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Abstract

This article studies an infinite dimensional analog of Milstein’s scheme for finite dimensional stochas-
tic ordinary differential equations (SODEs). The Milstein scheme is known to be impressively efficient
for SODEs which fulfill a certain commutativity type condition. This article introduces the infinite di-
mensional analog of this commutativity type condition and observes that a certain class of semilinear
stochastic partial differential equation (SPDEs) with multiplicative trace class noise naturally fulfills the
resulting infinite dimensional commutativity condition. In particular, a suitable infinite dimensional ana-
log of Milstein’s algorithm can be simulated efficiently for such SPDEs and requires less computational
operations and random variables than previously considered algorithms for simulating such SPDEs. The
analysis is supported by numerical results for a stochastic heat equation and stochastic reaction diffusion
equations showing significant computational savings.

1 Introduction

In this article an infinite dimensional analog of Milstein’s scheme for finite dimensional stochastic ordinary
differential equations (SODEs) is studied. In order to get a better understanding of this Milstein type
scheme in infinite dimensions, we first briefly review Milstein’s method for finite dimensional SODEs and
then concentrate on the case of infinite dimensional stochastic partial differential equations (SPDEs) in the
rest of this introductory section.

Let T € (0,00) be a real number, let d,m € N := {1,2,...} be natural numbers, let (Q, F,P) be a
probability space with a normal filtration (F3)iecpo,r) and let w = (wh, ..., w™): [0,T] x & — R™ be an
m-dimensional standard (F;);[o,r-Brownian motion. Moreover, let xq € R? and let p = (u1, ..., pa): R4 —
R and o = (0i4)ief1,...d}yjefl, ..m} R? — R4*™ be two smooth functions satisfying suitable Lipschitz
assumptions (see condition (3.21) in Theorem 10.3.5 in P. E. Kloeden and E. Platen [34] for details). The
SODE

dXt = ,U(Xt) dt + O'(Xt) dwt, XO = X9 (1)

for all ¢ € [0,7T] then admits a unique solution. More precisely, there exists an up to indistinguishability
unique adapted stochastic process X : [0, 7] x 2 — R? with continuous sample paths which satisfies

Xt:onr/O y(XS)der/O o(Xs) dws (2)

—x0+/0tu(Xs)ds+Z/ i(X,) dw}

P-a.s. for all ¢t € [0,T]. Here o;: R? — RY is given by oi(x) = (01(z),...,04:(x)) for all z € R? and all
i € {1,...,m}. Milstein’s method (see, e.g., (3.3) in Section 10.3 in P. E. Kloeden and E. Platen [34] and
also G. N. Milstein’s original article [45]) applied to the SODE (1) is then given by F/B(R%)-measurable
mappings ¥ : @ = R? n € {0,1,...,N}, N € N, with ¥ = 2o and
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P-a.s. for all n € {0,1,...,N — 1} and all N € N. Although Milstein’s scheme is known to converge

significantly faster than many other methods such as the Euler- Maruyama scheme, it is only of limited use
(71

due to difficult simulations of the iterated stochastic integrals [~ f nr dwl dw? for i,7 € {1,...,m} with
N

i#j,mne{0,1,...N —1} and N € Nin (3). In the special situation of so called commutative noise (see

(3.13) in Section 10.3 in [34]), i.e
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for all x € R? and all 4,5 € {1,...,m}, the Milstein scheme can be simplified and complicated iterated

stochastic integrals in (3) can be avoided. More precisely, in case (4), Milstein’s scheme (3) reduces to
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P-a.s. for all n € {0,1,...,N —1} and all N € N (see (3.16) in Section 10.3 in [34]). For instance, in the case
d =m =1, condition (4) is obviously fulfilled and the Milstein scheme (5) can then be written as

s

LT
Ynr1 = Un + 5 #un) +o(un) - (w# —w%)
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P-a.s. for all n € {0,1,...,N — 1} and all N € N (see (3.1) in Section 10.3 in [34]). Of course, (6) can be
simulated very efficiently. However, (4) is in the case of a multidimensional SODE seldom fulfilled and even
if it is fulfilled, Milstein’s method (5) becomes less useful if d,m € N are large. For example, if d = m = 20
holds, then the middle term in (5) contains 203 = 8000 summands. So, more than 8000 additional arithmetic
operations are needed to compute yl,; from yY for n € {0,1,...,N—1}, N € N via (5) in the case
d = m = 20 in general, which makes Milstein’s scheme less efficient. This suggests that there is no hope
to expect that an infinite dimensional analog of Milstein’s method can be simulated efficiently in the case
of infinite dimensional state spaces such as L?((0,1),R) instead of R and R™ respectively. One purpose of
this article is to demonstrate that this is not true in the case of a suitable class of semilinear SPDEs with
multiplicative trace class noise. We now illustrate this in more detail.

Let H = L?((0,1),R) be the R-Hilbert space of equivalence classes of Lebesgue square integrable functions
from (0,1) to R and let f,b: (0,1) x R — R be two smooth functions satisfying appropriate Lipschitz
assumptions (see (45) and (46) for details). As usual we do not distinguish between a Lebesgue square
integrable function from (0,1) to R and its equivalence class in H. Moreover, let k£ € (0,00) be a real
number, let £: [0,1] — R with £(0) = £(1) = 0 be a smooth function and let W: [0,7] x Q@ — H be a
standard Q-Wiener process with respect to F, ¢t € [0,T], where Q: H — H is a trace class operator (see,
for instance, Definition 2.1.12 in [52]). It is a classical result (see, e.g., Proposition 2.1.5 in [52]) that the
covariance operator Q: H — H of the Wiener process W: [0,7] x Q — H has an orthonormal basis g; € H,
j € N, of eigenfunctions with summable eigenvalues n; € [0,00), j € N. In order to have a more concrete
example, we consider the choice g;(r) = v2sin(jmz) and n; = %2 for all z € (0,1) and all j € N in the
following and refer to Section 2 for our general setting and to Section 4 for further possible examples. Then
we consider the SPDE

dXi(z) = {/ﬁ(,foXt(x) + f(;th(x))] dt + b(x, Xi(x)) dWi(x) (7)

with X;(0) = X;(1) = 0 and Xo(z) = &(z) for x € (0,1) and ¢t € [0,7] on H. Under the assumptions
above the SPDE (7) has a unique mild solution. Specifically, there exists an up to indistinguishability unique
adapted stochastic process X : [0,T] x 2 — H with continuous sample paths which satisfies

t t
X, =eMe+ /0 eI P(X,) ds + /0 A=) B(X,) dW, (8)

P-a.s. for all ¢ € [0,T], where A: D(A) C H — H is the Laplacian with Dirichlet boundary conditions times
the constant x € (0,00) and where F': H — H and B: H — HS(Uy, H) are given by (F(v))(x) = f(z,v(x))



and (B(v)u)(z) = b(z,v(z)) - u(x) for all z € (0,1), v € H and all u € Uy. Here Uy = Q'/2(H) with
<’U,U)>UO = <Q_1/QU,Q_1/2w>H for all v,w € Uy is the image R-Hilbert space of Q'/2? (see Appendix C in
[52]). (Note that A und @ commutate and even more satisfy —x7m24~! = @Q in our example SPDE (8) in
this introductory section but our general setting below does not require that these conditions are fulfilled;
see Section 2 and Subsection 4.2.)

Then our goal is to solve the strong approximation problem (see Section 9.3 in [34]) of the SPDE (7).
More precisely, we want to compute an F/B(H)-measurable numerical approximation Y: @ — H such that

(5[ [ e - v dx])l/2<s ©)

for a given precision € > 0 with the least possible computational effort (number of computational operations
and independent standard normal random variables needed to compute Y: Q — H). A computational
operation is here an arithmetic operation (addition, subtraction, multiplication, division), a trigonometric
operation (sine, cosine) or an evaluation of f: (0,1) x R — R, b: (0,1) x R — R or the exponential function.

In order to be able to simulate such a numerical approximation on a computer both the time interval [0, T']
and the infinite dimensional space H = L?((0, 1), R) have to be discretized. While for temporal discretizations
the linear implicit Euler scheme (see [9, 10, 11, 18, 23, 24, 25, 58, 59, 62]) and the linear implicit Crank-Nicolson
scheme (see [23, 24, 58, 59]) are often used, spatial discretizations are usually achieved with finite elements
(see [1, 2, 10, 11, 14, 25, 33, 36, 37, 38, 43, 59, 62]), finite differences (see [17, 22, 44, 51, 54, 55, 56, 58, 60])
and spectral Galerkin methods (see [16, 24, 28, 30, 35, 41, 42, 47, 49, 50]). For instance, the linear implicit
Euler scheme combined with spectral Galerkin methods which we denote by F/B(H)-measurable mappings
ZN:Q— H,ne{0,1,...,N3}, N € N, is given by Z = Py(¢) and

T \' T
Zn+1 PN (I - ]V?,A> (ZN + m ('7 ZTJLV) + b(7 Zn ) (W(n+l)T W%)) (10)

P-a.s. for all n € {0,1,..., N3 — 1} and all N € N. Here the bounded linear operators Py: H —+ H, N € N,
and the Wiener processes WN [0,T7] x Q2 — H, N € N, are given by

. 1 .
= nz::l 2sin(nmx) /0 sin(nmy) v(y) dy (11)

(w)) for all t € [0,T], w € 2, N € N. Moreover, the
,1) = R given by

for all z € (0,1), v € H, N € N and by W} (w) = Py (W,
notations v - w: (0,1) = R, v?: (0,1) — R and ¢(-,v): (0

(v-w)@) =v@)-w@), (@)= ()" (o) @) = e (@) (12)

for all z € (0,1) and all functions v,w: (0,1) = R, ¢: (0,1) x R — R are used here and below. In (10) the
infinite dimensional R-Hilbert space H is projected down to the N-dimensional R-Hilbert space Py (H) with
N € N and the infinite dimensional Wiener process W: [0,T] x  — H is approximated by the finite dimen-
sional processes W/ : [0,T] x Q2 — H, N € N, for the spatial discretization. For the temporal discretization
in the scheme ZY, n € {0,1,..., N3 }7 above the time interval [0,7] is divided into N?® subintervals, i.e.,

N3 time steps are used, for N € N. The exact solution X: [0,7] x Q — H of the SPDE (7) has values in
D((—A)") and satisfies E[||(—A)Y Xr[|3;] < oo for all v € (0, 2) (see Section 4.3 in [32]). This shows

(E[ier — evxenlz]) " < (B[I-arxeid]) " leA 0 - Pl

1/2
< (B[l-arxeiy]) " ey v <o

for all N € N and all v € (0, %) So, Py(X7) converges in the root mean square sense to Xp with order
%— as N goes to infinity. (For a real number § € (0,00), we write d— for the convergence order if the
convergence order is higher than § — r for all arbitrarily small r € (0,4).) Additionally, the solution process
of the SPDE (7) is known to be 1-Hélder continuous in the root mean square sense (see, e.g., Theorem 1
in [32]) and therefore, the linear implicit Euler scheme converges temporally in the root mean square to the
exact solution of the SPDE (7) with order 1 (see, e.g., Theorem 1.1 in [62]). Combining the convergence rate
%— for the spatial discretization and the convergence rate % for the temporal discretization indicates that it
is asymptotically optimal to use the cubic number N? of time steps in the linear implicit Euler scheme Z
n € {0,1,..., N3}, above.

We now review how efficiently the numerical method (10) solves the strong approximation problem (9) of
the SPDE (7). Standard results in the literature (see, for instance, Theorem 2.1 in [24]) yield the existence
of real numbers C, > 0, r € (0, %), such that

<]E Uol | X7 (2) — ZNs (2)|° dewz <C, Nr=3) (13)
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for all N € N and all arbitrarily small r € (0, %) The linear implicit Euler approximation Zﬁg thus
converges in the root mean square sense to X7 with order %— as N goes to infinity. Moreover, since
Py (H) is N-dimensional and since N3 time steps are used in (10), O(N*log(NN)) computational operations
and random variables are needed to compute ZY;. The logarithmic term in O(N?log(N)) arises due to
computing the nonlinearities f and b with fast Fourier transform where aliasing errors are neglected here and

below. Combining the computational effort O(N*log(N)) and the convergence order 2— in (13) shows that

the linear implicit Euler scheme needs about O(s’%) computational operations and independent standard
normal random variables to achieve the desired precision ¢ > 0 in (9). In fact, we have demonstrated that
Euler’s method (10) needs O(E’(%”)) computational operations and independent standard normal random
variables to solve (9) for all arbitrarily small r € (0,00). However, we write about O(¢~5) computational
operations and independent standard normal random variables for simplicity here and below.

Having reviewed Euler’s method (10), we now derive and study an infinite dimensional analog of Milstein’s
scheme. In the finite dimensional SODE case, the Milstein scheme (3) is derived by applying Itd’s formula
to the integrand process o(X;), t € [0,T], in (2). This approach is based on the fact that the diffusion
coefficient o is a smooth test function and that the solution process of (1) is an It6 process. This strategy is
not directly available in infinite dimensions since (7) does in general not admit a strong solution to which the
standard It6 formula could be applied. Recently, in [31] in the case of additive noise and in [29] in the general
case, this problem has been overcome by first applying Taylor’s formula in Banach spaces to the diffusion
coefficient B in the mild integral equation (8) and by then inserting a lower order approximation recursively
(see Section 4.3 in [29]). More formally, using F'(X,) ~ F(X,) and B(X,) ~ B(Xy) + B'(Xo)(Xs — Xp) for
small s € [0,T7] in (8) shows

t t t
X, zeAtf—i—/ eA(t_s)F(Xo)ds—i—/ eA(t_s)B(XO)dWS—i-/ A B (X)) (X, — Xo) dW,
0 0 0

~ et <X0 +t-F(Xo) + /Ot B(Xo) dW, + /Ot B'(Xo)(Xs — Xo) dWs>

for small ¢ € [0,7]. (We would like to remark that B is, in general, not Fréchet differentiable on H but on
a suitable dense subspace of H; see Assumption 4 below for details. In this introductory section we simply
write B’ for this Fréchet derivative on a suitable dense subspace of H and refer to Section 2 below for the
precise handling of this issue.) The estimate X, ~ Xo + [, B(Xo) dW,, for small s € [0,T] then gives

X, ~ et <X0 +t-F(Xo)+ /Ot B(Xo) dW, + /OtB’(XO) (/0 B(Xy) qu> dWs> (14)

for small ¢ € [0,T]. Using It&’s formula this temporal approximation has already been obtained in (1.12) in
[46] under additional smoothness assumptions of the driving noise process of the SPDE (8) (see Assumption
C in [46]) which guarantee the existence of a strong solution and thus allow the application of the standard
It6 formula. Combining the temporal approximation (14) and the spatial discretization in (10) suggests the
numerical scheme with F/B(H)-measurable mappings Y,V: Q — H, n € {0,1,...,N%}, N € N, given by
YV = Py(¢) and

N2 N2

(n+1)T s
+ / R (/ B(YnN)dW§>dW5V>
nT

nT
N2

T T
YN, = Py et (y,gv + 5 - F(V) + BY,Y) <W£X+§>T - WN>
N
(15)

N2

P-a.s. for all n € {0,1,...,N? — 1} and all N € N. Now, we are at a stage similar to the finite dimensional
case (3): a higher order Milstein type method seems to be derived which nevertheless seems to be of limited
use due to the iterated high dimensional stochastic integral in (15). However, a key observation here is the
formula

(n+1)T
N

BN ( [ poawy ) aw

fl ab Ny.p N N N ’ T S 2
=5 (gy2) ) XN - (Whapr — W —ﬁ;m(m) (16)

P-a.s. for all n € {0,1,...,N? — 1} and all N € N (see Subsection 5.7 for the proof of the iterated integral
identity (16) and see below for a heuristic explanation of this fact). So, the iterated high dimensional

stochastic integral in (15) reduces to a simple product of functions. The function B%b: (0,1) x R — R is here

nT
N2 N2



the partial derivative (a%b)(x, y) for € (0,1) and y € R. Using (16) the numerical scheme (15) thus reduces
to

T T
Yn]\—]‘rl = PN 6A ]312 (YnN + ﬁ f( YN) + b( ) (W(n+1)T W%)
N
1/0 P I 1
=) (YN b YN . N o~ —WN ) - — (a:)2
+ 2 (8yb>( [ 0 ) b( [ 1) ) <(W(nj\}2)T WTE N2 ;nz(gz)
P-a.s. for alln € {0,1,...,N“—1} and all N € N. Note that only increments of the finite dimensional Wiener

processes W : [0,T] x @ — H, N € N, are used in (17). Moreover, observe that, as in the case of (10),
the infinite dimensional R-Hilbert space H is projected down to the N-dimensional R-Hilbert space Pn(H)
with N € N and the infinite dimensional Wiener process W: [0,T] x Q@ — H is approximated by the finite
dimensional Wiener processes WV : [0,T] x Q — H, N € N, for the spatial discretization in (17). For the
temporal discretization in the scheme Y, n € {0,1,..., Nz}, above the time interval [0, 7] is divided into
N? subintervals, i.e., N2 instead of N3 time steps are used in (17), for N € N. In the following we explain
why it is crucial to use N2 time steps in (17) instead of N3 time steps in the case of the linear implicit Euler
scheme (10).

More formally, we now illustrate how efficiently the Milstein type algorithm (17) solves the strong approx-
imation problem (9) of the SPDE (7). Theorem 1 (see Section 3 below) gives the existence of real numbers
C, >0, 7 €(0,2), such that

el -] s v

for all N € N and all arbitrarily small r € (0, %) The approximation Y\ 2 thus converges in the root mean
square sense to X7 with order %— as IN goes to infinity. The expression

% (ijb)(-,yf) (-, YN - <(WW>T W%)Q - % gm(gf) (19)

forn € {0,1,...,N?2—1} and N € N in the Milstein type approximation (17) contains additional information
of the solution process of (7) and this allows us to use less time steps, N2 in (17) instead of N3 in (10),
to achieve the same convergence rate as the linear implicit Euler scheme (10) (compare (13) and (18)).
Nonetheless, (19) and hence the numerical method (17) can be simulated easily. The function 75 ZZI\; i (9:)°
in (19) can be computed once in advance for which O(N?) computational operations are needed. Having
computed Zf\;l ni (9:)°, O(N log(N)) further computational operations and random variables are needed
to compute (19) from Y,V for one fixed n € {O, 1,...,N? — 1} by using fast Fourier transform. Since
O(N log(N)) computational operations and independent standard normal random variables are needed for
one time step and since N? time steps are used in (17), O(N3log(NN)) computational operations and random
variables are needed to compute Y. Combining the computational effort O(N?3log(N)) and the convergence
order 2— in (18) shows that the Milstein type method (17) needs about O(¢~2) computational operations
and independent standard normal random variables to achieve the desired precision € > 0 in (9). To sum
up, the Milstein type algorithm (17) requires about O(¢~2) and the linear-impicit Euler scheme (10) requires
about O(E*%) computational operations and independent standard normal random variables for solving the
strong approximation problem (9) for the SPDE (7).

The convergence rates O(e~3) and O(e~2) are both asymptotic results as & > 0 tends to zero. Therefore,
from a more practical point of view, one may ask whether the Milstein type algorithm (17) solves the strong
approximation problem (9) more efficiently than the linear implicit Euler scheme (10) for a given concrete
€ > 0 and a given example of the form (7). In order to study this question we compare both methods in
the case of a simple stochastic reaction diffusion equation. More formally, let k = 100, let £:[0,1] — R be
given by £(z) = 0 for all z € [0,1] and suppose that f,b: (0,1) x R — R are given by f(z,y) = 1 —y and

b(x,y) = 11+yy for all z € (0,1), y € R. The SPDE (7) thus reduces to

18 1 — Xy(z)
dX X 1-X dt + ————5 dW, 20
with X;(0) = X;(1) = 0and Xo = 0 for z € (0,1) and ¢ € [0, 1] (see also Section 4.1 for more details concerning
this example). Additionally, assume that (9) for the SPDE (20) should be solved with the precision of say
three decimals, i.e., with the precision ¢ = ﬁ in (9). In Figure 1 the approximation error in the sense
of (9) of the linear implicit Euler approximation Z4; (see (10)) and of the approximation Y, (see (17))

is plotted against the precise number of independent standard normal random variables needed to compute
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the corresponding approximation for N € {2,4,8,16,32,64,128}: It turns out that Z1122§3 in the case of the
linear implicit Euler scheme (10) and that Y;}2% in the case of the Milstein type algorithm (17) achieve the
desired precision € = 1555 in (9) for the SPDE (20). The MATLAB codes for simulating Z]35; via (10) and
Y[2% via (17) for the SPDE (20) are presented below in Figure 2 and Figure 3 respectively. The differences
of the codes and the additional code needed for the Milstein type algorithm (17) are printed bold in Figure 3.
The MATLAB code in Figure 2 requires on our INTEL PENTIUM D running at 3.0 GHz a CPU time of about
15 minutes and 25.03 seconds (925.03 seconds) while the code in Figure 3 requires a CPU time of about 8.93
seconds to be evaluated on the same computer. So, on the above computer the Milstein type algorithm (17)
is for the SPDE (20) about hundred times faster than the linear implicit Euler scheme (10) in order to achieve
a precision of three decimals in (9). Further numerical examples for the Milstein type algorithm (17) can be
found in Section 4 below.

10°
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N — © — Order lines 1/2, 3/8
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Figure 1: SPDE (20): Approximation error in the sense of (9) of the linear implicit Euler approxima-
tion Z¥; (see (10)) and of the Milstein type approximation Y3, (see (17)) against the precise number of
independent standard normal random variables needed to compute the corresponding approximation for
N € {2,4,8,16,32,64,128}.

N =128; M=N"3; A =—pi”"2%(1:N)."2/100; Y = zeros (1,N);
mu = (1:N)." =2; f =@(x) 1-x; b =@(x) (1-x)./(14+x."2);
for m=1:M

y = dst(Y) * sqrt(2);

dW = dst( randn(1,N) .x sqrt(mux2/M) );

y =y + {(y)/M+ b(y).dW;

Y =idst(y ) / sart(2) ./ (1 - AM);
end
plot ( (0:N+1)/(N+1), [0,dst(Y)*sqrt(2),0] );

Figure 2: MATLAB code for simulating the linear implicit Euler approximation ZY, with N = 128 (see (10))
for the SPDE (20).

Having illustrated the efficiency of the method (17), we now take a short look at the literature of numerical
analysis for SPDEs. First, it should be mentioned that any combination of finite elements, finite differences or
spectral Galerkin methods for the spatial discretization and the linear implicit Euler scheme or also the linear
implicit Crank-Nicolson scheme for the temporal discretization do not reduce the computational effort O(s_%)
for the problem (9) in case of the SPDE (7). However, the splitting-up method (see [6, 7, 13, 19, 20, 21, 27]
and the references therein) converges with a higher temporal order than the linear implicit Euler scheme. The
key idea of the splitting-up method is to split the considered SPDE into appropriate subequations that are
easier to solve than the original SPDE, e.g., that can be solved explicitly. The applicability of the splitting-up
method thus essentially depends on the simplicity of the resulting subequations and can therefore in general
not be used efficiently for nonlinear SPDEs. Nonetheless, in the case of an appropriate class of linear SPDEs,
the splitting-up method and the Milstein type scheme here require nearly the same computational effort for
solving the strong approximation problem (see Section 4.3 for a more detailed comparison of the splitting-up
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N=128; M=N"2; A =—pi“2%(1:N)."2/100; Y = zeros (1,N);
mu = (1:N)."—2; f =@(x) 1-x; b =@(x) (1-x)./(14+x."2);
bb = @(x) (1-x).*(x."2—2xx-1)/2./(14x.72)."3; g = zeros(1,N);
for n=1:N

g = g+2«+sin (n*(1:N)/(NH+1)*pi).” 2smu(n) /M;
en
for m=1:M

y = dst(Y) * sqrt(2);

dW = dst( randn(1,N) .x sqrt(mux2/M) );

y =y + f(y)/M+ b(y).*dW + bb(y).*(dW."2 — g);

31/: exp( AM ) .x idst( y ) / sqrt(2);
plot ( (0:N+1)/(N+1), [0,dst(Y)*sqrt(2),0] );

Figure 3: MATLAB code for simulating the Milstein type approximation Y3, with N = 128 (see (17)) for the
SPDE (20).

method and the Milstein type algorithm here). Additionally, in the case f = 0 in (7), T. Miiller-Gronbach
and K. Ritter proposed a new scheme which reduces the number of independent standard normal random
variables needed for solving a similar problem as (9) from about O(¢~3) to about O(e2) (see [47] and
also [48]). Nonetheless, the number of computational operations needed and thus the overall computational
effort could not be reduced by the algorithm in [47]. Moreover, Milstein type schemes for SPDEs have been
considered in [16, 35, 39, 46]. In [16], W. Grecksch and P. E. Kloeden proposed a Milstein like scheme for an
SPDE driven by a scalar one-dimensional Brownian motion (see also [35]). In view of (6), the Milstein type
scheme in [16, 35] can be simulated efficiently since the driving noise process is one-dimensional. Furthermore,
in the case of a suitable linear SPDE, A. Lang, P.-L. Chow and J. Potthoff constructed in the interesting
article [39] a scheme similar to (15) but with an additional term. (The additional term may be useful for
decreasing the error constant but turns out not to be needed in order to achieve the higher approximation
order due to Theorem 1 here.) In order to simulate the iterated stochastic integral in their scheme, they then
suggest to omit the summands in the double sum in (5) for which ¢ # j holds (see (10) in [39] and also [40]).
Their idea thus yields a scheme that can be simulated very efficiently, but does in general not converge with a
higher order anymore, except for a linear SPDE driven by a scalar one-dimensional Brownian motion. Finally,
based on It6’s formula, Y. S. Mishura and G. M. Shevchenko proposed in [46] the temporal approximation (14)
under additonal smoothness assumptions of the driving noise process of the SPDE (8) which garantuee the
existence of a strong solution and thus allow the application of Itd’s formula (see Assumption C in [46]). The
simulation of the iterated stochastic integrals in the Milstein type approximation in [46] remained an open
question (see Remark 1.1 in [46]). To sum up, in the general setting of the possibly nonlinear SPDE (7), the
Milstein type algorithm (17) is — to the best of our knowledge — the first numerical approximation method
which has been shown to require asymptotically less computational operations and independent standard
normal random variables than the required O(s*%) of the linear-implicit Euler scheme in order to solve the
strong approximation problem (9) of the SPDE (7).

The rest of this article is organized as follows. In Section 2 the setting and the assumptions used are
formulated. The numerical method and its convergence result (Theorem 1) are presented in Section 3. In
Section 4 several examples of Theorem 1 including a stochastic heat equation and stochastic reaction diffusion
equations in one and two dimensions are considered. The proof of Theorem 1 is postponed to Section 5.

Next let us add some concluding remarks. There are a number of directions for further research arising
from this work. One is to analyze whether the exponential term in (17) can be replaced by a simpler mollifier
such as (I — %A)_1 for N € N. This would make the scheme even simpler to simulate. A second direction
is to combine the temporal approximation in (17) with other spatial discretizations such as finite elements.
This makes it possible to handle more complicated multidimensional domains on which the eigenfunctions of
the Laplacian are not known explicitly. A third direction is to reduce the Lipschitz assumptions in Section 2
in order to handle further classes of SPDEs with non-globally Lipschitz nonlinearities such as stochastic
Burgers equations, stochastic porous medium equations and hyperbolic SPDEs. Next a combination of the
multilevel Monte Carlo approach (see [26, 15]) with the Milstein type algorithm here should result in a faster
approximation of statistical quantities of the solution process of the SPDE (7). After a first preprint of this
work has appeared, a few research articles related to this work have appeared; see [4, 3, 61, 5, 8]. Some of
the above outlined future research directions and other issues such as Runge-Kutta type schemes for SPDEs
based on the Milstein type scheme here and Milstein type schemes for SPDEs driven by non-Gaussian noise
have been investigated in these articles.

Finally, let us point out limitations of the Milstein type algorithm presented here. There are essentially
two assumptions which need to be fulfilled so that the above outlined Milstein type algorithm can be applied.



First, the noise must be of trace class type. Indeed, the covariance operator QQ: H — H of the Wiener process
is assumed to be a trace class operator here and we do not know how to treat the case where Q: H — H is
bounded but without a finite trace with the above outlined Milstein type algorithm. Second, the diffusion
coefficient B must satisfy a certain commutativity type condition; see Remark 1 below for details. In the
setting of the SPDE (7) this condition is always fulfilled and no restriction is required even when the domain
of the SPDE becomes multi-dimensional dimensional (see, e.g., Section 4.3) but in the more general setting
of systems of SPDEs this results in a serious restriction on the diffusion coefficient of the considered system
of SPDEs. In addition to these two essential restrictions, several further restrictive assumptions such as the
semilinear structure of the SPDE, the explicit knowledge of the eigenfunctions of A and @ as well as Lipschitz
assumptions on the nonlinearities F' and B are used in this article. These further assumptions are, however,
no serious restrictions since they can be relaxed or have already been relaxed (see [61, 4, 3, 8]).

2 Setting and assumptions

Throughout this article suppose that the following setting and the following assumptions are fulfilled. Let
T € (0,00), let (22, F,P) be a probability space with a normal filtration (F):eo,r) and let (H, (-,-) gz, |-l 5)
and (U, (-,-)y,|Illy) be two separable R-Hilbert spaces. Moreover, let Q: U — U be a trace class operator
and let W: [0,T] x Q — U be a standard Q-Wiener process with respect to (F)¢ejo,17-

Assumption 1 (Linear operator A). Let Z be a finite or countable set and let (\;);.; C (0,00) be a family of
real numbers with inf,cz A; € (0,00). Moreover, let (e;)icz be an orthonormal basis of H and let A: D(A) C
H — H be a linear operator with

Av = Z_)‘i (€, v) € (21)
icT
for allv € D(A) and with D(A) ={we H: 3,7 il |<ei,w>H|2 < o0}
By H, := D((—A)") equipped with the norm |[v]|; := [[(=A)"v||y for all v € H, and all € [0,00) we
denote the R-Hilbert spaces of domains of fractional powers of the linear operator —A : D(A) C H — H.

Assumption 2 (Drift coefficient F). Let § € [0,1) be a real number and let F': Hg — H be a twice contin-
uously Fréchet differentiable mapping with sup,e g, | F'(v)|| gy < 00 and supye g, 1F" ()| @ a1y, < 0©-

For formulating the assumption on the diffusion coefficient of our SPDE, denote by (Uo, (-, )y, » |-y, )
the separable R-Hilbert space Uy := QY2(U) with (v, w)y, = <Q*1/20,Q*1/2w>U for all v,w € Uy (see,
for example, Section 2.3.2 in [52]). For an arbitrary bounded linear operator S € L(U), we denote by
S=1:im(S) C U — U the pseudo inverse of S (see, for instance, Appendix C in [52]).

Assumption 3 (Diffusion coefficient B). Let B: Hz — HS(Uy, H) be a twice continuously Fréchet dif-
ferentiable mapping with supveHﬁ||B’(U)HL(H7HS(U07H)) < oo and SuvaHﬁ”BH(U)||L(2)(Hg,HS(U0,H)) < oo0.
Moreover, let a,c € (0,00), 6,9 € (0, %), v € [max(d,8),0 + %) be real numbers, let B(Hs) C HS(Uy, Hs)
and suppose that

1B aswo.5) < ¢ (14 llull ) » (22)

1B (v) B(v) = B'(w) Bw)ll s v,y < cllv = wlly (23)
-4~ B0)Q |y < (14 Il 4

for allu € Hs and allv,w € H,. Finally, let the bilinear Hilbert-Schmidt operator B'(v)B(v) € HS®) (U, H)

be symmetric for all v € Hg.

We now add some comments concerning Assumption 3. First, we note that Assumption 3 implies 8 <
d+ % Indeed, 8 > 6 + % implies [max(d, 8),d + %) = ), which contradicts to v € [max(d,3),d + %)
in Assumption 3. Furthemore, we observe that the above assumption sup,cy, |B'(v)||L(a msw,,my) < o0
and the fact that Hg is dense in H imply that B: Hg — HS(Uy, H) can be continuously extended to a
globally Lipschitz continuous mapping B: H — HS(Uy, H) from H to HS(Uy, H). Here and below we
do not distinguish between B: Hg — HS(Uy, H) and its extension B: H — HS(Uy, H) for simplicity of
presentation. Additionally, we note that the operator B’(v)B(v): Uy x Uy — H given by

(B'@)B®) ) = (B'@)(Be)u)) @ (25)
for all u,uw € Uy is a bilinear Hilbert-Schmidt operator in
HS® (Uy, H) = HS(Uy @ Uy, H) (26)

for all v € Hg. Next we add a remark on the symmetry assumption on these bilinear Hilbert-Schmidt
operators in Assumption 3.



Remark 1 (Commutative noise in infinite dimensions). The assumed symmetry of the bilinear Hilbert-
Schmidt operator B'(v)B(v) € HS®) (Uy, H) in Assumption 3 reads as

(B (BOw)) @ = (B'(0)(B))) () (27)

for all u, @ € Uy and all v € Hg. Note that (27) is the abstract possibly infinite dimensional coordinate free
analog of (4). More formally, if H =R%, U = R™ and Q = I with d,m € N holds, then (27) reduces to (4)
(with o replaced by B).

In Section 4 below we describe a natural class of examples of SPDEs which satisfy the commutativity
condition (27) (see (47) and (51) for details). Finally, we emphasize that we do not assume that the linear
operators A: D(A) C H — H and Q: U — U are simultaneously diagonalizable.

Assumption 4 (Initial value £). Let &: Q — H, be an Fy/B (H,)-measurable mapping with ]E[||§||‘}{W] < o00.

These assumptions suffice to ensure the existence of an up to modifications unique solution of the
SPDE (28).

Proposition 1 (Existence, uniqueness and regularity of solutions). Let Assumptions 1-4 in Section 2 be
fulfilled. Then there exists an up to modifications unique predictable stochastic process X: [0,T] x Q — H,
which fulfills sup,¢jo 7y [||Xt|\4 | < oo, SUpyc(o, T]E[”B(Xt)HHs Uo. Hé)} < 0o and

t
X, = efMe + / eI (X)) ds + / A B(X,) dW, (28)
0 0

P-a.s. for all t € [0,T). Moreover, we have

1
E[|| X, — X, ||4 1
sup ( [H ta t1 HHT]) < o0 (29)

i —pr L
t1,t2€[0,T) |t2 _ t1|mm(’Y T)z)
t1#to

for allr € [0,7]. Additionally, the solution process Xy, t € [0,T), is continuous with respect to (E[]|- ||1;17])1/p.

Proposition 1 immediately follows from Theorem 1 in [32].

3 Numerical scheme and main result

In this section the numerical method is introduced and its convergence result is stated. To this end let 7 be
a set, let (g;),;c; C U be an orthonormal basis of eigenfunctions of @: U — U and let (1), , C [0,00) be
the corresponding family of eigenvalues (such an orthonormal basis of eigenfunctions exists since Q: U — U
is a trace class operator, see, e.g., Proposition 2.1.5 in [52]). In particular, we have

Qu= Y n; (g uly 9 (30)

JjET

for all w € U. Additionally, let (Zn)ycy and (Jx) ey be sequences of finite subsets of Z and J respectively.
Then we define the linear projection operators Py: H — H, N € N, by Pn(v) := > ;.7 (€i,v) €; for all
v € H and all N € N. Furthermore, we define Wiener processes W% : [0,T] x Q — Uy, K € N, by

WtK(w) = g (95, Wi (), 95 (31)
JEIK
n;#0

for all t € [O,T], w € Q and all K € N. We also use the F/B(Up)-measurable mappings AWM-K: Q —
Up, m € {0,1,. -1}, M,K € N, given by AWMK(y) = W{§L+1>T( ) — WmT( ) for all w € Q,

m e {0,1,...,M — 1} and all M, K € N. The numerical scheme which we denote by .7-'/8( )-measurable
mappings V,N-ME . Q — Hy, m e {0,1,...,M}, N,M,K €N, is then given by YNMK := Py (€) and

yNMEK Px eA% (YWJ:I,JV[,K + % . F(YHJ;/,M,K) + B(YHJX,M,K)AWTJ){I,K

m—+1
+ 1B’ (YoM (B(Yﬁ’M’K)AW%’K) AWK (32)
7 S O (B0 ) ) |
77]?50



for all m € {0,1,...,M — 1} and all N,M,K € N. Note that only increments of the Wiener processes
WHE[0,T] x Q — Uy, K € N, are used in the scheme above and we emphasize that for many SPDEs the
method (33) is easy to simulate and to implement (see Sections 1 and 4 for a few examples). Moreover,
observe that the scheme (33) can also be written as

YVAK = Py At (Yg M+ % CF(YE) 4+ BV M) AW
5B (VM) (B (VM) AWK ) AWK (33)

N = N

E[ B (YN 15) (B(YN M) AWM ) AWK | Fo | )

forallm € {0,1,...,M —1} and all N, M, K € N. In the next step the convergence result for the scheme (33)
is presented.

Theorem 1 (Main result). Let Assumptions 1-4 in Section 2 be fulfilled. Then there is a real number
C € (0,00) such that

1 - @
(E[HXM —YJIV’MvKHiIDQ <c ( inf )\i) + ( sup nj) + M~ minEo=8).) (34)
. IET\Iy JET\Tic

for allm e {0,1,..., M} and all N,M,K € N.

We now explain the result of Theorem 1 in more detail. The strong root mean square difference (E[||X mr —

Yn]f’M’KH%{])l/Q for m € {0,1,..., M} and for N, M, K € N of the exact solution of the SPDE (28) and of
the numerical solution (33) is estimated in (34) by a constant times the sum of three terms. The first
term, i.e., (inf;ez\zy Ai)™7 for N € N, arises due to discretizing the exact solution spatially, i.e., due to
E[|[X; — Py(Xy)[|%] for N € N and ¢ € [0,T]. The second expression, i.e., (sup;c s 7, 7;)* for K € N,
occurs due to discretizing the noise spatially, i.e., due to E[|W, — W[|%,] for K € N and ¢t € [0,T]. If
Uy C U is finite dimensional we choose Jk = {j € j’nj # 0} for all K € N and obtain (supc 7\ 7, 7;)* = 0
for all K € N in that case. The third term, i.e., M~ ™n20=6)7) for M e N, corresponds to the temporal
discretization error and converges to zero as the number of time steps M € N goes to infinity.

4 Examples

In this section Theorem 1 is illustrated with various examples. To this end let d € {1,2,3} and let H =
U = L?((0,1)4,R) be the R-Hilbert space of equivalence classes of Lebesgue square integrable functions from
(0,1)? to R. As usual we do not distinguish between a Lebesgue square integrable function from (0,1)? to R
and its equivalence class in H. The scalar product and the norm in H and U are given by

(0,0} 5 = (0,0)) :/ o() - w(z) do (35)

(0,1)¢

Jollzr = llolly = ( . |v<x>2dx> (36)

)

and

N[

for all v,w € H = U. Additionally, the notations

vlleqo,yery = sup [v(z)] € [0,00] (37)
z€(0,1)4
e (@) = v(y)|

v(z) —o(y
[vller(oyery == sup [v(z)|+ sup ———m— €[0,00] (38)

x€(0,1)d z,y€(0,1)? 2 — yllga

T#Y

are used troughout this section for all functions v: (0,1)¢ — R and all r € (0, 1]. Here and below we use the
Euclidean norms |2 gn := (|z1]? + ... + [2,]?)'/2 for all x = (z1,...,2,) € R" and all n € N. Concerning

the Wiener process W: [0,T] x Q — U we assume that the eigenfunctions g; € U, j € J, of the covariance
operator (Q: U — U are continuous and satisfy

sup g5lloqo ez <00 and Y (nillgilEnoyem ) < %0 (39)
i€d jeg

10



for some p € (0,1) in this section. We will give some concrete examples for the (g;); ., that fulfill (39) later.
Additionally, we denote by s,(D) € [0,00), n € N, the sequence of characteristic numbers of a compact
operator D: H — H (see, e.g., Section 9 in Chapter XI in [12]). Finally, we define the Schatten norms by

1D,y = <Z Isn(D)p> € [0,00] (40)

n=1

for all compact operators D: H — H and all p € [1,00) (see also the above named reference).
We now present a prominent example of the linear operator A in Assumption 1. Let Z = N? and
let e; € H for i € T be given by

ei(x) = 2% sin(iymay) - ... - sin(igmag) (41)

for all x = (x1,...,74) € (0,1)? and all i = (iy,...,iq) € N% Additionally, let x € (0,00) be a fixed real
number and let (\;);c; be given by

N =k ((01)2 + ...+ (i4)?) (42)

for all i = (iy,...,iq) € N%. Hence, the linear operator A: D(A) C H — H in Assumption 1 reduces to the
Laplacian with Dirichlet boundary conditions times the constant x € (0, c0), i.e.,

02 o?
Av:m-szﬁ{(ax%>v+...+(ami>v} (43)

for all v € D(A) in this section. Furthermore, let (Zy)ycy be given by Zy = {1,...,N}? for all N € N.

In order to describe a natural candidate for the drift coefficient in Assumption 2, let 8 = g and
let f: (0,1)¢ x R — R be a twice continuously differentiable function with f(O,l)d |f(2,0)]*dz < oo and
SUP,¢ (0,1)4 SUPyer |(£J—"nf) (z,y)| < oo foralln € {1,2}. Then the (in general nonlinear) operator F': Hg — H
given by

(F()(x) = f(z,v(z)) (44)
for all z € (0,1)? and all v € Hpg satisfies Assumption 2 since Hg = Ha C L?((0,1)4,R) continuously

(see Remark 6.94 in [53]).
In the next step a natural example for the diffusion coefficient in Assumption 3 is given. Let
b: (0,1)¢ x R — R be a twice continuously differentiable function with

paol<a |(ger)en|<e |(50)@)

1<§yb> (@) W)~ (550 (2:2) b2

for all z € (0,1)¢, y,z € R, n € {1,2} and some given ¢ € (0,00). We refer to Subsections 4.1-4.3 below
for concrete functions b: (0,1)¢ x R — R satisfying (45) and (46). Now let B: Hg — HS(Uy, H) be the (in
general nonlinear) operator

<gq (45)

L(R?,R)

and
<qly— 2| (46)

(Bw)(@) = bla,v() - u(a) (47)

for all z € (0,1)%, v € Hg and all u € Uy C U = H. We now check step by step that B: Hz — HS(Uy, H)
given by (47) satisfies Assumption 3. First of all, B is well defined. More precisely, we have

1B sworn = 3 1BV = S 0 1 B0yl

JjeJ JjeT
= B b dz ] Jo(z)))? da su i (z 2
o (/(0’1”( ofa) - g,(@)P ><;777 (/) (@) ><mewﬁ)d'g”'>
and hence

1B o S DM (/(0 b (|b(z, v(x)) — b(z, 0)] + [b(z,0)]) div) 19,180,171

jeT

<ang</(

2 2
(Jv(@)] + 1) daz) HQJ'HC((o,l)d,R)
JjeT

)1
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and finally

2
HB(U)HHS(UQ,H) <q(lvllg+1) Z nj ||gj||c((o,1)d,R)
JET

1

2

ool + 0 | X | (s0p oo ) (15)
J

JET
Q) (500 197y ) (el + 1) < o0
J

for all v € Hg which indeed shows that B is well defined. Moreover, B is twice continuously Fréchet
differentiable and we have

1B (0)ull s o = 3 1B @) vz |5 = S 0 (B @)w) g51%
JjET JjeET
~ 3 (/
(0,1)d

(aayb)( v(2)) - u(z) - g;(x) 2 x) <2 dn </(0 1)

[u(x) - g; ()| dw)

jeTJ jeT )
and hence
1/2
2 2
HB/(U)U’HHS(UO,H) < Z q*n; [l ||9j||c((o71)d,R)
JjeT
1/2
<alllly (w5 ) (590 I0slcqone ) = V@ (510 I93lcqonyes ) s
jeg JET JET
for all w,v € Hg which shows
0 U Oy < 1V TQ) (500 Il e ) < (49)

Additionally, we have

IB” () (w, ) 350 = 3 | B () (w,w) /595 |
JjeT

| (51*’) (2,0(x)) - u(2) - w(2) - g;(2)

< Zq 5 (/( b lu(w) - w(m)|2 dx) ||9j||é((o,1)d,R)

jeT

2
dm)

and using L5((0, 1), R) c L"‘L((O7 1)4, R) continuously shows

HBH(U)(% w)HHS(Uo,H)

1 1
1 1
< g/ T(Q) < / |u<w>|4dx> ( / w<x>|4dx> (sup||gj||C((o,1>d,R>)
(0,1)¢ (0,1)d JET

1 1

< v/ T(Q) (;igg ||gj||c<<0,1)d,R)) ( /( @ dx> ( /( el da:>

for all u,v,w € Hg. Therefore, Hg C L° ((0, 1)d,R) continuously shows

sup ”B//(v>HL(2)(H5,HS(U0,H)) <000 (50)
vEHg

due to (39) and hence, it remains to establish (22)-(24) and the symmetry of B’(v)B(v) € HS® (Uy.H) for
all v € Hg. For the latter one, note that

<<B’(U)B(v))(u,ﬂ)) (z) = <B’(v) (B(v)u) u) (z) <§yb> (z,v(z)) - bz, v(z)) - u(z) - @(z) (51)



for all x € (0,1)%, u, @ € Uy and all v € Hg which immediately shows that B'(v)B(v) € HS® (U, H) is
symmetric for all v € Hg (see (27)). Moreover, we have

IB'(v)B(v) = B'(w)Bw)|[ 515 0,1y = 9, 1t B (v) (B(v)g;) g — B'(w) (B(w)g;) gy

1,keT
Jgjw< / N (fyb)( 0(@)) - bl v(a)) - ((fyb) (2, w()) - b, w(2)) 2dx> [fggnglné((m)d,m}

and using (46) yields

2

2
1B'(0) B(v) — B'(w)B(w)l s oy < alo = wllg | 32 my (sg}; ||gj||c((o,1)d,R))
JkeT v

= 1@ (5955 1y ) 0=l

for all v,w € Hg which shows that (23) indeed holds. Estimates (22) and (24) will be verified in the more
concrete examples in Subsections 4.1-4.3 below.

Concerning the initial value in Assumption 4, let x¢: [0, 1]¢ — R be a twice continuously differentiable
function with zo[s(p,1)¢ = 0. Then the Fy/B(H.,)-measurable mapping £: Q — H., given by {(w) = x¢ for all
w € Q fulfills Assumption 4 for all v € (0, 1).

Having constructed examples for Assumptions 1-4, we now formulate the SPDE (28) in the setting of this
section. More precisely, in the setting above the SPDE (28) reduces to

dXi(z) = [HAXt(LC) + f(z, Xe(x)) |dt + b(z, Xe(x)) dWe(x) (52)

with X, 90,1)2 = 0 and Xo(z) = xo(x) for ¢ € [0,7] and = € (0,1)%. Moreover, we define a family
B0, T] x 2 =R, je{keJ:ne #0}, of independent standard Brownian motions by

1

B (w) = —— gi, Wi(w

t( ) \/7]7< J t( )>U

for all w € Q, ¢t € [0,7] and all j € J with n; # 0. Using this notation, the SPDE (52) can be written as
AX, (@) = [RAX (2) + f(z, X ()| dt + Z (b, Xo(2) /75 95 ()| 4] (53)

"7] 760

with X, 900,12 = 0 and Xo(z) = xo(x) for ¢ € [0,T] and = € (0,1)?. The Milstein type algorithm (33)
applied to the SPDE (52) then reduces to Yy " = Py(x() and

m—+1 ytm

YN’M’K — Py GA% (YTJJ,M,K + % f( YNMK) er( Yyi\’,M,K) . AW,{,\{[’K
1/0 T "
+3 (ab)(’ VNI (-, YN ((AW%K) > m<9f>2)>
JEITK

for all m € {0,1,...,M — 1} and all N, M, K € N. Finally, Theorem 1 shows the existence of a real number
C € (0,00) such that

1/2 N
E / ‘XT(x) - Y]\]/[V’]V[’K(gc)|2 dx <C|N+ ( sup ﬁj) + M min2(r=5),7) (55)
(0,1)4 JEI\ITK

for all N, M, K € N. We now illustrate estimate (55) in the following three more concrete examples. We
begin with the introductory example from Section 1 (see (7) and (20)).

4.1 A one-dimensional stochastic reaction diffusion equation

In this subsection let d = 1, T = 1, k = 145, let zo: [0,1] = R be given by xo(z) = 0 for all z € [0,1], let
f,0:(0,1) x R = R be given by f(z,y) =1 —y and b(z,y) = 1+ Y for all z € (0,1), y € R, let J =N, let
Ik ={1,2,...,K} for all K € N, let n; = ]% and let g; = e; for all j € N. The SPDE (53) thus reduces to
t(x) V2

o Xi(x) +1 - X (x }dt—kZH_Xt ()2 TSin(ij)d/J’g (56)

1 92

X (w) = 100 dz2
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with X;(0) = X¢(1) = 0 and Xo(z) = 0 for x € (0,1) and ¢t € [0,1]. The SPDE (56) is nothing else
than equation (20) in the introduction. In order to apply Theorem 1 it remains to verify (22) and (24).
Estimate (22) is fulfilled for all § € (0, ) here due to Subsection 4.3 in [32]. In order to establish (24) several
preparations are needed. More formally7 let (Q F, IP’) be a further probability space on which a sequence
xi: @ = R, i € N, of 7/B(R)-measurable independent standard normal random variables is defined. Then
we define the F/B(Up)-measurable mappings x*<: Q — Uy by

K
-9
z) =Y xilw) () eila) (57)
i=1
for all w € Q, = € (0,1), K € N and all ¥ € (0,3). It will be essential to estimate ]EUXK’ﬁ(I)P] and
[|X ( ) = x5 (y)?] for z,y € (0,1), K € N and 9 € (0,4) in order to check (24). (Here E[Z] :=
Jo Z(@0)P(@) € [0, 0] for every F/B([0, 00))-measurable mapping Z: Q — [0,00).) To this end note that
) , K K 0o
E[|XK”9(:¢)| } =Y ) P ei@)? <2 (wr%i®)” (1+nK~ (Zr‘“?) (58)
i=1 i=1

for all z € (0,1), K € N and all ¥ € (0, §). Moreover, we have

<3(1+n7) <Zi””ﬁ>> & —yf*

i=1

s+ %, %) and all s € (0, %) We also use the notation

1
2
'U
0]l e = (/ l(z |dx-|-// it y|(1+2r i dy) € [0,00]

for all B((0,1))/B(R)-measurable mapping v : (0,1) — R and all » € (0,00). Then we obtain

]E[HB(U)XK’ﬁ||12/Vr,2((0’1),R)} = /OlE[!b(ww(w)) ~xK”9(:c)}2} d
1 1E[!b(%v(m))- K’ﬂ(x)—b(y,v(y))-xK’ﬁ(y)}z}
/)

| |(1+2T

forall z,y € (0,1), K e N, ¢ € (

dx dy
<2 [ o) B[ @)
+2/ / |b(z, v(x))] E“ V(x) — ﬁ(y)| } d dy

|(1+27)

+2/ / bz, v(x ( ()P B[ <y>|]dxdy

| |(1+27)
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and using (58) and (59) shows

BB o] <401+ (

'M8

q
Il
-

i )Hb( )H%mfz ((0,1),R)

2
(2s—49 ‘
il )>/ / 1+2r — toea) dx dy

. 2
e 4@)) 16C ) lwr2(0,1),m)

+6(1+r")

Il
-

§4(1+H1)<

?

+12 1+K 1) (ZZ(QG 419)) ||b )H / (2s—2r—1) dy

10 1+l€ s—49) 2
S—— =7 (Z (24 )Hb ) lwr2((0,1),R)

forallve H, 9 € (5+1,4),s€(r,3), K€ Nandall r € (0, ). Therefore, inequality (25) in Section 4 in
[32] gives

oo

1
2 Poaae) | &
(IS(UG%E[HB(U)XK’ﬁ||Wvu2((o,1),1R)}) < (s—r) ;Z(Z 49) ||b('7v)||WTv2((0,1)7R)

K 3qCz
4 15J:r (Z (25— 4@)) — (1+ 1ol ) (60)

12C£ 1+I€
<

- (Zz (26— 41”) (1 n Hv||H%) < o0

for all ¥ € (5 +§,3), s € (r,5), v€ Hy and all r € (0, 5). Moreover, we have
—A) " Bw)Q~° = |7 Bt = @B (-4~
| Bw |, = AT BEeE = et e a7
(3-a)
= (,%71'2)(%7&) <Q2> B(v) (—A)_ﬂ = (,%71'2 (z-) ‘B A)_ﬁH
KT HS(H,H(o_1/2))
HS(H)

and using inequality (20) in Section 4 in [32] and estimate (60) in this article then yields

1

(3-) : 2
; _ (mr2) 2 (sup E[HB(U)XK’ﬁHH(ul/zJ)

KeN

Nl

2
< C(a 1 (1 + K ) <;S(lé%E HB(U)XK’ﬂ||Wza—1,2((0’1)’R)>

12C? c](l—i—m*l)2 0
(a—3) (25— 49)
< E 1 00
a (s+1—2a)° ( Z i HUHH(“*%) =

i=1

foralld € (5+1,1),s€(a—1,1),ve Hi_1yandall a € (3,3). Therefore, estimate (24) is satisfied for

all a € (0, %) and all v € (3, 3). This finally shows that Assumptions 1-4 are fullfilled for the SPDE (56) for
alla€(0,3), =1 andally e (4,3).
Theorem 1 therefore yields the existence of real numbers C,. € (0,00), r € (0, %), such that

<IE [/01 ]XT(:C) . YJQ"M’K(x)‘Q dx] >é <C, (Nw%) LK 4 - >) (61)

for all N, M, K € N and all arbitrarily small r € (0, %) In order to balance the error terms on the right

hand side of (61) we choose N2> = K2 = M in (61) and obtain the existence of real numbers C, € (0, 00),
r € (0,2), such that

(IE [/01 ‘XT(Q:) - Y]JV\QN2’N(Q;)’2 de% <C, . N3 (62)

for all N € N and all arbitrarily small r € (0,2). Estimate (62) is nothing else than inequality (18) in the
introduction. We also refer to Figure 1 in the introduction for a numerical result illustrating (62).
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4.2 A one-dimensional stochastic reaction diffusion equation with AQ # QA

In Subsection 4.1 we assumed that the eigenfunctions of the dominating linear operator A and of the covariance
operator @ of the driving Wiener process W: [0,T] x Q@ — H of the SPDE (52) coincide and in particular,
we assumed in Subsection 4.1 that

AQuv = QAv (63)

holds for all v € D(A). However, our general setting in Section 2 does not need condition (63) to be fulfilled.
To illustrate this fact we consider in this subsection an example in which (63) fails to hold. More precisely,
in this subsection let d = 1, T =1, Kk = 20, let zo: [0,1] — R be given by z¢(z) = 0 for all z € [0,1],
let f,b: (0,1) x R — R be given by f(:z: y) = 1—y and b(z,y) = # for all z € (0,1), y € R, let
J=A0,1,2,...}, let Jx = {0,1,..., K} for all K € N, let no =0, n; = J% and let g;: (0,1) — R be given
by go(z) = 1, gj(z) = V2 cos(jnz) for all z € (0,1) and all j € N. The SPDE (52) thus reduces to

Xi(x)
1+ Xy(x)?

1 02

20 92 dW(z) (64)

dXi(z) = { —Xi(x )+1—Xt(l‘):| dt +
with X;(0) = X¢(1) = 0 and Xo(x) = 0 for € (0,1) and ¢ € [0,1]. Of course, the SPDE (64) can also be
written as ) \[

10 - 2 :

dXi(z) = {208 2

with X;(0) = X;(1) = 0 and Xo(z) = 0 for « € (0,1) and ¢ € [0,1]. Estimate (22) is here fulfilled for all
§ € (0,3) due to Subsection 4.2 in [32]. Moreover, as in Subsection 4.1 it can be shown that inequality (24)
holds for all « € (0, 2) and all 7 € (3,1). This finally shows that Assumptions 1-4 are fullfilled for the
SPDE (64) for all & € (0,2), =1 and all v € (3,1).

Theorem 1 therefore ylelds the existence of real numbers C, € (0,00), r € (0,1), such that

1 2 %
(E [ / ‘XT(:C) —~ Y]\]/[V’M’K(:c)‘ de <C, (N<v-—2> LK) 4 M(r—n) (65)
0

for all N, M, K € N and all arbitrarily small » € (0,1). Choosing N> = K2 = M in (65) hence gives the
existence of real numbers C, € (0,00), r € (0,2), such that

(]E Vol ‘XT(J;) - YfVVZ;NZvN(x)‘2 da;]f <0, - N=2) (66)

for all N € N and all arbitrarily small r € (0,2). The Milstein type approximation YN N%N thus converges in

the root mean square sense to Xp with order 2— as N goes to infinity. Since Py (H ) C H is N-dimensional

N,N2 N

and since N? time steps are used to simulate Yy; , O(N3log(N)) computational operations and random

variables are needed to simulate YN NN pere. Combining the computational effort O(N?3log(N)) and the
convergence order 2— in (66) shows that the Milstein type algorithm (54) with N? = K2 = M needs about
O(e_%) computational operations and random variables to achieve a root mean square precision € > 0.

The linear implicit Euler scheme combined with spectral Galerkin methods which we denote by F/B(H)-
measurable mappings ZV: Q — H, n € {0, 1,... ,N4}, N €N, is given by Z)¥ = 0 and

T \! T .
ZN. = Py (I— N4A> (ZN - FCZNY 4 b(, ZY) - AWN ,N> (67)

for all n € {0,1,...,]\7471} and all NV € N here.

In Figure 4 the root mean square approximation error (IE [||XT — ZJJ\\,/4 ||%{])1/2

of the linear implicit Euler
approximation ZY, (see (67)) and the root mean square approximation error (E[[| X7 — Y]%NQ’NH%{])UQ

2
of the Milstein type approximation YJ\%’N N (see (33) and (54)) is plotted against the precise number of
independent standard normal random variables needed to compute the corresponding approximation for
N € {4,8,16,32}.

4.3 A two-dimensional stochastic heat equation and splitting-up approximations

In this subsection the Milstein type algorithm (33) is compared and related to certain splitting-up type
approximations in the case of a two-dimensional linear stochastic heat equation with multiplicative noise.
More formally, in this subsection let d = 2, T' =1, kK = 50, let 2¢: [0,1]2 — R be given by x¢(z1,22) =
2sin(rxy) sin(rae) for all x1, 29 € [0, 1], let £,b: (0,1)> xR — R be given by f(z1,z2,y) = 0 and b(x1,z2,y) =
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Figure 4: SPDE (64): Root mean square approximation error (E[|| X7 — Z&.[|%]) '~ of the linear implicit

Euler approximation ZJ., (see (67)) and root mean square approximation error (E[[| X7 — YJ\%NZ)’NH%])U 2

of the Milstein type approximation Y]f,\;’NQ’N (see (33) and (54)) against the precise number of independent
standard normal random variables needed to compute the corresponding approximation for N € {4, 8,16, 32}.

y for all x1,20 € (0,1), y € R, let J = N2, let Jx = {1,2,...,[(}2 for all K € N, let n;, j,) = (J1 +j2) 74
and let g(;, j,) = €(j,.j.) for all ji, jo € N. The SPDE (52) thus reduces to

1 /0% 07
dXt(CL‘l,J}Q) = l: (

% 8735% ax%> Xt(xl,xg)] dt—|—Xt(LIJ1,$2) th(xl,xg) (68)
with X¢[g(0,12 = 0 and Xo(z1,22) = 2sin(mzy) sin(mzy) for 1,22 € (0,1) and ¢ € [0,1]. In view of (53) the
SPDE (68) can also be written as

1 (9 o o Xe(zn,@a), o L (41.52)
dXy(x1,72) = {50 <6m% + 8;5%) Xt(1'1;$2):| dt +j ;1 WQ sin(jymoy) sin(joras) dB," 7 (69)
1,J2=
with X¢[g(0,12 = 0 and Xo (21, x2) = 2sin(mz) sin(rxa) for 21,22 € (0,1) and ¢ € [0, 1].

Due to Subsection 4.3 in [32] inequality (22) holds for all § € (0, %) here. In order to verify (24) the
notation

[Vl £oe ((0,1)2 ry = inf {R€[0,00]: A({z € (0,1)*: v(z) > R}) =0} € [0, 0]
is used for all B((0,1)?)/B(R)-measurable mappings v: (0,1)?> — R in this subsection. Then

[0l oo (0,1)2,R) < > e, v)yl lleillego,1)2,r)
1EN2

<2 (Z (Ai)zr> (Z ()™ |<6i7v>H|2>

i€N2 i€N2

SIS

—~
N
=]

=

N

=2 (Z (An”) o1,

i1€N?
forallve H, and all r € (%, o0). Moreover, we have
(~A)7" B(v)Q™)

IBO 1y ||

|07 B

| Bt

HS(Uy,H) - HS(H) - ’

<[

S2(H)

2 (H)
(1-2a)

S1(H)

(1-2a)
2

«
s (3-0) %y
= (Z (M) “) 16Cs )l L= ((0,1)2.m) 773‘2 v

i€N2 JjET
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and using (70) shows

«@
. 7% (l,a)
HS(Uo,H) = <Z (Ai) ) (Q||U||Loc((0,1)27R) +q> (Tr(@))2

1€N2

|07 B

<q(1+Tr(Q)) (Z (Ai)z> (1 * ||”HL°°(<O’”2’R’>

1EN?
<2¢(1+Tr(Q)) (Z (An"c?) (1 +3 wr”) (14 10l ) < o0
1€EN? 1EN?

for all ¥ € (o, 1), @ € (0,1), v € H, and all v € (1,1). Inequality (24) thus holds for all a € (0, 1) and all
v € (3,1) here. This finally shows that Assumptions 1-4 are fulfilled for the SPDE (68) for all a € (0, 3),
B=2andallye(3,1).

Theorem 1 therefore yields the existence of real numbers C,. € (0,00), r € (0, 1), such that

1,1 1/2
(IE [ / / | X (21, 22) — Yoy (2, :cg)|2 dxy deD <C, (N(T‘” + K02 4 M(T_l)) (71)
0 0

holds for all N, M, K € N and all arbitrarily small r € (0,1). In order to balance the error terms on the right
hand side of (71) we choose M = N? = K? in (71) and obtain the existence of real numbers C, € (0, 00),
r € (0,2), such that

1/2

1 1 ,
0 Jo

holds for all N € N and all arbitrarily small » € (0,2). The approximation Y]%Nz’N thus converges in

the root mean square sense to X with order 2— as N goes to infinity. The numerical approximations
2
YnN’NQ’N: Q— H,ne{0,1,...,N?}, N €N, (see (33) and (54)) are here given by YON’N N — 24 and

2 T 2 1 2 2 T 2
YN = Py et {1 + AW N 3 (AWN ’N> ~oNz le(gj)z} YA (73)

JEITK

for all n € {0, 1,...,N? - 1} and all N € N. Since Py(H) C H is N2-dimensional here and since N? time

2
steps are used to simulate YJ%N N O(N*log(N)) computational operations and random variables are needed

to simulate Y]%NZ’N. Combining the computational effort O(N*log(N)) and the convergence order 2— in

(72) shows that the algorithm (73) in this article needs about O(¢~2) computational operations and random
variables to achieve a root mean square precision € > 0.

The linear implicit Euler scheme combined with spectral Galerkin methods which we denote by F/B(H)-
measurable mappings ZY: Q — H, n € {O, 1,... ,N4}7 N €N, is given by Z}¥ = z¢ and

ZN., = Py (I - ]@A)_l ([r+awy».z)) (74)

for all n € {0,1,...,N4 — 1} and all N € N here.
Moreover, since the SPDE (68) is linear here, the splitting-up method can be used in order to solve (68)

approximatively. The idea of the splitting-up approach is to split the SPDE (68) into the explicit solvable
subequations

. N AT . _
dXt(l'l,I‘g) = % 87;5% 871'% Xt(ﬁt‘l,l‘g) dt, Xt|8(0,1)2 =0 (75)
and . .
dXt(Jfl,l'g) = Xt(xl,l‘g)th(l‘l,l‘Q) (76)

for t € [0,1] and z1,22 € (0,1). For the solution processes X,i’; [0,T] x @ — H of (75) and (76) we
obtain X; = eA* X, and X; = (W3 3 jeqi(9:)%) - Xy P-as. for all t € [0,1]. This suggests the splitting-up

approximation
X, ~ oAt (e(wt—g Sieq mi(9:)%) . Xo)
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for t € [0,1] where X: [0,T] x Q — H is the solution process of the SPDE (68). The resulting splitting-up
method which we denote by F/B(H)-measurable mappings Z : @ — H, n € {0,1,...,N?}, N € N, is then
given by Z =z and

T

2
Zfl\:_l = Py AN <6(AW7]LV N Zjeak 771‘(9]')2> Z~7j:r> (77)

for all n € {0,1,...,N? — 1} and all N € N. Using the Talyor approximation e* ~ 1 + z + % for all z € R
then yields

N2 N T (N2
e(AWn ~3oNZ ng;]K 77](9]) )

2 T 1 2 T
~ LAWY - ni(95)° + 5 | AW — o ni(g;)?
JETK JE€EITK
2 1 2 2 T
~ L+ AWM 4 (AWnN vN) ~onz 2 mi9)? (78)
JjeEIK

for all n € {0,1,...,N? =1} and all N € N. Using approximation (78) in (77) finally shows

5 T 2 1 2 2 T ~

ZNom Py S LAWY 4 2 (AWYNY - 2 S (0% - 2

JEITK

for all n € {O, 1,...,N? - 1} and all N € N which is nothing else than the recursion for YnN*N2’N7 n e
{0, 1,..., NQ}, N €N, in (73). So, in the case of the linear SPDE (68) an alternative way for deriving the
Milstein type algorithm (73) is to apply an appropriate Taylor approximation for the exponential function
(see (78) for details) to the splitting-up approximation (77). More results on splitting-up methods can be

found in A. Bensoussan, R. Glowinski and A. Rascanu [6, 7], P. Florchinger and F. Le Gland [13], I. Gyongy
and N. Krylov [19, 20, 21] and K. Ito and B. L. Rozovskii [27] and the references therein.

In Figure 5 the root mean square approximation error (E[[| X7 — Z ]J:,’ALH%I])lm of the linear implicit Eu-
ler approximation Z¥. (see (74)), the root mean square approximation error (E[[| X7 — Y]f,\g’Nz’NH%I])l/ 2
of the Milstein type approximation Y]\%NQ’N (see (73)) and the root mean square approximation error

(E[lXr - Zﬁz ||%])1/2 of the splitting-up approximation Z]]\\;Q (see (77)) is plotted against the precise number
of independent standard normal random variables needed to compute the corresponding approximation for
N €{2,4,8,16,32}: It turns out that Z33, (32° = 1073741824 random variables) in the case of the linear

implicit Euler scheme (74), that 133’22’322’32 (32% = 1048 576 random variables) in the case of the algorithm (73)
and that Z3%, (32* = 1048576 random variables) in the case of the splitting-up method (77) achieve a root
mean square precision € = 155 for the SPDE (68).

5 Proof of Theorem 1

Throughout this section the notation

120y = (E1212]) ™" € [0.50] (79)

is used for an R-Banach space (E,|||5), an F/B(E)-measurable mapping Z:  — E and a real number
p € [1,00). We also use the following simple lemma (see, e.g., Theorem 37.5 in [57]).

Lemma 1. Let Assumptions 1-4 in Section 2 be fulfilled. Then
[(—tA) ety <1 and  [[(—tA) (e = D[, <1 (80)
for allt € (0,00) and all r € [0,1].
We now prove Theorem 1. First of all, note that the exact solution of the SPDE (28) satisfies

mh mh
Xy = e + / eAmh=9) p(X,) ds + / eAmh=9) B(X ) dW, (81)
0 0

m=1 ,(I+1)h m=1 o(+1)h
— eAmhg 4 Z / A=) p(X,) ds + Z / A=) B(X,) dW,
—o Ih 1—0 Lh
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Figure 5: SPDE (68): Root mean square approximation error (E[|| X7 — Z]J\\,[4||%,])l/2 of the linear implicit

Euler approximation Z J]\\,Q (see (74)), root mean square approximation error of the linear implicit Euler approx-

2
imation ZY, (see (74)), the root mean square approximation error (E[[| X7 —Yr3" ’N||%{])1/2 of the Milstein
2 ~
type approximation in,\g’N N (see (73)) and root mean square approximation error (E[lXr - Z§- ||%,])1/2 of
the splitting-up approximation Z ][\\772 (see (77)) against the precise number of independent standard normal

random variables needed to compute the corresponding approximation for N € {2,4, 8,16, 32}.

P-a.s. for all m € {0,1,..., M} and all M € N. Here and below h is the time stepsize h = hy; = % with
M e N. In particular, (81) shows

m—1 .(141)h
Py (Xpp) = e*™ Py (€) + Py (Z / eAmh=) p(X) ds)
= Jin

m=1 .(I+1)h
+ Py <Z / A=) B(X,) dWS> (82)
=0 lh

P-a.s. for allm € {0,1,..., M} and all N, M € N. In order to estimate the difference of the exact solution (81)
and the numerical solution (33) we rewrite the numerical method (33) in some sense. More precisely, the
identity

1 T
§B’(YW1¥’M’K) (B(Yﬁ”I’K)AWnI‘f*K)AWnI‘f*K— o § n; B' (Y, M) (B(ngM’K)gj)gj
JEITK
n; 70 (83)
(mL1)T s
_ / B’(YWT’M*K)< / B(Y,ﬁ)”M’K)de>de
TX/IT ”;’\'/IT

P-a.s. holds for all m € {0,1,...,M — 1} and all N, M, K € N. The proof of (83) can be found in Subsec-
tion 5.7. Using (83) shows that the numerical solution (33) fulfills

(m+1)T
T M
YA = Py et (YmN’M’K a7 PO + B(YNAMHE) awk
mT
(minT i " (84)
M N.M,K NMKY\ 100K\ pir K
+ /mT B (v )( / BV )qu)dWS )
M M
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P-a.s. for all m € {0,1,..., M — 1} and all N, M, K € N. Therefore, the numerical solution (33) satisfies

m—1 .(I4+1)h
erLV,M,K _ eAthN(g) +PN<Z / 6A(m*l)hF()/lN,M,K) d8>
1=0 JIh

e (+Dh A Dh N,M,K K
+ Py Z/ e (m‘)'B<Yl M, )dWS (85)
1=0 lh

L p = [urDn A(m—Uh pt (N, MK ° N,M,K K K
D e B (v ) A BV, M) aw k<) aw
=0

P-a.s. for all m € {0,1,...,M} and all N,M,K € N. In order to estimate E[|| X, — YA"M5[%] for
m € {0,1,...,M} and N,M,K € N, we define the F/B(H)-measurable mappings ZN-M-X:Q — H, m €
{0,1,...,M}, N,M,K €N, by

m—1 .(I1+1)h
l

1=0 “th
m—1 .(1+1)h
(Y / Am=-DhB(x,,) WK (86)
=0 Jin
m—1 .(+1)h E
ey X [ e ([ pex awis) awe
=0 Jin Ih
P-a.s. for all m € {0,1,..., M} and all N, M, K € N. The inequality
(a1 + o+ an) <n (@) +.. 4 (@n)?) (87)
for all ay,...,a, € R and all n € N then shows
E[[[Xmn — Y 5] (88)

< 3-E[|Xonn — Py (Xmn) |H] + 3 B[Py (Xmn) — Zp N3] +3 - E[| 2 — v K]

forallm € {0,1,..., M} and all N, M, K € N. In order to estimate the expressions E[|| X, — Py (Xmn)[1%],
E[| Py (Xmn) — Z¥MK 2] and E[|| Z¥ME — yNME|2] for m € {0,1,..., M} and N, M, K € N, a real
number R € (0, 00) satisfying

E[IB(X) s wo,5) < B IE" ()l Ly < R IF" )l L@ (ary,m) < B

E[HF(Xt) ”%I] <R, ”B/(U)”L(H,HS(UO,H)) <R, ”BH('U)HL(2>(H57H5(UO7H)) <R,
E[|(—A)X|3] =E[IXll3,] < R, E[|[Xs, — Xo,|[f,] < Rlta — ta "0 722)
T R
C
(1—7)  (1—20) " (1-24)

for all v € Hg and all ¢,t1,t2 € [0,T] is used throughout this proof. Due to Assumptions 1-4 in Section 2 and
Proposition 1 such a real number indeed exists. For the spatial discretization error E[|| Xnn — Py (Xmn)[1%]
we then obtain

+T+|A- <R

e

B 1~ Py X)) = E[IE = Po) Xl = (=207 (= Pr) (=) X[ )
89
< a-rew|, ,, E1Xm] < RO

for all m € {0,1,..., M} and all N, M € N where here and below the real numbers (7y)ycy C R are given
by

e, - () 0

for all N € N. The rest of this proof is then divided into six parts. In the first part (see Subsection 5.1) we

establish )

36 RS

E = Mmin(4(y—58),27)

m—1 .(141)h
> / (eAWh*S)F(XS) - eA<m*l>hF(th)) ds (91)
l

1=0 71

H
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for all m € {0,1,..., M} and all M € N. We show

m—1 (I+1)h 2 2c
E[Y A= B(X,) d(Wy — WK) <4R®( sup n; (92)
lh i
1=0 H JEIT\ITK

for all m € {0,1,..., M} and all M, K € N in the second part (see Subsection 5.2) and

2
3R

E S Qze)

m—1 .(l4+1)h
Z / (eA(mhfs) B GA(mfl)h> B(Xs)dWSK
1—0 Lh

for all m € {0,1,...,M} and all M, K € N in the third part (see Subsection 5.3). The fourth part (see
Subsection 5.4) gives

2

m— (I4+1)h 1
Z / (m— l)h/ B//(th+7,(Xs _th)) (Xs _X”“Xs _th) (I—T)deWf(
—0 0

H
R6
< ypmae-mm 04
and in the fifth part (see Subsection 5.5) we obtain
(I+1)h s
(m=DhB'(Xp,) (Xs — Xin —/ B(th)de) aw*
Ih
H
20R3 " e
< ——F———— +20R ( sup 77-> (95)
Mt —5).27) PR

for all m € {0,1,...,M} and all M,K € N. The inequalities (91)-(95) are used below to estimate
E[| Py (Xmn) — ZNME|3,] for m € {0,1,...,M} and N, M, K € N in (88). In the sixth part (see Subsec-
tion 5.6) we estimate

N,M,K N,M,K |2 9R* = N ||
B[|| 235 vV < S | B - v (%)
1=0

for all m € {0,1,..., M} and all N, M, K € N by using the global Lipschitz continuity of the coefficients
F: Hg — H (see Assumption 2) and B: Hg — HS(Uy, H) (see Assumption 3). Combining (88), (89) and
(96) then yields

E[[|Xonn = Yo I

4
<3R(w)* +3-B[||Pu () - 20K 5] + T (

mz_:lE[Hth YlNMKHjJ> "

for all m € {0,1,..., M} and all N, M, K € N. Hence, (82), (86), (87) and the fact | Py (v)||; < ||v|| 4 for all
v € H show

2

m—1 .(I4+1)h
Z/ (eA(mh_S)F(XS) _ eA(m—l)hF(th)) ds
l

B[ X — 2] <. E
1=0 7l

H
m (I+1)h ’
+9-E Z/ AT B(X,) d(Ws — W)
— Jun H
(I+1)h
+9-E A(mh—s)B(XS) - eA(m—l)hB(th)) dWSK

m—1 (I+1)h s
_ Z / A= (X (/ B(th)de> dwk
=0 /1 lh

27R* [ 2
O O AT W)

=0

|
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for all m € {0,1,..., M} and all N, M, K € N. Therefore, (91) and (92) yield

324R° 2
v N,M,K 5 _

e e T R )

m (I+1)h 2
+18-E Z / (eA(mh_S) - eA(m_l)h> B(X,)dWkE

=0 Lh H

m=1 ,(+1)h
+18-FE Z / eAm=Dh (B(X,) — B(Xy3,)) dWX

=0

m—1 .(14+1)h s
_ Z / eA(m*l)hB’(th) </ B(th) de) dW:(
1= Jin Ih

27RY [ 2
+3R (ry)’ + = (ZE[HX”L—EN’M’KHHD

|

and (93) shows

324R8 ¥ 54R4
N,M,K 5
[Hth - Yo ||H} VAt -8y +36R <j;711\1?71< 77J'> T r29)

|

+18-E

m=1 (I4+1)h
Z / (m=0k (B(X,) — B(Xy)) AWK
=0

m=1 .(14+1)h s
_ Z / A=V (X, </ B(th)de() dwk
=0 Jin Ih

27R* (" 2
R S (B M)
=0

for all m € {0,1,..., M} and all N, M, K € N. The fact

B(Xy) — B(Xin) = B (Xun)(Xs — Xun) +/o B"(Xyn 4+ r(Xs — Xun))(Xs — Xin, X — Xpp) (1 — ) dr - (98)

for all s € [lh,(I+1)h], 1 € {0,1,...,M — 1} and all M € N then yields

324R8 2 54R*
N,M,K 5 )
Mth ~ Y HH} MGG gy 0k ( Pl ”J) + e
m (I+1)h s
+36-E || / eAm=Dh B (X)) (XS - X — / B(Xin) quK) AWk
—o 7l lh I
m (I+1)h 1 2
+36-E Z / eA“"*l)h/ B"( Xy, + 1 (Xs — Xun)) (Xs — Xin, Xo — X)) (1 — 1) dr dWE
—o 7R 0 I

i m—1
2  2TR* N ||
+3R(ry)* + ;E | X -, HH
for all m € {0,1,...,M — 1} and all N, M, K € N. Therefore, (94) and (95) give
324 R® >2“ 54R*

E||[Xon = YA 5|3 € omio—mm

11
+ 756R ( sup 7j +W

JEIT\ITK

720R'3 36 RS o7R* [ 2
+— +3R(rn)* + (Z E[Hth—YlN’M’KHH}

Mmin(A(—5).2y) | pymin(a(v—B).2) M

and hence

1
Mmin(4(y—8),27)

«@ m—1
+ 756R“( sup nj>2 F3R(ry)’ 4 27 Z ]E[HX”L — M KH ]
JET\TK M

E[[|Xomn = VM55 | < (324R° + 54R* + 720RY + 36R°)

23



for all m € {0,1,..., M} and all N, M, K € N. Gronwall’s lemma thus shows

B[ Ko — V52

g < (324R8 + 54R* 4 T20R'3 + 36RS)
<e

2c
: + 756 R < sup Tl‘) +3R (ry)?
M min(4(y—25),27) JEI\ITK !

2«
< 1134R13 > H (rN)2+< sup 77j> L M- min(4(=8),27)
JEI\Tk

for all m € {0,1,..., M} and all N, M, K € N. Finally, we obtain

1 - a
(B[ Xmn = YK ]) T < 34RTe ( inf Ai> +( sup nj> + M min(0=8)7)
€I\IN JET\TK

—y «
< (20R < inf )\i> + ( sup 77j> + M min(2(v=8),7)
i€I\IN JET\Tx

for all m € {0,1,...,M} and all N, M, K € N.

5.1 Temporal discretization error: Proof of (91)

First of all, we have

-1

3

(I+1)h
/ (eA(mh—s)F(XS) _ eA(m—l)hF(th)) ds
Lh

3

l

Il
=)

L2(Q;H)

m—1

<Y
=0

m=1 .(1+1)h
> / =DM (F(X,) = F(Xn)) ds
=0 lh

ds

(I+1)h
/ H(eA(mh—s) _ eA(m—l)h) P(X )‘
Ih L2 (0;m)

+

L2(Q:H)
for all m € {0,1,..., M} and all M € N. Using

1
F(X,) — F(Xp) = F'(Xi) (Xs — Xin) +/ F'( X+ 7 (Xs — X)) (Xs — X, Xs — Xpp) (1= 7) dr (99)
0
for all s € [lh, (I+1)h],1€{0,1,...,M — 1} and all M € N then shows

m—1 .(14+1)h
Z / (eA(mhfs)F(Xs) _ eA(mfl)hF(th)) dS
1—0 “1lh

L2 (s H)
(S A(mh—s) _ _A(m—Dh
< e\mh=s) _ gAlm= H F(X, oy ds
> /| o IFCE e
m=1 .(I+1)h
+ Z/ eA(nL—l)hF/<th> (Xs_th) ds
=0 7t L2 (9:H)

m—1 L(4+1)h ,1
3 [ [ G (X = X)) (X, = Xin Xe = Xy (1= ) drds
=0 /1 0
and hence

m—1 .(l1+1)h
3 / (A= F(X,) = AR (X)) ds
1—o Ylh

L2(Q;H)

m—2 .(i+1)h
<R(2n+ / HeA<mh—s> — eA(m—l)hH ds
1=0 /1 L(H)

m—1 (I+1)h A D o
+ Z[ e (m=1) F(th) (Xstlh)dS

1=0 “1h

m—1 .(1+1)h p1 )
e [0 [ RIx - X,
=0 Jin 0

L2(QH)

. (1—=r)drds
(4R)
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for all m € {0,1,..., M} and all M € N. Therefore, we obtain

m (I+1)h
Z / (eA(’mh—s)F(Xs) _ eA(m—l)hF(th)> ds
1—p Yl

L2(;H)

e [nn A(mh—s) 1 A(s—Ih)
< 2 A mh=s HA‘ ST 1 H
| 2h+ Z / ‘ ¢ L(H) (e ) L(H) ds

m— (l+1)
+1> / eAm=DhEN(X0) (X — Xan) ds
=0 “Ih L?(H)
m=1 .(+1)h L
R ( :
T3 (Z [ (1 - xuy,) e )
=0
and Lemma 1 gives
m—1

(I4+1)h
Z / (eA(mh—s)F(XS) _ eA(m—l)hF(th)) ds
1=0 JIh

m—2 (l+1)h (5 _ lh)
< 2 R B—
_R<h+2/lh ) %

1=0

(l+1)h
(m— l)hF/(th) A=) 1) X, ’

l_/ (e 1) )

L2(QH)

L2(QH)
—

(I+1)h s
Z / A(m l)hF/(th) (/ eA(S_u)F(Xu) du) ds
1= th L2(Q;H)
m—1 (I+1)h s
+ / eAm=Dhpr(x,) ( / ALY B(X,) qu) ds
=0 Y1k h L2(Q:H)

m—1 I+1)h 1
i Z/(+) (R(s—m)mi““”*ﬁ)@))éds
1—0 “lh

for all m € {0,1,..., M} and all M € N. This shows

[\V]

m—1 (I+1)h
Z / (eA(mh—s)F(Xs) _ eA(m—l)hF(th)) ds
1=0 V1

L2(;H)
l+1)h lh)
2h 7d
( + Z / m—1-0n"
S (l+1)h A(s—1h)
FI(X s=h) _ 1) X ‘
L e (1) )
m—1 .(1+1)h s
S D R 8 ( [ e rc)a) ds
1=0 7h lh L2(Q:H)
1
m—1 (I4+1)h s 2 2
+ E / (m=Dh " (X;3,) (/ eA(S“)B(Xu)dWU) ds
1=0 Lh H

,_.

LB ( ,(1-min(2(—5). 1)))
2 =0
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and

l+1)h
/ A(mh— S)F( ) eA(mfl)hF(th)) ds

L2(:H)

m— 1 , ' )
E R Thmm(Q('y B),1)
( - l -1 ) 2

=0
ds)
L2(Q;H)

I+
R(z/ Y
ds>
L2(Q;H)

m=1 ,(I+1)h
+R (Z /lh
m—1 (I+1)h s
Z/ EHF/(th) (/ eA(s_”)B(Xu)qu)
lh Ih

=0
=0

/ eA(sfu)F(Xu) du
lh

1
2 2
ds
H

+\/E{

for all m € {0,1,..., M} and all M € N. Hence, we have

m (I+1)h
Z / (eA(mh_s)F(Xs) _ eA(m—l)hF(th)> ds
1=0 71h

h m—1 1 1
< 2h _ - - 3hmin(2('y—ﬁ)71)

=1

m—1 (I4+1)h
+RY / H(_A)*v (eA(s—lh) _ I) H 1(=A) Xunl gz, s
=0 Jin L(H) ;
(I+1)h
1
m—1 (I+1)h 9 L
+RVRS Y / ’ s
1=0 V! H
m—1 .(+1)h
Z / A(mh—s)F(XS) _ eA(m—l)hF(th)> ds
1=0 Lh

L2(;H)

[ etepe)aw,
Lh

h

and Lemma 1 shows

L2(;H)

1 .
=f <2h +5 1+ In(M ))> + §R4M* min(2(y—6),1)

o L. 2
+R? Z/ (s —1h)" ds + 5 R Mh

m=1 .(I+1)h
+R\/E{Z/ /EH A(s—u) g
=0

du ds}
HS(UO H)

26



for all m € {0,1,..., M} and all M € N. Therefore, we obtain

m—1 .(1+1)h
Z / (eA('mh—s)F(Xs) _ eA(m—l)hF(th)) ds
1=0 /1P

5
2

m—1 L(+1)h ps ) 2
+RVRS ST [ R IB s duds
=0

5

< a1 2
< R°M (2
2

m—1 L(+1)h ps 2
+ RVh Z / / duds
—o Jih lh HS5(Uo,H)

1
1 . 1 1 :
R*M~ (14 In(M)) + §R4M* min2(v=8)1) 4 RAM Y 4 5R‘*M*l + R*Vh <2Mh2)

L2(Q;H)

1 1 . 1
< Rh ( +5 1n(M)> + 5R"=M— min(2(v=A).1) 1 RZppI+Y) 4 5R%

1 1 . 1
+ 5 hl(M)) + §R4M_ min(2(y—2),1) + R4M—V + §R4M_1

a7, ,, B2 Bex)

<

DN | Ot

for all m € {0,1,..., M} and all M € N. The estimate

rl x 1 T _ 1 r 1— T
1 S 1 S(lir) T

for all » € (0,1] and all = € [1,00) then shows

m=1 .(+1)h
Z / (eA(mhfs)F(Xs) _ eA(mfl)hF(th)> ds
=0 Jin

5 o MO R! R* RY ) 1
‘ — 4+ h (Th)>

A= T ammee—mn T ap oy T8 Vh(Th)

_ R R* R* R* R*

=oap T ommmee-en T am o

L2(QH)

and finally

m—1 .(141)h
> / (A= F(X,) = A DRP(X) ) ds
=0 Y1k

L2(SH)

< 5 1 1 1 L R4 - 6R4
S\g ottt ) ymmee—a = mnco-5.)

for all m € {0,1,..., M} and all M € N.

5.2 Noise discretization error: Proof of (92)
We have

2

t t
]E‘/ eA(t_u)B(Xu)d(Wu_Wj() —F Z /eA(t_“)B(Xu)gjd<gj,Wu>U
s " ISVAW S
"7j7£0 H
t 2 t 2
_ Z 77j‘/ EHeA(tfu)B(Xu)ngHdu: Z 77]./ EHQA(tfu)B(Xu)Qfa(Qagj)HHdu
JEI\TK s JEI\ITK s
n; 70 n; 70
t 2
= Y (@)U </ E eA@")B(Xu)Q“ngHdu)
JEI\ITK s
n;#0
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for all s,t € [0, 7] with s <¢ and all K € N. This shows

sup 7]7
JEIT\ITK

= o ([ 2o )

5o [ e nonaes | a

sup 7 M B(X,)Q "

JEIT\ITK

<( )
<(ow)
< (o, m)

2
du)
HS(Uo,H)

2a t 9
<( su ) (/ t—u _wEH —A) Y B(X.,)Q du)
(jEJ\JK 77] s ( ) ( ) ( ) HS(Uo,H)

for all s,t € [0,T] with s <t and all K € N. Therefore, we obtain

2
¥

t
/ A0 B(X,) d(W, — W)
s H
2c t 9 2
< swow) ([ a0 (1e1xly,) ] )
JEI\TK s
2 t
§2c2< sup 77j> (/ (t—u)fw (1+EHXUH?LI )d“>
JET\Tie s k
‘ 2a t 2a (t—s)
< 4R3( sup 77j> </ (t —u)~?’ du) = 4R3( sup 77j> / u=?Y du
JET\TK s JET\TK 0

for all s,t € [0,T] with s <t and all K € N. Hence, we have

2 2. (1 219) u:(t—s)
o o T
H eIk (1=29) |,

2a 2a
< 4R4( sup Uj) (t— s)(l_w) < 4R5< sup 77j> (100)
JEIT\ITK JEI\TK

t
E‘/ A B(X,) d(W, — W)

for all s,t € [0,T] with s <t and all K € N. In particular, we obtain

m (I+1)h 2
E Z/ A B(X,) d(Wy — WK)
l

1=0 Y1h

H
2

mh 2o
0

JEIT\ITK

H

for all m € {0,1,..., M} and all M, K € N which shows (92).

5.3 Temporal discretization error: Proof of (93)

We have
(I+1)h ’
/ A(mh ) _ A<m—l>h) B(X,)dWX
H
m 1 (I4+1)h 2
[ et s
HS(Uo,H)
(l+1)h 2 2
/ (eA(mh—s) . eA(m—l)h) H E H(—A)aB(Xs) ds
L(H) HS(Uo,H)
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and hence
2

m (I+1)h
E Z /l (eA(mh—s) _ eA(m—l)h) B(Xs) dWSK

1=0 Jth

H

g 5 ( A(mh—s) _ _Atm—0h\||?
<R / H —A)7" [eMRTS) M H ds
Z lh =4) ( ) L(H)

=0
mh

2
<R H(_A)—é (eA(mh—s) _ eAh)H ds
(m—1)h L(H)

R (z [ Jear (eem - n) ! e me

=0

2 )
ds
L(H)

for all m € {0,1,..., M} and all M, K € N. Therefore, we obtain

G ) 2
E Z/l <e (mh=s) _ ¢ W*”’L) B(X,)dWX

1=0 V1

H
mh

2
< R H(_A)—5 (eA(s—(m—l)h) _ I)H ds
(m—1)h L(H)

(1+1)
+ Rh? (Z/ 4)0=9) A= ds>
L()

mh

s z+1)h
<R (s — (m — 1)h)*° ds + Rh? (Z/ 5)200~ 1)d>

(m—1)h
m—2
< RhU+%) 4 Rp3 (Z (m—1—1)*0"D h2(5—1)>
=0

for all m € {0,1,..., M} and all M, K € N. This implies

2

m—1
E Z (LR (eA(mhfs) o eA(mfl)h) B(X )dWK
l ° °

1= 7Ih =1

m—1
< Rh(1+25) +Rh(1+26) (Z l2(51)>
H

o0 (o)
< Rp(+29) <2+Zl2(5—1)> < RR(1+20) <2_|_/ 82(5—1)d8)
1

1=2
5(20-1)

S§=00 1 3R4
< (1+29) 2 _ (1429) L\ Capepar2e) o B3R
= <2 ’ {(25 - 1)} s=1 ) fil (2 * (1- 25)) < 3R°h = pg(1+20)

for all m € {0,1,...,M} and all M, K € N.

5.4 Temporal discretization error: Proof of (94)
We have

2

(+1)h 1
Z / A(m—l)h/ B"(Xon + 1 (Xs — Xin)) (Xs — Xun, Xy — Xun) (1 — ) dr dW K
0

H

SN
H<:>

IN

(I4+1)h
/ / EHB// th+7’(X th))(X th,X th HZS(UO,H)drdS
mol DA (I+1)h A
< Z/ [(RHX Xunl[3,,) ]ds—RQ<Z/ E|| X, - Xull},, ds)
m—1 L (4+1)h ) m—1 '
2 <Z /l R(S _ lh)m111(4(’Y—B)v2) d5> < RS <Z h(1+m1n(4(73),2))>
=0

h 1=0

RS
3 (14min(4(v—8),2)) _ p3 min(4(y—2),2)
< R*Mh — R*Th L

IN
=

for all m € {0,1,...,M} and all M, K € N.

29



5.5 Temporal discretization error: Proof of (95)
In order to show (95), we first estimate

2

th X, / s) AWk

H
for all s,t € [0,7] with s <t and all K € N. More precisely, we have

2
<5. IEH( Alt— 5)—I>XS
H

H

th X, / dWK
2
+5-E

/ At p(X,) du
s H

t et _ 1) B(X,)dwk
[ =)

+5-|

t
/ A B(X,) d(W, — WE)

S

2 2

+5-|

+5-E ’ /: (B(X,) — B(X,))dwk

H H

and using (100) shows

t 2 2
X,—X.— [ B(x.,)dwk| < H —A) Y (At _ T H El(—A)" X, |
e [ e aws| <sa (e ), EICA Xl

t 2 2a
+5(t—s) (/ EH@A(t_“)F(Xu)HHdu>+20R5< sup nj)
S

JEI\ITK
t 2
45 (/ E H (eA(t_“) - I) B(X.) du)
s HS(Uo,H)

t
2
+5 (/ E|B(Xu) = B(X)llgsw,,m) d“)
for all s,t € [0,T] with s <t and all K € N. This implies
HXt X / ) dWE
H
t 2c
<BR(t—s)" +5(t—s) (/ E||F(X.)|5 du) + 20R5( sup 77j)
s JEI\ITK
w5 ([ ar (e -0, B4’ B
s L(H)

t
+5R? (/ X, — X,/ du>
S

2a
<BR(t—s)* +5R(t—s)* + 20R5< sup Uj)
JEI\ITK

+5 (/t (1) E (4 B(Xu)HZS(UmH) du)
+5R?(/:)( ﬂH E|Xu—Xs||§{Bdu>

for all s,t € [0,7] with s <t and all K € N. Therefore, we obtain

2

2
du)
HS(Uo,H)

L(H)

2

t
E ”Xt - X, — / B(X,)dWE|| <BR(t—s)"" +5R(t—s)

H

2c t t
+2035< sup nj) +5R(/ (t—u)25du>+534 </E||XU—XS||iIﬁdu)
JEI\TK s

2c t
< 10R? (t — ) + 20R5< sup n; | +5R(t—s) ") 4 5R (/ Bl X, — XsH?{B d“)

JEI\ITK

S

<15R%(t — 5)*" + 20R5< sup nj) +5R* < (]E X, — Xs\léﬁ) : du>
JEI\TK

2

< 15R? (t — 5)*7 + 20R° ( sup 77])

1
+ 5R ( (R (u — s)m‘"(‘*“’m)) : du)
JEIT\ITK
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and hence

2
th X, / dWK

2a
<15R3 (t —5)*7 + 20R5< sup  1n);

+ 5R? ( (u— s)min@(v*m’l) du)
JEI\ITK

JEI\ITK
2c

<15R®(t — s)” + 2035( sup m) + 5R5 (t — )1 min0r=A)1)
> +BR (1 — 5)mm(HB)2)

< 15R% (t — )7 + 20R5< sup  17);
JEI\ITK

2
< 20R8 (t — )™ =27 20R5< sup nj)
JEI\ITK

for all s,t € [0,7] with s < ¢ and all K € N. Now we prove (95). To this end we note that
(I+1)h s 2
/ eAm=Dh B! (Xyy) (XS - Xu — / B(Xy) dW* ) dwl
Ih
H
(I+1)h s
/ H (Xin) (Xs - Xip, */ B(th)de>
Ih

m I+1)h s 2
(Z/ HXS—th—/ B(X,) dWk ds>
=0 lh H

holds for all m € {0,1,..., M} and all M, K € N. Hence, (101) yields
m (I+1)h s
> / eAm=Dh B! (X)) (XS — X — / B(Xun) de) awk
=0 Jlh lh
10 (o min(4(y-5),27) B
< 20R Z —lh) +( sup 7 ds
VISNAWSS

(l+1)h 2a
< 20R'0 Z / mm(4(7_’8)’27) ds | + 20R10T( sup ﬁj)
JEIT\ITK

2a
< 20R10 Ay (1Hmin(4(v=5),27) 4 20R11< sup nj)
JEI\ITK

3 T

2

IN

ds
HS(Uo,H)

=0

I /\

E

H

< QORllhmin(é‘L('y—ﬂ),Q'y) + 20R11 ( sup 7

)M 20R13
JEIT\ITK

2a
11 . )
< Jpmmacp .y T 208 ( o 773)

JEI\ITK

for all m € {0,1,...,M} and all M, K € N.
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5.6 Lipschitz estimates: Proof of (96)

Before we estimate ]EHZ,I,\{’M’K - Y;X’M’KH"; for m € {0,1,...,M} and for N,M,K € N, we need some
preparations. More precisely, we have

s 2

E HB’(X“L) /lh B(Xy) dWE — B’ (YlN’M’K) / B(YlN’M’K) AWK

Ih HS (U, H)
=E||B (Xi) Z / B(Xun) g5 d{g;, W)y
JE€EITK th
170
. 2
Y (YlN,M,K) 3 / B<YZN,M,K> 0 g5, W)y
jeTx U h HS(Uo,H)
n; 70
=E||B'(Xu) | > B(Xu)g; (g5, Ws — Win)y
JETK
7370
2
_B (Y}N,JVI,K) Z B(YZN,M,K) g; (g5, Wy — Wlh>U
J€TK HS(Uo,H)
n; #0
2
=E[ Y B/ (Xw) (B(Xw) g;) — B (v (B(¥ ) 95) } (93, Ws = Win)y
JETK HS(Uy,H)
n; 70
for all s € [lh,(I+1)h],1€{0,1,...,M — 1} and all M, K € N. This implies
s s 2
E HB’(th) B(Xy) dWE — B/ (YZN’M’K) / B(YZN’M’K) AWK
Ih Ih HS(Uo,H)
2
=Y E {B'(th) (B(Xu) g5) — B’ (YIN’M’K) (B (YlN’M’K) gj) } (95, Ws = W)y
JEITK HS((Uy,H)
7570
2 2
= Z E HB/(th) (B(Xin) gj) — B’ (YJN’M’K> (B (YlN’M’K> 9j> H E |<9j’ W — Wlh>U}
) HS(Uo,H)
JEITK
7370

for all s € [Ih, (I +1)h],1€{0,1,...,M — 1} and all M, K € N. Hence, we obtain

s 2

EHB’(XM) / B(Xy,) AWK —B’(YIN’M’K> / B(YZN’M’K) dw i
Lh l

h HS(Uo,H)
2
- 5 e e - 5 () () ) e
JjEITK o
;70
/ / N,M,K N,M,K 2
< 3 0 E B Xin)(BXu) g) 9x — B (YN (B g ) e[ (s —im) 102)
k€T
né,nk#O
2
(e ) / i (v NMEK N,M,K
= (s —1h) EHB(th)B(th) B(Y2 )B(Yl )HHS(2)(U0,H)

2 ) 2
< (s— ) B X VM| < BE| X - V|
H H
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for all s € [lh, (I+1)h],1 € {0,1,...,M — 1} and all M, K € N. Additionally, (87) and the fact ||Py(v)||g <
|||l for all v € H show

E HZN,M,K _ YN,M,KHZ

2

(I+1)h
<3-E Z/ " eAlm=Uh (F(th)—F<YlN’M’K))ds
H
(+1)h 2
+3.E Z/ T A (B(th)—B(Y}N’M’K))dWsK
H
+3.-FE mzl/(lﬂ)h A(m—1)h B'(X )/SB(X )dWK_B/<YN,M,K) /SB<YN,M,K) AW E ) aw K i
=0 Jin ‘ " Jin S : Ih : “ ’ i
m—1 2
< 3Mh? E ||eAm=0M (F(Xy) — F(Y,VAME H )
(S z et (e - r(m))
m—1 .(+1)h 2
+3 (; /lh E[[eAtn0" (B(xy) _B(EN’MK))HHS(UO,H) ds)
L mzl/(lH)hEHB/(th)/s B(th)dWKfB/(YN’M’K) /SB(YN,M,K> W E 2 .
o Jin Ih “ : Ih : “Naswo.m
(103)

and due to (102) we finally obtain

m—1 2
E || ZNMK —yNMK|2 < 3y, (Z E HF(X”L) _ F(YlN’M’K> HH>

m—1 m—1 2
_ N,M,K 3 _ v N.MK
can( S efon (oL ) e (S -] )

< 9R%h anE Xy — yNME|P ) o 9R! mfl]E Xy, — y VMK
> lh — 14y gl = ﬁ Z th — 14y I
=0

for all m € {0,1,...,M} and all N, M, K € N.

5.7 Iterated integral identity: Proof of (83)

First of all, we have

(m+1)T s
M
B (YN MK B(YNMEYy aw ) aw K
”X/IT %
(m}t{l)T s
- Z /T Bl(YmMMﬁK)(/TB<YT£1V7M’K)gkd<gkaWu>U>gjd<gj’WS>U
J.k€ETK i A
n5,;Mk7#0
(m+1)T
_ Z B (Y,NMK) (B(YWZ:LM,K)gk> / d (g, W)y d(gj, W),
J.k€ETK B
N5 Nk 70
P-a.s. and hence
(le)T s
B (Y,NAME) (/ B(Y,NAE) de)de
(m+1>T
- 3 B (BEAE) g ) g / / g5, W)y g, W
JEITK
n; 70
(WLXII)T s
+ > B(Y MK (B(Ynjy’M’K) gk) gj'/ d{gr, W)y digs: W) s
J,k€ETK S7a =
15,1k 70
J#k
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P-a.s. forallm € {0,1,...,M—1} and all N, M, K € N. Moreover, since the bilinear operator B’ (Y,)"-X) B(YN-M.K) ¢
HS®@) (U, H) is symmetric (see Assumption 3) and since

(m+1)T

/% / (gj, W)y dlg;, Ws)y, = % (((gj,AW%KM)Q - ﬁ?)

P-a.s. holds for all j € Jx, m € {0,1,...,M — 1} and all N, M, K € N (see (3.6) in Section 10.3 in [34]), we
obtain

(m4+1)T
M

B! (Y NMK) (/ B(yN:MK) de)dWSK
mT
M

mr
1 2 T
=5 3 B (BEAR) 6 g (g awie),) - T2)
JEITK
n;70
+% > B(YME) (B(Yg’M’K)gk> 9j
7, kETK
1Mk 70
J#k

(m+1)T

(m+1)
(/mT degk, o dlg;, W / /dg], d<gk,Ws>U>

P-a.s. for all m € {0,1,...,M — 1} and all N, M, K € N. The fact

(m+M1)T R (m+1)T
mr / d<gk7W > gj7 / / gjv d<gk7W8>U = <gkaAanz\/[7K> <gj7AWMK>U

M oF
(104)
P-a.s. for all j € Jk, m € {0,1,...,M — 1} and all N, M, K € N (see (3.15) in Section 10.3 in [34]) then
yields

(ninT .
w7 B/(YmN,M,K)(/ B(Y,)MK) de)dWSK
1
- 9 _ Z B’ (vayMK) (B(YgMK) gk) gj <gk,AW%’K>U <gj7AWTIr\L/[,K>U
%;’“Sé%
s 2 B ) (B ) ) g
]GJK
n; 70
1
=BG (BOR) AW ) AN = i 52 s (0 (B0 ) )
365510(
nj

P-a.s. for all m € {0,1,..., M — 1} and all N, M, K € N which shows (83).
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