PHYSICAL REVIEW E

VOLUME 51, NUMBER 6

Formulation of a moment method for multidimensional Fokker-Planck equations

Hanchen Huang* and Nasr M. Ghoniem

(Received 31 October 1994; revised manuscript received 22 December 1994)

A moment method for general n-dimensional (n>1) Fokker-Planck equations in semi-infinite
domains with mixed boundary conditions is developed in this paper. Generally, time evolution equa-
tions of moments include terms with reduced distribution functions. With mixed boundary conditions in
n-dimensional phase spaces, the reduced distribution functions are not explicitly known. This adds an
openness to the time evolution equations of moments. We develop an auxiliary set of variables that al-
low the removal of this type of openness by introducing it into a general moment truncation scheme.
The other openness of moment equations caused by the general phase space dependence of drift and
diffusion coefficients is removed by using the conventional central moment truncation scheme. The
closed set of time evolution equations of moments is numerically solved with the LSODA package of com-
puter programs [A. Hindmarsh, in Scientific Computing, edited by R. Stepleman et al. (North-Holland,
Amsterdam, 1983), pp. 55-64]. The method is applied to three examples. The coupling of moments and
reduced moments is first demonstrated by an interstitial clustering process in diatomic materials. Then,
the moment equations for a one-dimensional Fokker-Planck equation in a semi-infinite domain are de-
rived as a special case of the present method. The moment equations of the one-dimensional Fokker-
Planck equation derived by Ghoniem [Phys. Rev. B 39, 11810 (1989)] for atomic clustering are thus
recovered in the second example. Finally, the moment method is also tested by applying it to a two-
dimensional Ornstein-Uhlenbeck process, which can be solved analytically. Numerical calculations of
the first three moments with truncation only at second-order moments are in very good agreement with
the analytical results. Truncation at fourth-order moments is found to give similar results for the first
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three moments.
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I. INTRODUCTION

The Fokker-Planck equation (FPE), which was first
developed by Fokker [1] and Planck [2] to describe
Brownian motion, has been used in many fields involving
stochastic processes. A general review has recently been
given by Risken [3]. Analytical solutions can be obtained
for very limited conditions, e.g., linear driving force, con-
stant diffusion coefficients, and infinite domains [4-7]. It
is generally not possible to obtain analytical solutions of
second-order partial differential equations. Many ap-
proximate and numerical approaches for the solution of
FPEs have already been developed. Some of these
methods rely on the specific nature of the equation and
many are limited in their range of applications. The
reader is referred to procedures based on Lie algebra
[8-10], eigenfunction expansion [11-14], perturbation
expansion [15-19], path integrals [20-22], Green’s func-
tion [23-25], Monte Carlo method [26,27], moment
method [28-32], and finite difference integration
[33-37]. The analytical method is the simplest one, but
is usable in a very small class of problems. Numerical in-
tegration of a FPE in finite domains could be very accu-
rate with intensive computational efforts. Numerical
solutions of multidimensional FPEs in infinite (or semi-
infinite) domains are ineffective and may even give false
results. The various approximate methods could be very
efficient, if their specific assumptions are satisfied.
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Although the moment method can be used to solve
general FPEs, convergence of the method has not been
theoretically proven. However, experience has shown
that the method is accurate if one truncates the moment
equations at high enough order [38]. The moment
method for one-dimensional FPEs has been developed for
both infinite and semi-infinite domains [28,29,32], while
that for multidimensional FPEs has been developed only
for infinite domains [28,32].

Generally, moment equations are not closed. There
are two factors that render the moment equations open.
First, drift and diffusion coefficients cannot, in general, be
expanded in terms of limited order polynomials. This
makes the time evolution equations of lower-order mo-
ments depend on higher-order moments. A truncation
scheme must therefore be employed to eliminate this
openness. To obtain moments of up to Nth order, mo-
ments of order higher than N need to be omitted or ex-
pressed in terms of lower-order moments. This is termed
Nth-order truncation or truncation at Nth-order mo-
ments. Three truncation schemes have been tested and
two of them are found to be good in many cases [30,31].
This openness can therefore be easily removed by using
an appropriate truncation scheme.

The other openness comes from mixed boundary con-
ditions (linear combinations of Neumann-type and
Dirichlet-type [39] boundary conditions) at finite boun-
daries in multidimensional phase spaces. For multidi-
mensional Fokker-Planck equations, one mixed boundary
condition at a finite boundary gives a governing equation
of a reduced distribution function. The reduced distribu-
tion function, which is unknown, comes into time evolu-

5251 ©1995 The American Physical Society



5252 HANCHEN HUANG AND NASR M. GHONIEM 51

tion equations as a boundary condition. Since the re-
duced distribution is unknown, time evolution equations
of moments are rendered open. By introducing an auxili-
ary set of variables, which we term reduced moments, and
employing an appropriate truncation scheme, we are able
to remove this openness. This paper extends the moment
method to more general cases where (1) multidimensional
semi-infinite phase spaces are considered and (2) bound-
ary conditions are mixtures of the Neumann and the Dir-
ichlet types. Pure Dirichlet-type boundary conditions are
considered as special cases of general mixed boundary
conditions.

In Sec. II we develop the moment equations. In Sec.
III the moment method is applied to three examples. In
the first example, coupling of moments and reduced mo-
ments is demonstrated by an interstitial clustering pro-
cess in diatomic materials. In the second example, the
moment equations are applied to the one-dimensional
FPE investigated by Ghoniem [29]. The moment equa-
tions derived by Ghoniem are recovered as a special case
of the present method. Finally, we apply the moment
equations to a two-dimensional Ornstein-Uhlenbeck pro-
cess, where an analytical solution is available. Good
agreement between numerical calculations of the mo-
ments solved from the moment equations and their
analytical counterparts is achieved. The effect of trunca-
tion is also investigated. It is found that truncation at
fourth-order moments gives similar results of the first
three moments as truncation at second-order moments.
In Sec. IV we summarize our results and conclusions.

II. MOMENT EQUATIONS

An n-dimensional FPE in a semi-infinite domain is
written as

AC(WN, 1)

« 0
ar g,a F;(N,t)C (N, 1)

P D (N,t)C(N,t) (1)

[t}

n
+ 3
ij=1
with the initial condition
C(N,t =0)=Cy(N) , (2)

the general mixed boundary condition at each finite
boundary

ou; (N, t)C (N, ¢)
ox;

1

=0,(N,)C (N, )+ w,(N,1)

when x;=x*, (3)

and the Dirichlet boundary condition at each infinite
boundary

C(MN,t)=0 as x;—> o , 4)

where N={x,,x,,...,x,} is a set of coordinates in the
n-dimensional phase space. The asterisk superscript indi-
cates a coordinate at a finite boundary. F;(N,¢) and
D,»j(./\/,t) are components of a drift force vector F(W,¢)
and a diffusion tensor D(WV,t), respectively. C(N,?) is a

distribution function in the n-dimensional phase space
and u;(WN,?), v;(N,t), and w;(N,t) are arbitrary well-
behaved functions.

The boundary conditions defined in Eq. (3) is a
mathematical generalization of the following boundary
condition:

0D (N, 1)C (N, 1)
ox;

1

=p/(N,t)C(N,t)+w;(N,t) when x;=x*, (5

F,(N,t)C(WN,t)—

which is also a special case of another generalized bound-
ary condition

n 9D (N, t)C(N,t
F{(N,0)C(N,0)— 3 it ax) (M)

J=1 J

=v/(N,t)C(N,1)+w;(N,t) when x;=x}*

,  (6)

where v/(WN, 1) is another well-behaved function. For this
paper, we are satisfied with the boundary condition
defined by Eq. (3), which represents defect clustering pro-
cesses in multicomponent materials.

The general moments (M !™! ), are defined by

Ng{M!mly, = f“’M;;" (N, R,0d N @)

where = {x,1 ,x,";, .. ,x,,d } represents a set of coordi-

nates that will be fixed (reduced). N is a subset defined by
N=NeR. {m}={m,m,,...,m,} is a set of integers
that define a specific moment. Ng, which is usually
termed total number (e.g., total density, total probability),
is the integration of the distribution function over a re-
duced phase space, in which a set of coordinates 72 are
fixed to be their boundary values. The moment functions
M are defined as

T —<x;) %)™ when S m;#1
i=1 k=1

Mipl=1, " (8)
[Ix;" when ¥ m;=1.

i=1 i=1

>7=1m;=0 gives the total numbers Ng;. ' m;=1
gives the average values (x;)5. 37’_,m,=2 gives the
variances  ((x, —{x,)n(x,~(x,) %)% Si_ym;=2

gives the higher-order moments. When # is empty, we
have the conventional moments. When 7 is not an emp-
ty set, we have the reduced moments. The order of reduc-
tion canbe up ton — 1.

To make the formulation more tractable, we define two
operators I and Tg. Iz, which we call the drift vector
operator, is defined as

n .
I;= S Ihe, , 9)

i=1

I%f(ﬁ/,ﬂ%,t)=ffi o (N, R,0C (N, R, )d N

if x, eN, (10)
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A*x

FIN,R,OC (N, R, 1)dN

*
Tk

if x,"‘( eER, (1)
where f (.//\\/,ﬁ,t) is a well-behaved scalar function. Tg,

which we call the diffusion tensor (dyadic) operator, is
defined as
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TR (N, RO =T3 f (N, R, 1)
82

Ark *
N* 3x), ax,q

)

FN,R,C(N, R, t)dN

if x, N, x* €R, (14)
9

_

£ 3 a * *
x ¥ 0x

Tp g

0

TEf(N,R,0= [ FNR,OC (N, R, 0N

N

. if x,’;,x,: ER. (15
To= Tihee. , 12
7 i»j2=1 neie; 12 Operations of the I and T4 convert a given function
into its moments, reduced moments, and some simple in-
. tegrals, which can be expressed as
THf (N, R, t)= i+ 3x,3x, [N, R, )C(N,R,t)dN I%f(j\‘/,yg’,)= —Ng, (f(ﬁ/k,ygk,t»ﬁk , (16)
) N where 72, is an extended subset defined by R, =R e {x}}
if x,,x, €N, (13)  and N, is in turn given by
il
./\/=J/\\/k$7‘3k N
~ A v, (N, R,0)f (N, R,t)
N |u, (W00 [ LNTD 1 T -
k 8x,‘; u,k(.N,Yi,t) u,k(./\/,%’,t) R
o W NROFNR | ~
k£ = + | = dN if u, (N, R,t)70, (17)
IEF(N,R, 1) fN* o R if u,
e 8 |W WNROFNR | .
- . = dN if u, (N,R,t)=0, (18)
F* oxr v, (N, R, 1) k
THf (R, 0=Ng <f(./\/pq,?qu,t)>ﬁpq if pq , x,x, €N, (19)
where 72, is another extended subset defined by 72, =@ {x,,x, } and ./T/pq is in turn given by N =N g ® T g
" (N, Rpot) | 0, (N, R, O (N, R 1)
—‘Nﬁ up(‘Np’ﬁp’t) a* f AP p + p p PA p P
4 ax, up(./\/p,ﬁp,t) up(Np,_%’,p,t) R,
~ N ,t .//‘\/ ,ﬁ ,t ~ ~
TEf(N, R, 0= ~ 105 Ny, 7, D (Np Tips 1 dN, if u,(N,,R,, 00,  (20)
Ay up(Nps Ry, 1)
- N Ry O f (N R,p00) | o "
o a* wp Ny £ SNy T dN, if u,(N,,R,,1)=0, 21)
Ry ax, v, (N, R, 1)
AT 5 f(ﬁp,ﬁp,t) v,q(./\/P,%p,t)f(./Vp,ﬁp,t)
- ’ ’t A
Nyzp U, WprJtp ax,’; u,q(./\/p,ﬁp,t) u,q(./\/p,ﬁp,t) R,
2, (N, R, Of (N, Rput) | "
Pry oo A _ B D B - dN, if u, (N,,R,, )70, (22)
TR f(N,R,1) fﬁ/;‘ u, (N R 1) p Ve tp
q9
o N R OF (N, Rt ~ ~
3 wp(Np 7%11\ ) (N, Ry, 1) dN, ifu, (N, R,,0)=0, 23)
Ay axt 0, (N, R 1) P TR
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(N, R,t)

2 A A
) ; o2 (N, R, 0 (N, 7, 0)
+Nﬁ<u (AR, t)aa [f””“ ]+ ? >ﬁ

u,iu?/,ﬁ,t)

A (N, R,t)
~ 3 [ fIN,R,1) ~ 3 | U
+Ng(2v, (N,R,t AL + (N, R, 1) <
7f< or{ )ax: u, (.N,?i,t)} f ox* |u, (N,R,1)
p p p p
FNR, 0, (N,R,w, (N,R,t)  f(N,R, 09w, (N,R,1)
+ [ AR e + P
Ar* “r2 (N, R,1) u,p(./\/,ﬁ,t)ax,:
p
+ [ 22w, (M7, LN NRr it o, (R, 7,070,
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A

o 3 | FNR W, (NR,0) R
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x

u,q(ﬁ/,ﬁ,t)

3
(.N%’. t) ax,’:
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+Nﬁ<u (N, R, 03
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5 | SWR 0, (NR,D
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+[ < = = -
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u, (N, R, tw, (N,R,t) n R
Lt o, 0 [fNRD | 4
i* u, (N,R,1) ax} | u, (NR,0)

A

o g | SWRw, (WA |

e axr:axr'; v, (N, R, 1) dnN i, u,p(N,i%,t)u,q(./\/,ﬁ,t)=0
q

if r,#r, , u, (N,R,0u, (N,R,070
P q

(24)

(25)

dN

(26)

(27)

The derivation of these equations is straightforward and is therefore omitted here. Using the drift and diffusion
operators, we can express time evolution equations of the moments in the following compact form:

d[Nz{(Mim}),]

dt

~ d{N)
= +N7{< F(N,R,1)— —t—7i

n
r|>m—2
k=1

-YﬁM%’"]>
R

N (DN, R, 1) -ZpM i) ) T, [DIN, R, MU ]
—Ix- {[FWN,R,0)+Y7-DN, R, 1)+ DN, R, 1) Y5 1M "} }

(28)
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where

n m:
Y7{=2——'——-—e,~ , (29)

i=1 (xi—(xi>7f)

n m;(m;—8;;)
Zy= T € 30
# i,jz=1(x,-—(x,-)gg)(xj—(xjﬂ%)e'e’ (30)
d{WN) d(x;

R _ <xz >7€e. ’ 31)

dt = de
xieﬁ/
1 if x=0

Details of the derivation for Eq. (28) are given in the
Appendix. The reduced distribution functions, which are
included in time evolution equations of moments, and can
be expanded in terms of their moments and reduced mo-
ments. By introducing the reduced moments and em-
ploying an appropriate truncation scheme, we have
closed the openness caused by mixed boundary condi-
tions at finite boundaries. Generally, the drift vector and
the diffusion tensor are expansions of infinite-order poly-
nomials of their phase space coordinates. This makes
time evolution equations of lower-order moments depend
on higher-order moments. Therefore, the time evolution
equations of lower-order moments are generally not
closed. This openness can be removed by truncating the
time evolution equations at an appropriate order. There
are several truncation schemes proposed [30,31]: simple
moment truncation, central moment truncation, and cu-
mulant truncation. By applying the truncation pro-
cedures to some analytically solvable processes, it has
been found that the central moment truncation and cu-
mulant truncation schemes are more accurate as com-
pared to the simple moment truncation scheme. For gen-
eral FPEs, the central moment truncation scheme is
easier than the cumulant truncation scheme and will
therefore be adopted in this work. The moment equa-
tions, which are a set of ordinary differential equations,
can be easily solved with the LSODA package of computer
programs [40,41].

III. APPLICATIONS
OF THE MOMENT METHOD

In Sec. IIT A, coupling of the moments and the reduced
moments is demonstrated by an interstitial atoms cluster-
ing process in diatomic materials. Moment equations for
one-dimensional FPEs in a semi-infinite domain
developed by Ghoniem [29] are recovered as a special
case in Sec. III B. Numerical accuracy of the method is
demonstrated in Sec. IIIC by applying it to a two-
dimensional Ornstein-Uhlenbeck process, for which an
analytical solution is available.

A. Interstitial atom clustering processes
in diatomic materials

When defects are produced in a solid, they tend to
form clusters. According to the two-group approach
[38], defects (vacancies, interstitials, and their clusters)
are described by two sets of equations: small defects are

described by master equations and large defects are de-
scribed by a FPE. This approach has been extended to
defect clustering processes in diatomic materials and ap-
plied to silicon carbide [42]. The two sets of equations
can be expressed as

dc,
7=f1{C1,CzC(x1,x2,t),a} , (33)
dc,
g 2(C1 6 Clxpxg,t)a) (34)
dC;
7=fuiCuCz,C(xl,xz,t),a} , (35)
oC (x{,x,,t) 2
#ﬂ_:—.glaLXiFi(xl,xz,t)C(xl,xz,t)

s — & _p )C( )

Ao s Vilxp,x ot X1,X9,8),
i,j2=1ax1axj j X 15X X2

(36)

Fi(xl,xz,t)C(xl,xz,t)—-%Dii(xl,xz,t)C(xl,xz,t)

1l

=A;(x1,x,,8)C(x,x,,t) atx;=1, (37)

C(o0,x,,t)=C(xy,0,t)=0, (38)
C(x,,x,,0)=known function of x; and x, , (39)
c(1,1,0=Cy , (40)

where f,, f,, and f;; are known functionals. «
represents all material properties and damage conditions.
A;(x{,x,,t) is a known function. C;, C,, and C;; are
concentrations of type- 4 interstitials, type-B interstitials,
and stoichiometric di-interstitials, respectively, while
C(x,,x,,t) represents concentration of defect clusters.
The di-interstitials are described by both the master equa-
tions and the FPE.

The FPE can be converted to a set of moment equa-
tions as described in Sec. II. Simultaneously solving the
moment equations and master equations, we can get a
distribution of defect clusters. Details of this physical
problem are discussed in Ref. [42]. Coupling of the mo-
ments and the reduced moments is highlighted through
the equation for zeroth-order (nonreduced) moment

—(2—];7=T“D1,(x1,x2,t)+ T?D ) (x,%5,1)
+TYD ) (x;,%,,8)+ T Dy (x,x,,1)
—I'F(x,%5,t)—I*F,(x,X5,t) , (41)
where
Ilpl(xl,xz,t)=—N{xr}<F1(x’1",x2,t))‘xr} , (42)
12F2(x1,x2,t)=—N[x;l(Fl(xl,xi',t)){x;} , (43)

TUD | (x,%5,1)

= _N{xr}(Fl(x’{,xz,t)-— Al(x’{‘,xz,t)>{xr] , (44)
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T?D(x1,%5,1)

=_N{x;‘}(FZ(xl:x;.‘7t)—A2(x1’x,2k’t)>[x;l s (45)

T2D ,(x,,x,,t)=D,(x},x3,)Cyy , (46)
T2'D, (x1,%,,t)=Dy (x},x¥,)Cyy . (47

It is clear that the reduced average terms have to be ex-
panded in terms of the reduced moments. The zeroth-
order moment N is therefore shown to be coupled with
the reduced moments. Similarly, higher-order moments
are also coupled with the reduced moments. Equations
for the moments and the reduced moments and the mas-
ter equations have to be solved simultaneously to obtain
defect distribution functions.

dN . " dD(x*,t)C(x*,t)
—— t —
i F(x*,t)C(x*,t) It

>

d{x) _
dt

d{(M'™})
dt

(F(x,t))—({x)—x*) 7 N

d InN + D(x*,t)C(x*,t)
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B. One-dimensional FPE in semi-infinite domains

Considering the one-dimensional FPE in a semi-infinite
domain studied by Ghoniem [29], we can write the
boundary conditions as

u(x,t)=D(x,t) , (48)
—_4aN

w(x,1) dr (49)

vix,t)=F(x,t) . (50)

Substituting these boundary conditions into the right-
hand side of Eq. (28), we have

=m{{(x —{x))" Fx,t))+m(m —1){(x —{(x))" 2D (x,1))

N N

These equations are precisely the same as Eqgs. (23), (25),
and (27) in Ref. [29], except for the use of different sym-
bols. The moment equations are solved simultaneously
with several master equations describing small defects
[29]. It is worth mentioning that there are two matching
boundary conditions at the finite boundary x* because
both C(x,¢) and its first-order spatial derivative are con-
tinuous in order to be physically meaningful. Since they
are matching boundary conditions, the problem is
mathematically well posed.

C. Ornstein-Uhlenbeck process

A simple Ornstein-Uhlenbeck process in a two-
dimensional infinite phase space can be described by the
following set of equations:

a—cgél;—xﬁ:*é%i_i kéla,-kxk C(x,,x,,1)
+ é a72D,--C(x,,x2,t) , (54)
= 0x;0x; Y
C(xq,x5,t =0)=8(x, —1)8(x,—1), (55)
C(x,,x,,t)=0 as x;—>o0 , (56)

where 8(x) is the Dirac delta function. In this example
ay and D;; are constants. We take a;=98; and
D;;=10773;;, with 8,; being the Kroneker delta function.

This problem can be solved analytically and the distri-
bution function can be expressed as [3]

m(x*—(x>)m—ID(x*,t)C(x*,t)+d1nN[(x*—<x>)'"—<Mlm?>]

2 —m<Mfm*1!>i<d’t‘—>. (53)

1
0.02m(e?—1)
(x;—e")?+(x,—e")?

x .67
xp 0.02(e¥—1)

C(X],)CZ,t):

It is easy to prove that this is also the solution of the
same FPE in a semi-infinite domain, which is defined as
X, E(x¥,0) and x, E(x3, o), if we choose the follow-
ing boundary functions at the finite boundaries:

u;(x4,x,,8)=1.0, (58)
( ) xi e (59)

v(x,%,,0)=——F—F— |

pobT2 107 2(e?—1)

w;(x,%,,8)=0.0, (60)

where i can be 1 or 2 depending on which boundary is
considered.

Moments of this distribution function in the semi-
infinite domain can be directly calculated. With the
chosen boundary functions, we can also solve for the mo-
ments using the method developed in Sec. II. Moments
calculated from the analytical solution at ¢ =5.0 with
x7 =100 and x5 =100 are used as initial conditions for
the moment equations. The time dependence of the mo-
ments is studied by both the moment method and the
analytical distribution function. Truncating the moment
equations at the second-order moments, we have solved
for the first three moments. Because the problem is
symmetrical with the two coordinates, we do not need to
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TABLE I. Effects of truncation on the accuracy of (M {™1)— (M {m}) _, .

(MU — (M), g E{™ ()
Moment Second Fourth Second Fourth
my,m, Analytical order order order order
0,0 1.1054%x 1073 1.1049X 1073 1.1049X 1073 0.05 0.05
1,0 9.6250 X 10! 9.6250% 10! 9.6250%X 10! 0.00 0.00
2,0 3.7988 X 10? 3.7988 X 10* 3.7988 X 10? 0.00 0.00
3,0 —6.1622 X 10! 3.4314X%10° 5668.47
4, 0 9.3412X10° 9.7683 X 10° 4.57
2,2 3.1058 X 10° 3.1058 X 10° 0.00

consider moments of all coordinates. The time depen-
dence of the total number obtained from the moment
method and that of its analytical counterpart are com-
pared in Fig. 1. Similar comparisons for average values
and variances are shown in Figs. 2 and 3, respectively.

_ ((1‘4{"'I ) - (M{ml )t=5.0)approximate_( (M‘m} > - (M{M} >t=5.0)analytical

The approximate moments obtained using the moment
method agree very well with their exact counterparts. To
study the effects of truncation, moments and their rela-
tive errors are calculated with various orders of trunca-
tion as

(61)

E{m

where E{™) represents relative error of moment increase
(M!m))—(MUm)), _s o, with zeroth-order truncation.
The subscript ¢ =5.0 indicates initial values of moments.
Nonzero moments and their relative errors, at t =5.5, for
truncation of second and fourth orders are calculated and
listed in Table I. The moments that have an analytically
zero value are not included in Table I since the magni-
tude of all their approximate values is less than 107%.
The results of lower-order moments are stable with
respect to truncation at two different orders. The large
relative error for a third moment is due to the fact that
its analytical value is very small. In this case, contribu-
tions of higher-order moments dominate and truncation
causes a large relative error.
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FIG. 1. Comparison of the total number solved from the mo-
ment equations with its analytical counterpart. The moment in-
crease N —N,- 1 is plotted against the time increase ¢t —t,. The

initial values are ¢,=5.0 and N,=,0 =0.998 894 631 9.

(<M[”‘I)—<M[m])t=5_0)ana1ytical 0

It is worth mentioning that we chose the boundary
function v;(x,,x,,2)=—(x;—e")/10"%(e*—1) to obtain
an analytical solution. This function, however, is singu-
lar when ¢t =0.0. Therefore, t =5.0 rather than ¢t =0.0 is
taken as a starting time to avoid numerical difficulties.

IV. CONCLUSIONS AND REMARKS

In this work, the moment method is developed for n-
dimensional FPEs in semi-infinite domains with mixed
boundary conditions. The idea introduced here can be
directly applied to deriving moment equations of n-
dimensional FPEs in finite domains with mixed boundary
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FIG. 2. Comparison of the average value of x, solved from
the moment equations with its analytical counterpart. The mo-
ment increase {x;)—{x;),- 1 is plotted against the time in-

crease t—ty,. The to=5.0
(x;),=0=148.442 123 4.

initial values are and
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FIG. 3. Comparison of the variance of x, solved from the
moment equations with its analytical counterpart. The moment
increase {(x; —{x;))?)—{(x;—{x, ))2),:[0 is plotted against
the time increase t —t,. The initial values are #,=5.0 and
((xy = Cx )0 =, =218.851 608 3,

conditions, whenever necessary. Several salient con-
clusions can be drawn based on this work.

(i) The moment equations for one-dimensional FPEs
derived by Ghoniem are recovered as a special case of the
general moment method developed in this paper.

(ii) With truncation at second-order moments, the mo-
ment equations accurately predict time evolution of the
first three moments of a simple two-dimensional
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Ornstein-Ohlenbeck process. The relative errors are less
than 0.05%.

(iii) With truncation at fourth-order moments, the mo-
ment equations give the same prediction accuracy of the
first three moments as truncation at second-order mo-
ments. On the other hand, prediction of a third-order
moment is in large relative error with its analytical
counter part. This can be accounted for by the fact that
this moment is very small compared to higher-order mo-
ments. Therefore higher-order moments dominate and
truncation causes larger errors.

(iv) From results obtained with truncation of different
orders, we suggest that convergence of moments should
be tested for each problem. This can be done by solving
for first several moments at various orders of truncation.

There are several ways of constructing a distribution
function based on known moments. Choosing a recon-
struction scheme may introduce some uncertainties.
Since in many cases the first three moments (or higher-
order moments) give enough information of a random
process, we will not discuss construction of distribution
functions in this paper. The method developed here can
be applied to many fields involving FPEs, particularly de-
fect clustering theory for multicomponent materials [42].
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APPENDIX: DERIVATION OF THE MOMENT EQUATIONS

ANz (M!™) ” AF;(N,R,t)  n ¥DyNR,0 | "
—_— = (x;—{x;)) " | — + C(N,R,t)dN
dt I+ *Lll # =2 2 axax
[os m 40 I1 G — {x) ) C (W, R, 0 N (A1)
— x; —(Xx; W, .
fv*jgl(x,.—uj)ﬁ) dt 2 #
The second term does not exist for zeroth- and first-order moments. For higher-order moments, it can be written as
w N n” d(x >ﬁ d(Jv>ﬁ m A
p— l —_ - ., 2
a2 —x ) di I‘I(x —{x)p)"iC (N, R,)d N= Ng 7 Y M B (A2)
j J J i=1
The drift term can be expressed in terms of moments as
- fA* Hl(x (x )R Elﬁaij F (N, %,00C(N,R,0)d N
1= ji=
=—fA*2 F(./\/Y{ DT — (x5 C (LR, 0d
*1 i=1
5 el ) R,0dN
+ N*j=1WF (N, R, t)lI:[‘ x;—{x) )" "C(N, R, 1)d
= —14-FN,R,OMP + Nz (FN,R,0)- YoM )y, (A3)

For the diffusion term, if j5<1, we have
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2 ” " ~ ~
3, (0~ 200" 5= (xy ) Dy (N R, 0C (0]

— m m. 82 ~ A

=40 (e g) = x; ) 5) j—ax,axj [Dy(N,R,1)C (N, R,1)]

+m,mj(x1—(x, >7{)m1_1(Xj_<xj )7{)mj-lel(-//\\/aﬁJ)C('//\\/’j{vt)
—1 9

(= () ) o — () )™ _(,E[Dj,(ﬁ,ﬁ,t)C(ﬁ/,%,t)]

+m1(x1—(x1 >7g)m171(xj—<xj )ﬁ)mj_ai__[l)ﬂ(.//\\/,ﬁ,t)c(./v,ﬁ,t)]
J
62

=4+(x;,—{(x;) %) l(xj—(xj Y#) ’W

[Dy(N,R,1)C (N, R,1)]

—mym;(x— (xR = (x) )" T DAL R, OC (AL R, 1)

_|_m'..a_[(xl— <xl )ﬁ,)ml(xj'—<xj )7{)mj‘lDﬂ(.//\\/’ﬁat)C(-//\\f;ﬁ)t)]

b= — ) )™ = () 0) Dy (N, R, C (N, R, 0] (Ad)

If j =1, we have

& mo A “
2 16— ) DR DC (R, 1)
J
m. 82 ~ A
=+(xj—(xj)7;) JF[Djj(./V,ﬁ,t)C(.N,ﬁ,l)]
X
J
mym; = 10— ) )" DN ROC R, 0+ 2m, (5, Cx)) )™ S0, (AR, 0C (R, 7, 0)]
J
m, 32 ~ ~
=+ 0= () @) " S 1D, (N, R, DC (N7, 1))
X
—m;(m;—1)(x;—(x, >7{)’"f"zpjj(ﬁ,7%,t)c(ﬁ,ﬁ,t)+2mj—a?cf[(xj—<xj )" DN R, NC (N, R, D] . (AS)
J
Therefore

FD, (N, R,OC(N, R, 1)
dN

dx;0x,

[P ) (ERERPIED
N =1
I1#j

=+Nyz{(DN,R,T) ZzMU" ) o+ Ty DN, R, 1)~ 1+ [ Y- DN, R, )+ DN, R, 1)- Y5 IMI . (A6)

If (x; —{x; ){,d} ) is replaced by x; or 1, the above formulation is unchanged, except that the last term in Eq. (A1) disap-
pears. Therefore, we have

d{Ngz{(Mm}) ) ~ d{N)g4 n
=+( |F(N,R,t)————T —2||Y M'"1>
= < e e LY M)
+Nyz (DN, R, 1) -ZzMym™ )+ T -DIN, R, M}
—Iy-[F(N, R, 1)+ Y5 DN, R, 1)+ DN, R,0)- Y IM L") . (A7)
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