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CONVERGENCE OF NUMERICAL SCHEMES
FOR THE SOLUTION OF PARABOLIC STOCHASTIC
PARTIAL DIFFERENTIAL EQUATIONS

A. M. DAVIE AND J. G. GAINES

ABSTRACT. We consider the numerical solution of the stochastic partial dif-
ferential equation du/dt = 8%u/822 + o(u)W (x,t), where W is space-time
white noise, using finite differences. For this equation Gyodngy has obtained
an estimate of the rate of convergence for a simple scheme, based on integrals
of W over a rectangular grid. We investigate the extent to which this order of
convergence can be improved, and find that better approximations are possible
for the case of additive noise (o(u) = 1) if we wish to estimate space averages
of the solution rather than pointwise estimates, or if we are permitted to gen-
erate other functionals of the noise. But for multiplicative noise (o(u) = w)
we show that no such improvements are possible.

1. INTRODUCTION

This paper is concerned with the convergence of numerical approximations to
solutions of the stochastic partial differential equation

2., )
(1) U= %ﬁ + o(u)W(xt),

where W is two-dimensional white noise. We assume an initial condition u(z,0) =
uo(z) and periodic boundary conditions on [0,1]; the results can readily be modified
to cover other self-adjoint boundary conditions.

Numerical experiments indicating convergence of finite-difference approxima-
tions to solutions of (1) were reported by Gaines [1]. A proof of convergence for
a simple approximation scheme (see (2) below), and an estimate of the order of
convergence, was given by Gyongy [3]; his results in fact apply to the more general
equation

0%u .
=2 + f(z,t,u) + o(z, t,u)W(z, t).

The purpose of the present paper is to investigate to what extent these results are
best possible.

We consider finite-difference approximations to (1). The simplest such approxi-
mation is the explicit scheme

!

(2) Ujmt1 = Wim + R 1m + Ui 1m — 205m) + 10 (Wm) Wim
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forj=0,1,...,n—1, with 4_1 m = Un—1,m and Uy m = Uo,m, and initial conditions
uj0 = uo(j/n). Here u; -, is intended as an approximation to u(n=tj, mh); W;, =
W (R; ), where R; ., is the rectangle j/n < & < (j+1)/n, mh <t < (m + 1)h.
We may refer to the above scheme as the Euler scheme, since it can be obtained as
the Euler approximation to a system of stochastic (ordinary) differential equations
obtained by space discretisation of (1).

For the heat equation without noise, the analogue of (2) is known to be stable
if 2n2h < 1 and if this condition is satisfied the scheme approximates the true
solution with an error of order n=2. It is also known that better performance
can be obtained using implicit methods, which allow larger time steps to be used
without instability. For example, the Crank-Nicolson implicit scheme

2
Ujma1 = Ujm + N R(W1,m + Uj—1,m — 2ujm) /2

+ 2R 1,met + U1 ma1 = 2Ujmi1)/2

gives an error of order n~2 with h comparable with n~!. For the equation with

noise the results of [3] show that (2) gives an approximation with error of order
n~1/2, provided n?h < b < %; we shall show that this order of approximation is best
possible for schemes of this nature. The main reason why higher order methods do
not give improvements is the lack of smoothness of the solution of the equation (1).

In Section 2 the special case of additive noise is considered, and some approaches
are discussed for improving the order of convergence. In Section 3 it is shown that
in the general case of multiplicative noise no improvement is possible using a wide
class of schemes (namely those using only linear observations of the noise) which
includes those considered in Section 2. In the final section we illustrate these results
with some numerical examples.

We conclude this section with a discussion of known results on existence of
solutions and convergence of numerical approximations. Consider the stochastic
partial differential equation (1) on the region 0 < z < 1, t > 0, with periodic
boundary condition u(0,t) = u(1,t), and initial condition u(z, 0) = ug(x). dW(z,t)
denotes 2-dimensional white noise. We can identify x = 0 with « = 1 and regard
the domain as a semi-infinite cylinder. ¢ is a real-valued function on R which is
assumed to satisfy a global Lipschitz condition |o(x) — o(y)| < L|z — y|.

We denote by T the circle formed from [0, 1] by identifying 0 with 1. Addition
on I' is mod 1.

The integral formulation of (1) is

u(z,t) = /F wo(@)p(e — 3, t)dy + / / o(uly, $))p(@ — y,t — 5)dW (y,s),

where
oo

1 > (z=—m)2 An2p? .
r.t) = e~ — e 4m r te27ru'a3'
p(@,1) N > >

m=—0o0 T=—00

Then it is known that there exists a unique solution to (1), given ug € L*°(I).
The following convergence result for the scheme (2) is proved in [3]:

Theorem 1.1. Let p > 2, and suppose ug is Holder continuous with exponent
If the number of space steps n and the time step h satisfy n®h < b, where 0 < b <
then

=N

27

]Eluj,m - u(j/n, mh)|p < Kn_p/2
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for all0 < j <n—1 and m such that 0 < mh <T, where the constant K depends
only on L, 0(0), ug, T and b.

Remarks. 1. The proof also applies to other approximation schemes such as the
Crank-Nicolson scheme.

2. It is a feature of this method that the local error is of the same order as the
global error—after a single time step we already have an error of order n~1/2, The
reason why the local errors do not accumulate to produce a larger global error is
that the main contribution to the local error consists of rapidly oscillating terms
which become attenuated when propagated in time, owing to the smoothing effect
of the heat equation.

From Theorem 1.1 it is straightforward to deduce a result on almost sure uniform
convergence. We now consider a sequence of approximations “5172 obtained using
the scheme (2) with ny space steps and time step hy with a < nih < b. We suppose

the sequence {ny} is strictly increasing. Then we have

Corollary 1.2. For any € > 0, we have, with probability 1, that there exists ko
such that

sup [ul) — u(j/rg, mhy)| < nf12

for all k > ko, where the sup is over all 0 < j < n and m such that 0 < mhy <T.

Using the above corollary, it is now possible to weaken the global Lipschitz
requirement on o to a local Lipschitz condition. More precisely, suppose ¢ is locally
Lipschitz on an open interval J (which may be infinite); we consider the equation
(1) with ug(x) € J. Then a solution will exist for 0 < ¢t < 7, where 7 is the first exit
time from J. We consider a sequence of approximations u(-ﬁz as in the corollary.
Then one can show by standard arguments that, with probability 1, given ¢ > 0
and T < T, there exists ko such that

sup [}, — u(j/ng, mhy)| < n?
for all k > kg, where the sup is over all 0 < j < n and m such that 0 < mhy <T.

The results just described indicate that solutions of equation (1) can be approx-
imated using scheme (2) to within an average error of order € using computational
effort of order €~ (since we use O(n3) rectangles and the error is O(n~1/2)). In
the following sections we investigate the extent to which this performance can be
improved.

2. ADDITIVE NOISE: AN EXAMPLE

Now consider the equation

0%u

3) =5

+ W (a,t)

with the initial condition u(z,0) = 0. We shall discuss a number of aspects of the
numerical solution of this equation. First, we show that in one sense the order of
approximation obtained in Theorem 1.1 cannot be improved.
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2.1. Bound on order of convergence. We fix « and consider approximating
u(x,1). We divide the space interval [0,1] into n equal steps and the time inter-
val [0,1] into N equal steps. We show that, given the W;,,’s associated with
the Nn rectangles of this grid, the best estimate of u(z,1) has error of order
max(n~1/2, N=1/4).

With h = 1/N, we define R; ,, and W, as before. Then we have

u(x,1)=/1/l7 z—y,1—t)dW(y,t)

n—1N-1

-X X [], se-wi-nawv,

7=0 m=0

We write E, and Var, to denote expectation and variance conditional on knowing

the Wj »’s. Then
cu Z, 1 Zpg, ,m

where p; ,, = nlN oplx—y,1—t dydt. Then we have
7, Rjm

Var.u(z,1) = Z // {p(x —y,1 —t) — pjm}3dy dt,
jvm Rj,m
which by symmetry we can also write as

> // {p(x —y,t) — ¢j,m}>dy dt,
jvm Rj,m

where g;m =nN ffR_ p(x — y,t)dy dt. Then we have

(m+1)/N
Varcu(z, 1) > Z// /{p z —y,t) — pm(z — y)}’dy dt,

m=0

where p,(x —y) = N f (mt1)/ N — y,t)dt. Expanding p(z — y,t) as a Fourier

series, we find that the last double 1ntegra1 can be written as

o'} —2« —a\2
—1 —8n%r?m/N l—e _ (1-e)
N Z ¢ { 20 o? ’

r=—00

where o = 47?12 /N. The expression in curly brackets is > cmin(a™', a), where ¢
is an absolute constant. Hence we obtain the lower bound

Vareu(z,1) > An2e N2 Z 2 Z o8P rm/N

r|<N'/2/(2m) ™
Z clN_l/za

where c¢; is another absolute constant.

A similar argument, using averages with respect to « instead of ¢, shows that
Var.u(z,1) > con™1, and it follows that the standard error of any estimate of u(z, 1)
based only on the W, must be at least a constant times max(n~'/2, N ~1/4). This
indicates that, using methods based on W ,,’s obtained from a partition into equal
rectangles, one cannot improve on the order of accuracy obtained with N = 4n?
and using the simple explicit scheme as above.
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2.2. Approximation of averages. The situation is different, at least for the case
of additive noise, if instead of estimating u(z,t) pointwise one wishes to estimate

a space average, such as (b —a)? f; u(z, t)dz or more generally [, ¢(x)u(z,t)dz,
where ¢ is some given weight function with fF ¢ = 1. We show that, in the case

of the equation 4 = 02%u/dz% + W, we get more accurate approximations for such
averages than for pointwise estimates, and moreover taking h to be of order n=2 is
no longer optimal.

Assuming zero initial condition for simplicity, the solution can be written

we.t)= [ oo -vt-9awiv,s);

we wish to estimate the quantity

X = /Fu(x,t)¢>(:c)dx = /1“ /Ot /F d(z)p(z — y,t — s)dW (y, s)dz.

Expanding ¢ as a Fourier series ¢(z) = 3" c,e ™2™ we obtain

t
X; = Z/O /Fcre—llw rz(t—s)e—2mrydW(y, S).

It will turn out that it is optimal to use a value of h comparable to n™!, so that to
avoid instability we need to use a scheme such as the Crank-Nicolson scheme

@ Ujmt1 = uj,m; + n?h(Uj1m + Ujm1,m — 2Ujm)/2

+ (Ut 1,mt1 + Ujm1,mt1 — 2Ujma1)/2 + Wi,
or the implicit scheme (often called the backward Euler scheme)

(5) Uj i1 = Ujm + N2R(Uj 4 1m41 + Uje1mt1 — 2Ujmt1) + W

We carry out the analysis for the scheme (5); for (4) the analysis is similar.
Using vector notation we can write the scheme (5), as applied to the present
equation, as

(I- thA)umH = Uy, + W,

where u,, is the column vector with entries wom, " ,Un—1,m, and Wy, similarly;
o(uo,m) is the diagonal matrix with entries o(uo,m), - ,0(Un—1,m), and A is the
matrix
[—2 1 0 .-~ 0 1]
1 -2 1 .- 0 0
e 1 -2 0 0
0 0 0 -2 1
1 0 0 1 -2

With ug = 0 we deduce that
U, = n(B™"Wy+ B™ Wy + -+ BW,,,_1),
where B = (I —n?hA)~L.

Now A has eigenvalues —4sin?(nr/n), 7 = 0,---,n — 1, with corresponding
eigenvector 1, having components 1, ; = ¢>"9/", Using these to diagonalise A,
we find that the matrix B* has entries given by [B’“]jl =l YL e2mir-h/nyk,
where i, = (1 4 4n2hsin®(rr/n)) "L



126 A. M. DAVIE AND J. G. GAINES

We introduce the notation ¥ for Yirj<ns2 if v is odd and z:i zl_n Jo i m s

even, and z;’ for a sum over all r not included in Z/. Then the approximate
solution u; ., is given by

m—1n—1

Wi = 30 3 3 OVl

k=0 (=0 r

and we approximate X, for t = k/m by Xj = n~1 Z;:(} #(j/n)ujm. Writing
Cr = Z;oz_oo Cr4+pPn, We find by expanding ¢ as a Fourier series that

m—1 n—1
~ / .
X5, = Z Z Z&re_QW”l/nIJ«T—kVVZ,k
k=0 r =0
ml (k+1)h ‘
_ Z Z 67”#7« / /e—2mrl(z)/ndw(l_,t)’
k=0 r kh r

—2mirl(z)/n

where I(z) is the integer ! such that £ <z < L. We can expand e as a

Fourier series Y 3 04 ppe” 27U tFPM2 where

O = (T — )5, T #£0,
1, r=20,

and then we obtain Xy = S0 ' S°%° & um ks, f(kH)h Jre e dW (). We
have then

Y. 12 (k+1)h —47r2r2(t—s) =
Elxt Xk| Cr
kh

k 0 r=—o00

2
| ds.

Now we can prove:

Theorem 2.1. Suppose ¢ is absolutely continuous with L? derivative. Then, for
either of the schemes (4) and (5) we have E(Xy /., — Xi)* = O(max(n~2, h?)).

Proof. The hypothesis on ¢ is equivalent to 3 r%|c.|? < oo. From this it fol-
lows that Y2, ler = &2 < 50 (S pso(r + 2P lersnp?) (Sppolr +nP) 1) <

=23 r?|c,|? = O(n~2), and hence 3. 7?n"2|é.|2 = O(n~?). Also, we find that
|67+ Pn| = O(P~In~1t|r|) if P # 0, and so

S e =03 3 et 2P2) = 0( Y a2 ?) = 0(n ).

T |P|>0

In addition we have 1 — 6, = O(r/n), and so Z/ & 2|1 — 6.2 = O(n=2).

Moreover we have 3 |c,|2 [ e 877" (t=9)ds = O(n~?). Noting that 0 < pi, < 1,
we see from the above estimates that we only have to show that

m—1 ; pk+1)h 5 o
S X [ Pl s = 0 ),
1 7 kh

To do this we note that if 87hr? < 1 then log u, = —4n2r?h + O(hrin=2 + h2r?),
and so log u@ = —4n?r2(t — s) + O(r?h + Qhrin=2 + Qh%r?), where Q = m — k.
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Thus p@ — e=47° (=) = O(r2h + Qhrin=2 + Qh%r*)e=°@™°" From this it follows
that for such r

m—1 ,(k+1)h .
(6) > / {e7 09— uRY2ds = O(rP (W +n ).
=1 Jkh

Next, for r satisfying 87hr? > 1 but |r| < n/2 we have u@ < e=¢@"/(v*) for either
choice of p,, and so 3, u2? = O(hr?); since [, =57 (=9)ds = O(h) we conclude
that (6) holds also for such 7, and hence for all » with |r| < n/2. Multiplying by
la-|? and summing over r then gives the desired conclusion. O

A similar analysis applies to the scheme (4), and we get the same result for this
scheme.

So if we take h to be comparable to n~!, and use one of the two schemes men-
tioned above, we obtain an error of order n~! with O(n?) rectangles, which is a
great improvement on the order obtained for pointwise estimates.

For averages of the form f: u(x,t)dt, in which case ¢ is the characteristic func-
tion of an interval, which does not satisfy the requirement of Theorem 2.1, we get a
somewhat poorer estimate—calculations similar to those used in the proof of The-
orem 2.1 show that, in the case of scheme (5), the error is of order max(n ="', h3/4),
and in the case of scheme (4) it is slightly worse still, of order max(n~1, hn'/?).

2.3. Exact generation of solutions of equation (3). The solution of (3) has
a Gaussian distribution, a fact which enables us to generate values of u(z,t) at
any given finite set of (z,t) points. We now show how this can be done efficiently
for a rectangular grid of points of the type we have been considering. With h and
n as before, we let X, = u(%,mh) and consider the problem of generating the
Xj,m- For convenience we suppose n is even. We shall encounter terms bounded
by e‘"znzh; under mild assumptions on n and h such terms are negligible, and we
shall assume this is the case. For example, if n2h > 4 then e=™ """ < 10-17. We
use the symbol & for approximations obtained by neglecting such terms.
For the solution u we have the expression

t oo
’U,(J,‘,t) — A /F Z e—47r37‘ (t-s)eZWir(z—y)dW(S,y)

r=—o0
t
_ Ee2wi1‘z/ e—47r2r2(t—s)dWT (S),
0
r

where dW,(s) = [.e ?™VdW (y,s). Using this, we can write X, as a finite
Fourier transform: X, = Z;c Tg,me?" IR/ N where

e mh 2 2
Thom = Z / e—47r (k+nP) (mh—s)de+nP(s)_
P=—c0"0
The W,. are complex Brownian motions satisfying
W,(s) = W_,(s) and EW,(s)W_4(t) = &, min(s,t)

so that W, and W, are independent unless r = q or —q. Note that 2_z . = ZTp,m
(which ensures that Xj ,, is real). Thus it suffices to generate zy m, for 0 < k < n/2.
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For 0 < k < 7 it is convenient to write &k m = Yk,m + 2k,m, Where
mh 2.0
Yem =/ e—47r k (mh—s)de(s)
0

and

mh
o = Z/ e~ A (k4nP) (mh=2) guy7 ()
0

P#£0
mh R 2
~ / e~ AT (k4nP)(mh=2) guy7 ().
P40 (m—1)h
We can also write
—4n?k%h
Yem+1 = € " Yke,m + Vk,m+1,

where v, = f(:?zh—n h 6_4”2’“2(’"”"3)de(5). Then we have that the random vari-

ables vk (0 < k < 3), 2km and 2,/ are effectively independent (any correla-
tions being bounded by e"'zn2h), and we have

1— e—87r2k2h

2 _ 2 _ n
]E|U01m| = ha ]El'Ulc,ml = W for0 <k < 5,
1 — =872 (k+nP)%h 1
2 _
Elzk,m|* = Z 872(k 4+ nP)? 872(k + nP)2
P#£0 P£0
(24n%)~1, k=0,
b (ot ), 0<k<g
and
= 2
E n/2,m 2 ~ — = (8 2 _1.
(x /2, ) 1;87T2n2(k+%)2 ( n )

We can now describe the procedure for generating the x ,,,. For each m, generate
Ag, By, Ci and Dy to be independent with N(0,1) distribution for 0 < k < n/2
(actually By is not needed). Then set

o _ [ hdo, k=0,
kym = ak(Ak + in), 0<k< n/2,

where
_ 1 —87m2k2h
a = Ik vi—e ,

and
1 _
T = n\/—Z—ZCO’ k= 07
’ b (Cx +iDg), 0< k<n/2,
where

) _1{ 1 1 }1/2
"7 n2sin?(rk/n)  w2k? ’

and finally set /5, = ﬁDO.
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Then for 0 < k < § we obtain yx,m inductively by yxmi1 = e"47r2k2hyk,m +
Uk,m+1 With yg o = 0, and then set Zx » = Yr.m + 2k,m. Finally we obtain X, =
Z;c .'L’k,m627”]k/n.

If we use the fast Fourier transform for the last step, then the computational
load (for unit time, i.e. O(h™!) time steps) is of order h~1nlogn.

Of course, for a nonlinear equation such as (1) the solutions will not be normally
distributed, and one cannot expect to generate the solution at particular points
exactly in the manner just described. However it is still reasonable to hope that
by generating suitable linear functionals of the noise (which will be normally dis-
tributed) one may be able to improve the order of approximation. However the
example described in the next section shows that in fact none of the approaches
discussed in this section can improve on the order given by Theorem 1.1 in general.
We may still expect these approaches to give improvements for equations such as
U= %2—3 + f(z,t,u) + W(a:, t), where the noise is additive but nonlinear terms are
present. We hope to describe detailed numerical implementations for such equations
in a future publication.

3. MULTIPLICATIVE NOISE: AN EXAMPLE

For the case of multiplicative noise, even if it is averages which we wish to
approximate, the order of convergence obtained in Theorem 1.1 cannot be improved,
at least by the methods we have been considering. We shall illustrate this by
considering the equation

2
(7) 0= % +ul¥ (z, 1)
with the initial condition u(x,0) = 1. We consider the problem of approximating
X = [ru(z,1)dz. Let N be a positive integer and let f1,---, fy € L?(S), where
S =Tx10,1]. Let X; = [g fi(z,t)dW (z,t) for i = 1,--- ,N. Then we have

Theorem 3.1. For any measurable function G of N real variables we have
E{X - G(X1, -, XN)}2 > eN7V3,
where c 1s a positive absolute constant.

The theorem shows that if we wish to approximate the average [.u(z,1)dz
with error € using linear observations of the noise, then we require a number of
observations of order e~%, which is the same as the order given by Theorem 1.1.

Proof. Consider the space Z of processes v(x,t) such that, for each (z,t), v(z,t)
is measurable with respect to the o-algebra generated by {W(y,s) : 0 < s < t},
and satisfying supg Ev(z,t)? < co. On Z we define the operator T by Tw(z,y) =
f(f Jrp@ —y,t — s)v(y,s)dW (y,s). Straightforward estimates show that 7' is a
contraction with respect to the norm given by |[v||? = supg e M*Ev(x,t)2.

Now we have u = 1 + T'u, and since T is a contraction we have the convergent
expansion u(z,t) = Yoo v (z,t), where v (z,t) = 1 and v(") = T"v®. Then
we have X =1+ 1) + I + - -+, where

1
I = / o) (3, 41)dz = / / oD (g, $)AW (y, 5).
T 0 T
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‘We have
L= / AW (1),
s

L= / / Licip(z =y, t — 8)AW (y, s)dW (z, 1),
sJS

where I 4 denotes the indicator function of A, and so on.
We now make use of the Wiener ‘homogeneous chaos’ decomposition of L?(P),
where P is the underlying probability measure of the white noise process on S,

LZ(P)=C()®01®C2$"‘.

The spaces Cy, C1, etc., are mutually orthogonal, and Co & C; & - - - & C,, coincides
with the space of polynomial functionals of degree < n. See [4, p. 354].
We then have I, € Cq, I, € C5, etc. We also have

G(Xl"" 7XN) = ZGk(le"' ’XN)a
k=0

where Gy (X1, X2, -+, Xn) € Ck. Then

E(X - G(X1, -, XN))? > E(Io — Go(X1, -+, Xn))?
We also have Go(X1, -+, Xn) = ka:l ajxX; X — d, where A = (a;i) is a sym-
metric matrix and d = ]EZ;.\’[kzl a;xX;Xg. Then E(I, — Go(X1,---, XN))? equals

i /ng{p(x —y,ft—s)) =2 ajfi(e,t) fu(y, s)} dydsdzdt.

It remains to obtain a lower bound for the above integral. In essence this results
from the spectral theory of the integral operator with kernel p(z — y, |t — s|); but
we present the proof in a manner which does not assume any operator theory.
The proof is accomplished in the following two lemmas. The first is an elementary
piece of matrix algebra which is no doubt known, but we could not find a suitable
reference.

Lemma 3.2. Let N and P be positive integers with P > N. Let A be a diagonal
P x P matriz with real entries A1,---,Ap satisfying )\? >0 >0. Let A be a real
symmetric N x N matriz and C a real N x P matriz. Then

tr(A — C*AC)? > (P — N)§

Proof. By continuity it suffices to prove the result when the A; are all different and
A is nonsingular; by multiplying A by a constant we may also suppose tr(C*C) = 1.
Then we fix such A and A and define a function on the set of N x P matrices by
g(C) = tr(A — C*AC)2. We then choose C' to minimise g over the set § = {C :
tr(C*C) = 1}, which can be thought of as the unit sphere in RV¥. Then, for any
N x P matrix Y such that Y*C = 0, the straight line {C' + tY'} is tangent to S
at C, and so 0 = £g(C +tY)|s—o = —4trY*ACA + 4trY*ACC*AC. Since this
holds for all Y such that Y*C = 0, it follows that —ACA + ACC*AC + uC =0
for some real u. Then, since A is invertible, we deduce that CA = BC, where
B = CC'A+ pA~"!. This means that if c; is the jth column of C, then \jc; = Bc;.
So for each j, either ¢; = 0 or A; is an eigenvalue of B. Since the A; are distinct,
the latter can occur for at most IV values of j. For the remaining values of j, which
number at least P — N, we have ¢; = 0, and so the jth diagonal entry of A — CtAC
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is A, and so g(C') > (P — N)d. This conclusion holds when C' minimises g(C), and
hence it holds for all C € S, completing the proof. O

Lemma 3.3. There is a positive constant ¢ such that, if N is a positive integer,
A = (ajx) is a symmetric N x N matriz, and f1,--- , fn € L*(S), then
2

N
/ / plx—y, |t —s|) — Z a;uf(x,t) fu(y, s) p dydsdzdt > cN~/3
sJs

Jk=1
Proof. For positive integers r,n let o, = 472r? and let w,, be a solution of the
equation

200w
tanw =

w? —a?

in the interval (n — 1)m < w < (n + 3)m; that such a solution must exist is clear
from the graph of tanw.

Next define ¢pn(z,t) = ¢pp cO8(27rz) (0 SIN Wyt — Wyr, COS Wrpt), where the con-
stant c,, is chosen so that [y ¢2, = 1. Then an elementary calculation shows
that

/p(a: —u, |t — s))prn(y, 8)dyds = Aenrn(z,t) where App =
5

in other words ¢,, is an eigenvector of the integral operator with kernel
p(x — y, |t — s|). Then the orthogonality of eigenvectors shows that the ¢, are
mutually orthogonal.

Let M be the smallest integer with M3 > 6N. Let P be the number of pairs (r,n)
of positive integers with 7 < M and n < r2, so that P = .M 2 > M3/3 > 2N.
We relabel the ¢,.,, for (r, n) satisfying this condition, in some order, as ¢1, -+, ¢p,
and the same for A1, -+, Ap. We then have )\? > const. M4 forj=1,---,P.

Now let cj; = [ s fi¢i; we see that the orthogonal projection of

pl@—ylt—sl) = > afi(z,t) iy, s)
on the span of the set of functions ¢;(z,t)¢.(y,s) in L2(S x S) is

D i@ )iy, 5) = D azrciickmdi(@, )dm (Y, 5).
It follows that

20,
2 2
a’l" + wrn

N
[ [ttt =5l = 3 asufy(o.0)fulo ) dydsdadt > (5~ CUAC)",
s5Js .
Jrk=1
where A is the diagonal matrix with entries Aj,---,Ap and C = (c;;). It fol-
lows from Lemma 3.2 that tr(A — C*AC)? > const. NM~* > const.N /3, which
completes the proof. O

The theorem now follows from Lemma, 3.3. O

This result indicates that to improve on the order of convergence given by The-

orem 1.1 one would have to generate integrals which are quadratic in the noise,
just as one has to generate area integrals to do better than order % convergence

for general finite-dimensional stochastic differential equations (see [2]). The lat-
ter has only been achieved in the 2-dimensional case, which suggests that there
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are formidable obstacles to doing this in the infinite-dimensional situation under
consideration here.

4. NUMERICAL EXAMPLES

We have generated three sets of numerical results to illustrate the findings of the
paper. The first set consists of pathwise approximations of equations (3) and (7).
The second set contains space averages, [.¢(z)u(z,t)dz, as defined in subsection
2.2, of solutions to the same two equations. Finally, we have generated an exact
solution in the case of additive noise, using the method outlined in subsection 2.3.

4.1. Pathwise solutions. For each of equations (3) and (7), that is, in the case of
additive and multiplicative noise, we have generated 100 independent sets of path-
wise solutions. Each set contains approximate solutions using four different space
steps with the same realisation of the Brownian sheet W (z,t). The method used
for generating approximate solutions using a single Brownian sheet and different
time and space steps is described in [1].

We have tried three different discretisation schemes: the explicit Euler scheme,
given in (2), and the two semi-implicit schemes given in (4) and (5). For each
scheme, the number of space steps used is Ny = 16, Ny = 32, N3 = 64 and
Ny = 128. For the Euler scheme, we take the time step h = ﬁ (since we have to
ensure stability). For the other two schemes we take h = ﬁ. In all cases the final
time is T = 0.125.

We measure the difference at the final time between the approximate solutions
obtained with two different space steps, by adding the squared difference over the
16 space points which are common to all solutions and then summing over the 100
different realisations of the Brownian sheet. We define

100 16 9
Si=20 3 (e~ k)

j=1k=1

for i = 1,2, 3, where by u  we denote the approximation to u(zg, T) obtained using
N = N; and using the jth independent realisation of the Brownian sheet. The space
points are = = k/N7. The order of convergence can be seen by considering the
ratios S1/S2 and S3/Ss.

The results are presented in Table 1. The first three rows are the results for
additive noise and the second three for multiplicative noise. In both cases, we see
that, as expected, when we have h = ; 1{,2 , the values of S;/S5 and S3/S3 are close

to 2, and when h = 4}\, the values are close to v/2, confirming that there is no gain
in order of convergence obtainable by using the schemes (4) and (5) rather than the
simple Euler scheme (2). However, the values of the approximation errors, given
by S1, S2 and Sz in this table, indicate that the leading coefficient of the error
must be much smaller in the case of the semi-implicit schemes. Therefore, when we
take into account the much larger time-step used with the semi-implicit schemes, it
seems clearly advantageous to use them instead of scheme (2), and also the scheme
(5) gives considerably smaller errors than the scheme (4).

We remark that for deterministic problems, (4), being second-order, performs
better than (5). However this does not apply to the problem considered here;
because of the lack of smoothness of the solution, a method which is second-order
in the deterministic case need not perform better than one which is first-order.
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TABLE 1. Pathwise solutions

Equation | Scheme S Sa S3 | S§1/82 | S2/Ss
3) @) | 1514 | 7.14| 363 212| 1.97
3) (4) |30.03|21.84 | 1484 | 1.38| 1.47
(3) (5) 464 | 2.98 1.77 1.57 1.55
() 2) |2098|1015| 540| 207| 188
7 (4) |10.23|1441| 972 1.33| 1.48
) (5) 7.16 | 4.34 | 245 1.65 1.77

4.2. Space averages Here we illustrate the results of subsection 2.2, by approx-
imating @(T) = [. ¢(x)u(z, T)dx for ¢(x) = 1/{2 + cos(2nx)}, where u(z,t) is
the solution to either (3) or (7) As in the previous section, we have generated
100 sets of results, where in each set we use a single representation of the noise
and produce approximations for various different numbers of space steps and three
different numerical schemes. In this section, let

100

S Z —7, _ —z+1

for 1 =1, 2,3, where

| Nl
u; = A Z D)) ks
b k=0

xj, = k/N; and u} , is the approximation to u(x},T) obtained using N = N; and
the jth independent realisation of the Brownian sheet. N; takes the same values as
for the pathwise results.

When producing the results given in Table 2, we have again taken h = 17{]—2- for
the Euler scheme (2) and h = g5 for the other schemes. The table shows that
with additive noise, the ratio S;/S;1 is roughly 4, whatever the numerical scheme
used, confirming that in this case it makes sense to use one of the semi-implicit
schemes, (4) or (5), and avoid the need to take very small time-steps. In the case of
multiplicative noise, as proved in Section 3, we can see that the order of convergence
is no better for space averages than for pathwise approximations, since the values of
S;/Si+1 are similar to those in Table 1, and there is therefore not such an obvious
gain in using anything other than the Euler scheme. However, here again, through
a difference in leading coefficients, it would seem possible to obtain the same size
error with a semi-implicit scheme as with the Euler scheme, but with the semi-
implicit scheme using larger time-steps, and therefore, although this is not as clear
cut as in Table 1, computing time could still be reduced by using a semi-implicit
scheme.

TABLE 2. Space averages

Equation | Scheme | S; Sa Ss S1/52 | S2/8s
3) (2) | .0013 | .00031 | .000076 | 4.22 | 4.10
(3) 4) .0018 | .00047 | .00011 3.78 4.21
(3) (5) | .0016 | .00051 | .00011 | 3.20| 4.85
(7 (2) .064 | .034 019 1.90 | 1.76
(7) (4) |.081 |.079 | .066 1.03| 1.19
(7) (5) |.038 |.037 |.026 1.04 | 1.40
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FiGURE 1. Exact solution of the equation with additive noise

4.3. Exact solution. The picture in Figure 1 shows a pathwise solution to equa-
tion (3) produced using the method for exact solution described in subsection 2.3.

Starting with u(-,0) = 0, we chose a final time of T'= 1 and generated the solution
on a 32 by 32 grid.
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