak-coupling long-time long-distance limit
(see the end of Sec. III). It does not treat, how-
ever, the final limiting behavior in which the final
equilibrium state is reached. In this case a cor-
rect description necessitates including the term

I f o2P ({s}, )

8S; T5S8.08.: 3
to (1.9).

Our model shares the perennial difficulty common

to all the nontrivial nonlinear field theories, name-
ly the coexistence of the nonlinearity [the last term
of (1.10) and (1.11)] and the gradient term [the
wave-number -dependent parts of the first terms of
(1.10) or (1.11)], which produce the saturation ef-
fects and diffusion of local fluctuations, respec-
tively.

As will be discussed in Sec. II, the surprising
fact is that in our case the effects of these types
of terms can be separated in the long-time do-
main, at least in the leading order of our approxi-
mation. In fact the nonlinearity of the problem can

be taken care of by a simple local time-independent
transformation of the variable as given in (2.26),
Thus, the explicit form of the probability distribu-
tion functlonal in the turbulent regime can be
written. In Sec. III we derive expressions for then-
point probability distribution and correlation func-
tions. In Sec. IV, we display the behavior of two-
point distribution and correlation functions as
functions of the time and the distance between the
two points. In Sec. V we present a further discus- -
sion of the time-independent transformation of the
variable in a more general context including the
case of TDGL model with conserved order param-
eter. 'In Sec. VI, we discuss the theory from the
view point of nonequilibrium critical phenomena
and suggest a possible improvement of the approxi-
mation. We also briefly discuss the limitation of
the theory with regard to metastable states.

II. TIME EVOLUTION
OF THE PROBABILITY DISTRIBUTION FUNCTIONAL

Since our model stochastic equation (1.9) is first
order in the functional derivative, the time evolu-
tion of P({S}, t) is known if we know the solution of
the following deterministic equation of motion
which corresponds to (1.2):

a5 (” =c;{S@)} @.1)

subject to the initial condition S3(t =0) =S;. If the
solution with the initial value {S} is denoted s1mply
by S(¢), the formal solution of (1.9) with P{s}, ¢ =

'=P{S} is then obtained as

pP{s}, 0= exp <—t fE B_‘Zk c;{S})Po{s}

=P {s(-t)}J(s}, 1), 2.2)

where

J (s}, t)=exp<—tfi Eggci{s})q 2.3)

is the Jacobian in the function space associated
with the transformation {S}~{S(-1)}.

We now turn to the problem of solving (2.1) and
introduce the new variables

S = evits;, 2.4)
8;(t)=e7its; (t). (2.5)

Using first (2.4) and then (2.5), (2.1) can be trans-
formed into the following integral forms:
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S5 =530) - & f f f 0@ -k, -k, - k) fo tdtle’6""1’8;1(t1)8;2(t1)s;8(tl)
Kk :

6 Ky kg
and .
: gL e > t .
8:(1) =S; - = J. f I 0@ -k -k, —ks)fo dt, expl i, +7i, + 74, -vhl8s, )8z, (1)8; (¢,) . . (2.6)
by Thy T kg

The first few terms of the iterative solution of (2.6) take the form

8;(t) =S; _gLfffa(’ K -k - ka)fdt expl (v +7k2+yk—yq)t]

L\? e e
3(g_> f f 6( -k, -k, -k, ~K, —Kk;)

6/ Ji i

1 5

t rty
X f dt, f dt, exp[(yq_,;4_i5+y1;4+y§5 -v)t]
0 0
x expl (vg, +7i, + 7, = Viui, 5025z, S5, Sk, S, Sep+ 77 - 2.7)
The structure of the iterative solution is shown by diagrams in Fig. 1. A typical higher-order term may

be represented by a diagram shown in Fig. 2. The contribution from such an»nth-order term in (2.7) has
the following general structure:

—gL\" - - - t ¢
(g >_[_[. 5((1—k1—k2—"'—k2m1)‘£dt1 fldtz'
o

k]. k2n+1

tn-l
xfo dt,exp(Tyt, + Tyty+ ** *+ [,t,)S LS5, S,
| (2.8)
r
where I'; takes the form where in the denominator the yg’s have been re-
placed by v, since the K’s are of the order of
Ti=vgy + YRy + VR0 = VR, 2.9) L#)™/2, It is then clear from (2.9) that the yg’s

associated with an internal line cancel in the sum

- = - 27, T, and (2.10) reduces to
in which Kj, K{, and K{" are the wave vectors as-

sociated with the three lines emerging to the right
of the nth vertex and K, is the wave vector of the
line emerging to the left. Now, for long times the
n-fold time integral of the exponential function in
(2.8) can be well approximated with error of the
relative order of (2L¢)%32%e2%¢ py

1 n '
71 @2v,)" exp<t; Fa), (2.10)

FIG. 1. Diagrams of the zeroth-, first-, and second-
order iterative solutions of (2.6). : FIG. 2. Typical higher-order diagram.
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That is, all the terms of the nth order contribute
an equal amount (2.11) to (2.7). On the other hand,

J

Sa(t)=S§(t)+Z( z(,i”‘ ”"f f 5@ -k, — K, —*

2n+1

where
a=gL/6y,.

The result (2.12) takes a simpler form if the vari-
ables are expressed in coordinate space as

(2.13)

SF, 1) = f Sg(t)eii';, (2.14)
SO@F, 1) = f Skt 2.15)
Thus, we obtain
S(, 1) =5, t)
= (@n -1)!! -
+ —— (=a)"S°(r, )™ . (2.16)
nZ; 27! ’
Use of the formula
e 3y (e @)
finally reduces (2.16) to _
S, 1)=8F,¢)/[1+aS°(F, £)2]/2 . (2.18)
This together with N
S°(F, ¢) = exp[tL (k*+ V?)]S(¥) , 2.19)

which follows from (2.4) and (2.15), provide the
transformation {S} ={S()}. In order to obtain the
needed transformation {S}~{S(~#)} we simply have
to replace S(¥,t) by SE) and S{) by S(F, —£) in
(2.18) and (2.19) to get™

e =~tL(k2+V2) S(f')

S& == s

(2.20)

The Jacobian of the transformation follows directly
from (2.20) by noting that the exponential operator
merely contributes a constant factor, namely,

J{S}, 1) =const exp (—% fd? In[1 - aS(f)2]> .

(2.21)
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there are (2n —1)!! terms like (2.8) in the #th or-
der. In other words, there are (2 — 1)! ! diagrams
like the one shown in Fig. 2 in which the times are
ordered and all the lines are considered to be dis-
tinct. Hence, if we use (2.4) and (2.5), (2.7) re-
duces to

o R)SE (0SY St O, (2.12)

The factor v, is the cell volume arising from the
division of the system into small cells before tak-
ing the continuum limit. Combining (2.2), (2.20),
and (2.21) yields the following expression for the
probability distribution functional for long times
£>>1/2y

P({S},t)=constexp%——2—§— fd'r’ln[l -oeS(F)z]}

-t L(k*+V )S( ) 9 22)
XP0<[1 _as(‘f)z]172> ( .
This functional evolves from an arbitrary “initial”
probability distribution functional P, which is
matched to the probability distribution functional
of the original stochastic model in the initial re-
gime ¢ 1/2y,.

- Next, note that if the nonlinear coupling term
were absent in the stochastic model (a=0) the
probability distribution functional would evolve in
time according.to

Pysh) =P fexp [ 4L (c*+ v2)]S@)} .

Hence (2.22) can be rewritten
P{s},t)=constexp (—% fd'fln[l -aS(’f)z]>
o .

+(2.23)

2.24)

This result clearly demonstrates the disentangling
of the gradient and nonlinear coupling terms in the
stochastic equation (1.9). Namely, the gradient
term affects the time evolution of the probability
distribution functional in the absence of nonlinear-
ity through the time-dependent linear transforma-
tion of variables *

S®) = expl ~tL (k2 + VI)]SEF) .

The e_ffecfs of the nonlinear term are taken into
account through the time-independent local non-
linear transformation of the variables

SE)~SE)/[1 - aSE)?]M2.

@2.25)

(2.26)
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The two transformations (2.25) and (2.26) are very
suggestive as to what we generally expect for the
behavior of the probability distribution functional
(2.24). First, the transformation (2.25) tends to
broaden the probability distributions of the vari-
ables that are unstable in the absence of nonlinear-
ity (i.e., S; with #<«). The transformation (2.26)
then squeezes in the distribution whenever the
width of the distribution of the local variable S(¥)
in the absetice of nonlinearity exceeds its satura-
tion value S, =1/a'/2, Hence, as the time ap-
proaches infinity, the probability distribution func-
tional peaks at the saturation value |S(F)|=Sn.

It should be noted that because of (2.18) the val-
ues S(F) can take are limited to be within the finite
interval (-S,,S,,). P({S} ¢) must be set equal to
zero if |S(¥)| at any T exceeds S,,.

What is happening here can be summarized in
physical terms as follows. First, the fluctuations
everywhere start to grow rapidly and at the same
time these fluctuations diffuse over the distance
(2Lt)*2, within which fluctuations will be strongly
correlated. As the value of |S(F)| at any point ap-
proaches S,, saturation sets in. Thus, in the
language of magnetism, after a while the system
will be divided into a number of magnetic domains
of the average size (2L¢)'/? with the saturation
magnetization S, or =S, .

In order to actually visualize the picture de-
scribed here in the following we shall restrict our
discussion to the case with the initial probability
distribution functional P° {S} of the original sto-
chastic model having the following Gaussian form:

P©®{s}= constexp(——f (Is;12/x; > . 2.27)
The choice
Xp= (B% +K2)* (2.28)

corresponds to an initial disordered state with the
inverse correlation range of fluctuations «,, since
in this case the quartic term in (1.11) has a minor
effect and can be dropped in the spirit of our ap-
proximation scheme as described in the introduc-
tion. Then the “initial” probability distribution
functional of (1.9) which is to be matched to (2.27)
is given by

P {s}_constexp<_—f (|sk|2/§k> (2.29)
where
Xe=xitL/vi- (2.30)
y (2.23) we have
ﬁ‘,’{s}=constexp<—%f |S§-[2/§'(;(t)> , (2.31)

YALABIK, AND GUNTON ‘ B 4

(2.32)
III. REDUCED DISTRIBUTION
AND CORRELATION FUNCTIONS

Since the complete probability distribution func-
tional P ({S},t) contains too detailed information for
us to visualize, it is useful to introduce the n-point
distribution function p,{S},;{¥},;#) which is the
joint probability distribution of the local order pa-
rameter at{t}, where{S},=S,,S,,...,S, and

-

{Ir}n=F1$?2’ ceen Tyl

ORI L | CECREEIC

xP{s't,t). (3.1)

By virtue of (2.24), (3.1) takes the following useful
form:

0,8}, ()50 = g [1-aSF,2)-/

XPﬁ({’(l—gszT} 1t >,
(3.2)

where p° ({S},, {f},; ¢) is the n-point distribution
function for the linear case (@ =0) and is defined
by (3.1) with P({S’}, t) replaced by P{S"}.

We also introduce the n-point correlatlon func-
tion C,({f},,#) through

¢, 0= [ d{S}H SE)P(s}, )
=fI "3s,s, p,,({s}n, 0. (3.3)
S :

Use of (3.2) then yields the following more useful
expression for C:
C, sl Fin) =TT [ a8ipd
W3 WS n3 *E P ras)

X p{Sts{Fhst) . (3.4)

For the Gaussian initial distribution (2.31), an
explicit form of p? can be easily found with the help
of the characteristic function defined by

B3t 8, 0= (emn(-1 35 56))”,

=<exp<_ifEE_,;S;>>(: ,

where {E} =8,82, .58, &= E, 151 eXp(—zk I‘j)
and (- +)? is an average over PYS}, (2.31). The
change of integration variable Sy~ S; —i&gXz(f) im-

(3.5)
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mediately yields

Efey, A, 0 = eXP<-— f

The n-point distribution function is then
Sty {1 1)

=@Tl)nf_:d£1“' [:dﬁ‘neXP(iZ; s,s,)
xEeY,, {1, 0),  (3.7)

which after some straightforward algebra takes
the following form:

DEE. ) ee

p%dst,, {th, ) = 2m)™/2| detA, | /2
1 &
Xexp(_igl (A;l)ijSiSI>. (3.8)

Here A, ({F},, ) is the nx n matrix whose ij element
is the following function of {r} and £:

[4,d5},,0];;,=8@) cosb (3.9)
with ’ '
B(t)sf_i,;(t), (3.10)
k .
cos9U=B(t)'1[cos[E-(fi-?j)]ii(t). (3.11)
k

For the long times ¢ > 1/2y, these functions become

=[Xo/(4m)*/ 21 (1) ]2 7ot (3.12)
cosf,;,=cosg (%@) R (3.13)
with
cosf(x)= e"‘zl4 (3.14)
1@)= (2Lt)Y2, (3.15)

The fact that a spatial coordinate ?i always en-
ters-in the combination in ¥,/I(t) indicates that I(¢)
is the average size of a fluctuating domain.

If we note that L also plays the role of a diffusion
constant, this fluctuating domain size I(f) is in
fact equal to the distance over which the growing
fluctuation at a point in space diffuses away during

{ S2+8%-2cos6S,S,

p3(S,,S,,7,8) = 1 exp{—
21020 Y 9B () sinb 1 28 (t) sinZ0

Thus the two-point distribution function is

1

P2(51,55,7, 1) = 278(t) sinb

(1 —aS2)-3/2(1 - aS2)-%/2

the time ¢. The condition Lk%>>1 implies k™
«<(t), and the length k™! which is the range of cor-
relation of thermal fluctuations in the mean-field
theory can also be interpreted as a measure of the
surface thickness of a fluctuating domain.

We shall see below that cosé is just the two-
point (pair) correlation CI(F, t) of the linear sys-
tem (@ =0) normalized to unity at ¥ =0. Another ,
point to note at this stage is that no short-distance
divergence occurs in the problem except for ¢ =0.
Both p, and C, are well-defined for >0 when the
distance between any two points tends to zero.
This arises from the fact that X;(¢) for >0 tends
to zero exponentially fast as & increases, thus
providing a natural upper cutoff at I(¢)".

Let us now discuss some particular examples of
the above.

(i) n=1

Here we have no dependence on the spatial coor-
dinates and

p2(S, 1) =[218(1)]"*/2 exp[ -S2/2B(¢)] .

By (3.2) this yields the following one-point distri-
bution function: .

p1(5,1) =[278(0]/* (1 - @5?)%/?

(3.16)

1 S
X ——

(-5 Toa) 610
This is just the Suzuki distribution® for a single
varidble where Suzuki’s scaled time 7 which we de-

note as y(t) is now given by

y(t)=a8(t)=mﬁxglc—7—we2’o’. (3.18)

For short times such that g(t) <a™/2 (3.17) is
basically identical to (3.16). As the time and hence
B(t) increases the wing of the Gaussian distribution
(3.16) with |S|[sa~Y? gets squeezed into the
interval (-S,, S,,) and (3.17) develops the double
peak structure as described in Suzuki’s work.?

(ii) n=2

Here, pd and p, depend on spat1a1 coordinates
through »= Irl - r2| and

(3.19)

X e 1 sz Sz
\ xp[ 28 (¢) sin®6

. 2 cosbS,S, >]
1- a32 1- aSz (1-aS?)72(1 - aSZ)'/?

(3.20)
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From (3.19) we immediately find the two-point correlation function when a =0:

Cr,t)=(S@)S(0))2=8(t)cosb , (3.21)
which verifies our earlier remark. The two-point correlation function is
1 ° ® S, S, 5%+ 8%~ 2 cosbS,S,
C.lr,0) “27R(¢) sinf ./_.°° as, [w as, (1+aS%H)2 (1+aS2)t? eXp <_ 28(t) sinZ6 :

At this point it is clear that in fact we are taking the limit g— 0, ¢— o, ]?]» « such that y (), (3.18), as
well as x = |T|/I(¢) remain finite.

(3.22)

IV. BEHAVIOR OF THE TWO-POINT DISTRIBUTION AND CORRELATION FUNCTIONS

In this section, we describe the behavior of the two-point distribution and correlation as functions of time
and distance. For numerical studies it is convenient to express these functions in dimensionless forms.
Thus we use the (time-dependent) dimensionless distance x = "f‘] /1(t) and the dimensionless time y(¢),
(3.18), where I(t) is given by (3.15). We also introduce the dimensionless local order parameter z by

z(x)=a2S(r)=Sw)/S, . . (4.1)

The dimensionless two-point distribution and correlation functions (for which the same notations p, and C,
will be used) then become

_ 1 2y-3/ 2 2y-3/2 1 z2 22 22,2, cos6(x) ]
pz(zl,zz,x,y)—m——————(l '21) (1—32) eXp|:‘2y Sin?6 (x) 3t 1_22 ‘(1 —zf)”z(l _22)1/2 4.2)

sinf (x) 1-2%

and
CZ(’"WE@—;&?@T) f: dzlf_: @2, (T (2T O (‘Zi+zz§y_szii3§2(f>ose(x)> 4.3)
An alternative form of C,(x,y) is obtained by changing the variables of integration to

z,=(2yw)/?sin(p+36) (4.4a)

zzz(Zyw)”zsin(q)—%Q), (4.4b)
to yield

Colx,y) =C3lx,p)Flx,y) . 4.5)
Here, '

Cx,v) =y cosb(x)=ye*/4 -~ (4.8)

is the two-point correlation function when o =0, and F(x,y) is the correction factor due to the nonlinearity
given by '

a [ w [ cos2g . A1/
F(x,y)=(2n) dowe do(1 - 20580 {1+2yw[1 - cosb (x) cos2¢] + (yw)?[cos2¢ — cosb(x)Z} /2. (4.7)

0o 0

The angular integral in (4.7) can be evaluated by first introducing the new variable ¢=sec2¢ such that

F(x,y)=f®dwwe""f(w.;x,y), (4.8)
with
) 1 *(1+1/cosb) -2/(t cosh)
i) et . - DC=b,7+aT 7 o
f
The variable y=wy, with 2 4Y%sin®6(1+2y) @.11)

al__———z .
p. - 2L (1+7) cos6 +7] [(T+%) +v cosé]

[ +y)+ycosOF

(4.10) The integral in (4.9) can be expressed in terms of
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. B
| (yw/2) —*{

FIG. 3. Geometrical construction of (4.4). The points
A, B, C, and D lie on a circle of radius (%yw)l/2 cen-
tered at the point O. The dimensionless order para-
eters 2y and z, are represented by the vectors BC and
BD respectively. The probability distribution of z; and
2y depend only on the size and shape of the triangle OCD
but not on its orientation (angle ¢).

integrals of Jacobian elliptic functions which can be
evaluated to yield'?

2
fw;x,9)= [(1+y)2—72c0529]1/2
1+A 1
{K(k) 1-4 cosé

<(K () + T -1 -A>2/4A,k])} . @12)
where K and Il are complete elliptic integrals of
the first and third kind, respectively, and

=[(1+7)
k=vsing/[(1+7)?2 ~+2cos?6]/2,

(4.13)
(4.14)

—ycos6]/[(1+y)+ycosb],

The remaining integral in (4.8) must in general be
evaluated numerically. However, several limiting
cases will be discussed first.

In term of the variables w and ¢, the two-point
distribution function for @ =0 takes a partlcula.rly
simple form

FIG. 4. One-point distribution function p,(z, ) (the
Suzuki distribution function).

p2(w,y) = (2m) re .. 4.15)

A geometrical interpretation of the variables in
Eqgs. (4.4) is given in Fig. 3, which illuminates the
significance of the angle 6 as a measure of the cor-
relation. Note that for a#0 we obtain the same
expression (4.15) for p,(w, ¢) provided that z;

is replaced by z;/(1 = 2%)"/2 on the left-hand side of

(4.4).
The qualitative behavior of p, and C, can be in-

ferred without performing numerical computations.

A. Short-time behavior (y << 1)

In this case, p, is peaked in the region]zll, }zzi
<O(y*/?), Thus, the behavior is almost the same
as the linear case (e =0). For short distances
(x <1), the peak of p, is further restricted to the
region |z, —z,|<0(y'/?sine).

B. Long-time long-distance behavior [y ~O(1),x >> 1]

Here,
P2(21,22,%,9) =p, (21,90, (25, 9) (4.16)
C,(x,y) =0,
where
py(e,v) = @my) /21 —22)3/2
% exp| —(1/2y)z2/(1 =22)] . (4.17)

That is, there is little correlation between z, and
z,. As time goes on peaks will develop at the four
corners z,,z,=+1 and then along the edges z, =+1

and z, =+1.

C. Long-time short-distance behavior [ y ~0(1),x << 1}
Since sinf <1, we have

ps(2y1,25,%,9) =[21y sin6 (1 —2%)%]™
@, -2

X -
exp< 2y sin®6 (1 - z2)%

2‘2
"3 —"52>>

with Z=%(zl+z2). Here, p, has large values along
the diagonal z,=z,. As time increases sharp peaks
will develop at the two corners z,=z,=11. Here
C,(x,y) will be almost equal to the variance of z
with respect to p,(x,v), which approaches one as

y increases.

(4.18)

D. Long-time limit (y >> 1)

This is the case where the system is divided into
domains with z =x1. It is of some interest to com-
pute C,(x,y) in this case. Using the expressions
(4.5)—(4.7) we see that for y >1 the integrand of
(4.7) is positive for 36 <@ <m —36 and 3T +6 <@ <27
- 36, is negative for —36 <@ <36 and T —36<g@ <7
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\

(b) /\\ '

-l

+

FIG. 5. (a) Three-dimensional plot of the two-point distribution function p,(zy,2,,x,) for x=5, y=0.1. (b) Three-
dimensional plot of the two-point distribution function p,(zy,2,,0.2,0.2). (c) Three-dimensional plot of the two-point
distribution function py(z,2,,0.4,0.4). (d) Three-dimensional plot of the two-point distribution function p,(z;,2,,1,1).
(e) Three-dimensional plot of the two-point distribution function p,(zy,2,,3,1). (f) Three~dimensional plot of the two-
point distribution function p,(2,2,,3,3). (g) Three-dimensional plot of the two-point distribution function py(24,2,,0.5,5).



FIG. 5.

+36 and is almost zero in the small regions of the
width O(y™/2) near ¢ =+36 and ¢ =7 +36. Hence,
approximate evaluation of the integral leads to'3

Colx,y)=1-@2/molx), y>1. (4.19)

E. Long-distance limit (x >> 1)

Here, we are concerned with the behavior over
the distances long compared to a domain size.
Since cosb (x) is small we can examine the long-
distance tail of C,(x,y) given by (4.5)—(4.7) by ex-
panding in powers of cosf(x). The leading term is
then given by

Cale,9) =B y) cosb ), (4.20)
where
B(y) =§fom(E(k)_%ky)>e-waw, @.21)

where E is the complete elliptic integral of the
second kind and 2= y/(1+y). For y>1, the inte-
gral can be approximately- evaluated to yield
B(y) =@/7), y>1. (4.22)
This result is consistent with (4.19) which reduces
for 6 near 37 to (2/7) cos6 (x).
We now display the behavior of the one-point and

two-point distribution functions for some typical
values of the parameters x and y in Figs. 4-6.
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(g)

_— z i

(Continued)

The one-point distribution function has been com-
puted earlier by Suzuki® and is shown here for com-
pleteness. The behavior of C,(x,y) is shown in
Fig. 7.

FIG. 6. Contour diagrams of p,(z,%;,1,1) for various
values of p,.
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o

FIG. 7. Graphs of Cy(x,y) for various values of y.
The dotted line is y"Icg(x, 9). The numbers on the solid
lines are the values of y. For large y, Cy(x,y) tends to
approach the vertical axis with a finite slope. Indeed,
4.19) yields for x<<1, Cy(x,y) =1—F2/mx.

V. GENERALIZED TRANSFORMATION OF VARIABLES

The success of the method presented in this
work hinged on the existence of the simple time-
independent transformation (2.18). Hence it would

be useful to discuss such transformations for more -

general models. Thus we consider a class of sto-
chastic models of the form (1.9) with

c 118} =73S;+ N, {S}, (5.1)

where y; is a function of ¢ which is positive for
certain regions of small ¢ in which we are inter-
ested and N;{S} is nonlinear in {S}. For instance,
one might choose

vs=Lg**(K*+q%), , (5.2)
. .
N&{S}= —% q*

kalff 0@ -k, -k, -ksg s, 8:, (5.3)

ky T kg

where a=1 and 0 correspond to the TDGL models
with the conserved and nonconserved order param-
eters, respectively. The deterministic equation
of motion dS;(t)/dt=C {S(t)} with the initial condi-
tion S (0)=S, can now be cast into the integral
form as

t
S:()=S;(0)+ f at,e"i NS (1)}, (5.4)
0
with
S;()=etvis; . (5.5)

In the iterative solution of (5.4) we encounter the
same type of multiple-time integrals as those that
appear in (2.8). Evaluation of these integrals leads

to sums of exponentials. The approximation of re-
taining only the leading terms at long times!* in
each order can be shown to be equivalent to re-
placing the lower limit of the integral in (5.4) by
—o, In this approximation we have

S:)=530)+ [ ateriN{s( - 1,)}. (5.6)
4] .
Viewing this as an equation for S;(f), the explicit
time dependence only appears in S3(). Indeed,
(5.6) has a solution for S;(t)=0; which is a time-
independent functional of

03=82(t); oz=0;{0%}.
Namely, (5.6) becomes
01{02} =02+ [ dt, "N {o(ei09)}.  (6.7)
0 R

The functional relationship o {0° obtained by
solving (5.7) viewed as a time-independent non-
linear transformation of the variables ¢°—o¢ is
indeed a generalization of (2.26).

The existence of such a time-independent rela-
tionship is traced to the fact that (5.6) in fact spec-
ifies the initial condition S;(t) =S2(t) at t=~, and
hence, the relationship 0{0°% is the result of time
evolution from the initial condition during the infi-
nite amount of time starting at t=—~. However,
o(F,{0%) differs from its saturation value zxa™/2,
where -

o doD= | olopless

because actually we have specified S3(¢) to assume
a finite value S; at ¢=0. [Indeed, both S3(¢) and
S;(t) become infinitesimal as ¢t~ —w.] The violation
of this true initial condition at¢=0 is very small in
our weak coupling situation as long as Sy is not ex~
cessively large, and has been ignored.

Now, for the models described by (5.2) and (5.3),
we can write (5.7) in terms of the densities

0, {0 =) -2 (-v)e

Xf dt,ePho(r,{ePho%)3, (5.8)
0

where 0°(F) = fo3e*d"7 and D is the following dif-
ferential operator: ’

D= L(=v2)e(k?+ V?) .

For our models, the linear growth rate has a max-
imum v, at k =k, where v, =L«? k,=0for a=0 and
Yn=1Lk% k,=2""% fora=1. We then have

e Pt~ e "mt10° since 0°(F) =S°(F, £) has large Fourier
components for % near %, for large enough ¢{. Thus



(5.8) can be further approximated by

oF, {07 =0°®) - £ (~v)s

X f dt,ePhio (F,{e""mt10%)° (5.9)
0

The major contributions to the time integral come
from the short times except for the cases where
o°(F) is excessively large so that o(f) is nearly
equal to its saturation value.

For a=0, (5.9) can be further approximated by
replacing D by v, =7, since the wave numbers in-
volved are small [<(@L#)"*/?] and ¢, is small. Thus
(5.9) becomes

o, {o"D =0 £

Xf dt,e”otio(F,{e"%t0%)3 . (5.10)
0

This equation for ¢ contains T only in 0°(¥), and
hence o (¥, {0%) can be found in the form of an ordi-
nary function 6(0°). Then (5.10) can be readily
converted into the following integral equation for
o(x) by changing the variable of integration:

x 3
o(x) =x<l -« f dy 2_(9;)_> ,
o y
with @ given by (2.13). This equation is easily

solved if we note that satisfies the following differ-
ential equation:

(.11)

(6.12)

with the condition that o/x—~1 as x~0. Thus we
obtain

olx)=x/(1 +ax?*?,

which is just 2.18).

For a=1 (conserved case), we have not succeed-
ed so far in reducing (5.9) further. The difficulty
here stems from the fact that the wave vectors at
which the initial growth rate reaches maxima
form a d - 1 dimensional spherical shell with |k|
=2"1/2¢ rather than a single point k=0 as in the
case witha=0. As a consequence we have to deal
with wave vectors which are composed of more
than two wave vectors nearly on the shell with
|k| =27/%¢ and hence the resultant vectors can be
far off the shell.

(5.13)

VI. DISCUSSION

In the preceding sections, we have presented a
method to study the enhancement of fluctuations at
long times in unstable systems with an infinite
number of degrees of freedom. The method is
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particularly useful when the enhancement of fluc-
tuations occurs in a decreasingly small region

“around a point in the wave-vector space as in the
TDGL model with the order parameter not con-
served. This does not mean that the wave-number
dependence can be asymptotically dropped (if so,
the problem reduces to that of a single degree of
freedom such as a laser model). However, the
existence of the solution (Suzuki’s solution) in the
absence of diffusion makes it possible to treat the
diffusion effects separately from the nonlinear
aspects of the problem.

Although so far in this paper, we have been out-

,side the critical region, it is of some interest to
view the problem as an example of nonequilibrium
critical phenomena. The first point to note is that
even in the mean-field approximation, the problem
is far from being trivial. We have here merely
provided such amean-field solution. The nextnatu-
ralstepistotryanexpansion'®in € =4 — d where the
corrections to our mean-field results arise from
solving (2.1) more precisely and from restoring
the second-derivative term [Lfi 62P (S}, ¢)/65;0S ;)
to the stochastic equation (1.9).

As an example of nonequilibrium critical phe-
nomena it is interesting to see whether our results
conform to the usual dynamical scaling law of cri-
tical phenomena.!® In our model the characteristic
length and time are, respectively, k™ and w™
= (2Lk?)™. In Sec. IV the quantities of interest are
expressed in terms of the properly scaled order
parameter z; and the dimensionless variables x and
v(#), (3.18). In terms of ¥ and w we can then write

x=k|F|/ ()2, (6.1)

2 /2 wt
MOR-Putal (6.2

If we suppose that the renormalization of the con-
stants in the stochastic model mentioned in Sec. I.
has been done properly. (with the reference wave
number chosen to be k) then the coupling constant
g should take the form g*«* ¢ where g* is now the
dimensionless coupling constant.'® Thus, our re-
sults conform to dynamical scaling provided that
we include the additional length scale «3' which
characterizes the correlation range of fluctuations
in the initial state.

Now, the fact that we are concerned with the
regime k|¥|>1, wf>1 means that we are well in
the hydrodynamic regime where thermal fluctua-
tions are of little importance. The large fluctua-
tions we find are not of a thermal nature although
the probability. distribution for them is influenced
by the thermal fluctuations that existed in the
initial state. Thus, here again we see a close
parallel between our problem and that of hydro-
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dynamic turbulence!” where the deterministic equa-
tion (2.1) plays the role of the Navier-Stokes equa-

tion in turbulence.
Finally, we discuss the range of validity of the

present treatment and its possible extension to re-
lated problems. There are at least two limitations
of our work, namely, the approximations involved
in solving the deterministic equation of motion
(2.1) and in neglecting the thermal noise. Regard-
ing the former aspect we note that the approxima-
tion which leads from (5.8) to (5.10) is valid only
when we are far away from complete saturation
at time t. Otherwise, o(F,{e 2t10%) stays almost
constant for small ¢, < 1/270. The necessary con-
dition that this does not happen is that the ratio of
the quantity e?i0(F, {e"2*10%) at ¢,=0 and at ¢, =¢
be much greater than unity. If we replace the
value S°(F, t)? that enters by its average value
B(t) [(3.10)] and use (3.18), this condition takes the
following form:
3/2

ot G‘%%) >1. (6.3)
Since y(0) is small and of the order of (gk?™%), we
have'®

e®! > [1+y ()] 2. (6.4)

This condition is certainly satisfied over a wide
range of ¢ in the weak coupling situation with which
we are concerned. In Appendix B, we shall show
that essentially a similar constraint is also a suf-
ficient condition,

The second approximation is such that, as was
remarked in Sec. I in connection with the laser
model, the theory does not correctly describe the
final equilibrium state where any deterministic
path ends at +S,. Here of course thermal fluctua-
tions (which are contained in the second-derivative
term dropped in our theory) play a role. The im-
portance of thermal fluctuations in the one-point
distribution function can be examined by consider -
ing the variance Y*(¢) for the part of the distribu-
tion function with positive S which is divided by
S2.. Thus, from (3.17) we obtain for y () »>1,

YHe)=[(8/m)M2 - Gm)t 2y )2, (6.5)

On the other hand, for the equilibrium distribution
function, this variance was obtained in Ref. 9 and
is

Y:)=3g@), (6.6)
where
2@)=g/[6(4m)/ 2k ()] . (6.7)

Note also that y () =g({)(1 +k2/k2)e?%t. Thus our
theory will be valid for the times satisfying the
condition Y*({)>Y:(). That is,

1+ %)’le-zvot sore<2[(S7- (5], ea)

As was noted by Langer®® and verified by a com-
puter study,? thermal fluctuations also become
important in those neighborhoods in the function
space {S()} which satisfy 6&/6S(F) =0, where S is
zero in the absence of noise. In our problem, this
will be the case for the metastable state obtained
by adding an external field to the model. Here,
it is essential to restore the second-derivative
term in the stochastic model equation in order to
describe the slow decay of the metastable states
towards the equilibrium state. In our approxima-
tion scheme, such a process enters as higher-
order corrections to our “mean-field” theory. We
certainly intend to extend our work to include this
interesting case.

ACKNOWLEDGMENTS

The authors would like to acknowledge fruitful
conversations with the members of the statistical
mechanics group of Temple University, in parti-
cular, Professor S. K. Kim, which led to improve-
ments of the manuscript. One of the authors
(K.K.) is particularly grateful to the hospitality of
the Physics Department at Temple University,
where this work was carried out.

APPENDIX A

Here, we discuss the approximation that led
from (2.8) to (2.10), in particular, the following
multiple time integral:

¢ t, £ n
f,,({x},,;t)sj; dtlfoldtz'“ [ Lat, exp<; x‘ti>,
| | @1

where {x},=x,,%,, .. .,x, with x, real and positive.
Consider the Laplace transform

Fullhs )= [ et (a2)

This is readily evaluated by changing the variables
of integration from ¢; to s;=¢;, —=¢,,i=1,2,...,n+1
with £,=t,¢,,, =0, and we obtain

Follxhes ©) =0 (@ = x) 0 = x, = x,)

xe..< ‘b_i:xi>-1. (A3)

i=1

Taking the inverse of the Laplace transformation,
we have

Follacks t) =gli f " ot w)e“t dw (A4)
: c=fw
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with ¢>27 i1 %

For large ¢ such that x,>1 for all ¢, the leading -contribution to f, comes from the largest pole E 1%y

and we obtain

fn({x}n; t)__—'ﬁ_ exp<t2xi> (xl+x2+...+xn)(x2+x3+‘..+xn)... (xn-1+xn)(xn)’ (A5)

which leads to (2.10).

The error estimate of (2.10) is obtained by noting that the leading correction to (A5) is roughly exp(-ix,)
times (A5). This implies in (2.8) that three of the wave vectors k’s can range up to k rather than up to
(2Lt)™/2. This is however, restricted by the presence of a 6 function. Thus the net gain due to the en-
larged & space amounts to the factor «*(2L¢)?. Therefore, the relative correction to (2.10) coming from

the correction to (A5) is k®#(2Lt)* exp(-2v,t).

Also we observe that if the lower limits of the multiple integral (Al) are extended from 0 to _'oo, (A1)
exactly reduces to the right-hand side of (A5). This fact was used in Sec. V.

Finally we note that an alternative description of our approximation can be obtained by recasting the de-
terministic differential equation of motion (2.1) in terms of the variable S°(F, {) given by

S@F,1)=5°(F,0)/[1+aS°(F, 07 /2. (a8)
Then (2.1) becomes
SO ,1) = L(K? + V?)S° (F,¢) — {6LaS°(F )2 /[ 1+2a8°F, 21} | vS°(F, 1) [2)/5°G,¢8) . (A7)

Now since the transformation (A6) is precisely that
given in (2.18) and (2.19) with S°(F, t) = exp[¢L (k?
+V?)]S(F) we expect that in'some sense the gradient
term in (A7) is small. This is obviously the case

for small 82, since then

6La S Iv§° |2 xv§°x2
1+2a5%® S0

— 6LaS°2

<« Lv28° (A8)

for a8” «1. On the other hand, for very long
times such that @S =0(1) this is no longer the
case, since then

6La5” |vs°l> . 198°1

- - - (A9)
1+2aS® 8° s’

so that the gradient term is then comparable to
Lv25°, However, one can make a heuristic argu-
ment to suggest that nevertheless the asymptotic
solution of (A7) is the same as S°(t, t), in agree-
ment with our previous derivation. To see this,
note that in the region where the gradient term

might be important we have
Jo2 o 302

—G—LQSTE vso |2~ GLLS vE0=LA({)V?S°. (A10)

1+2aS° 1+2a

In order to simulate the effect of this gradient
term we therefore consider the equation

§°=’L[K2+ v — A (£)v?]S° (A11)

with A (¢) =ge®”! such that £<<1 and A ()= O(1) for
large . Then the solution of (All) is

r

. ¢ e
_ S°(q,t)=exp(LK2t—Lq2t+Lq2f A(s)ds)S°(q,0) .
0

(A12)
But,
[ A= (F/2v) @ - 1) = fenet /2y,
0
=A@)/ 2y, <t. (A13)

Therefore the effect of the last term in (A11) and
correspondingly the last term in (A7) has only a
small effect on S(F, ¢).

APPENDIX B

In order to examine the validity of the approxi-
mation that led from (5.8) to (5.10) let us consider
the integrand

L -
@&, t,t)= —’-‘%——ew‘c(e f14%)3

gLy, exp[3vy(t —1,)ISE)®

6 {1+ aexp[2y,( —£,)ISTP "

(B1)
Consider the ratio
_oF,t,t,)
RE 6 0)=0F 70
PSSRSO U
T+a exp[2y,(t -£,)]ST)?
(B2)
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In order for our approximation to be valid we must
require that this quantity decreases substantially
within a time which is much shorter than {. Name-
ly, defining ¢, by

R(,t,t)=n, (B3)

where 77 is a number less than unity, say z, we
, require

£, <t. (B4)

We can estimate (B2) by replacing y, inside the
square bracket of (B2) by the differential operator
D), (S, q), and then replacing S(¥)? by its average
over the initial distribution. Thus (B3) becomes

_1 +_y (_t)_ _ 3/ =27ty =
<1+y(t—t1)> emh=n . (85)

The most dangerous case is when we are close
to the complete saturation, that is, y(¢)> 1. Then
we have

y @) =n* et/ [+yt-t)]. (B6)

y(¢ —1,) can be consistently ignored since using
y(t) 2 n?/ 2%t/ 3 and y (¢ - ¢,) =y (t)e ?70'1 we have
y(t —t,) =ny(#)™/2, which is small. Thus the con-
dition (B4) takes the form

vot > 21l y (@) /m*'?] . (B7)

By choosing a to be sufficiently small, (B7) can
be satisfied over a wide range of ¢ for any fixed
number 7 less than one even near saturation.
Since in (5.8), Lk%,~t,/t, our approximation of
replacing D by v, in. (5.8) is thus justified.
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