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ABSTRACT. We present an abstract concept for the error analysis of numerical
schemes for semilinear stochastic partial differential equations (SPDEs) and
demonstrate its usefulness by proving the strong convergence of a Milstein-
Galerkin finite element scheme. By a suitable generalization of the notion of
bistability from Beyn & Kruse (DCDS B, 2010) to the semigroup framework
in Hilbert spaces, our main result includes a two-sided error estimate of the
spatio-temporal discretization. In an additional section we derive an analogous
result for a Milstein-Galerkin finite element scheme with truncated noise.

1. INTRODUCTION

The computational approximation of stochastic partial differential equations
(SPDEs) often turns out to be a very expensive and demanding task. One usually
has to combine numerical schemes for the temporal discretization of the interval
[0,T] with Galerkin finite element methods for the spatial discretization as well as
truncation methods for the infinite dimensional noise. By the combination of such
schemes one then generates a sample path of the numerical solution. If we are
interested in the approximation of expected values of functionals of the solution,
we have to repeat this procedure several times in order to compute a decent Monte
Carlo approximation.

For instance, let X : [0, T] x 2 — H be a Hilbert-space valued stochastic process,
which denotes the solution to the given SPDE. Then our computational goal may
be a good approximation of the real number

(1) Elp(X(T))],
where ¢: H — R is a sufficiently smooth mapping.

Before the upcoming of the multilevel Monte Carlo algorithm (MLMC) [10, 15],
it was common to purely focus on weakly convergent schemes for the problem (1).
These schemes guarantee a good approximation of the distribution of X and are
then combined with a standard Monte Carlo estimator to compute an approxima-
tion of (1).

In [10] M. Giles pointed out that the computational complexity of problem (1)
can drastically be reduced by the MLMC algorithm, which distributes the most
costly work of the Monte Carlo estimator to coarser time grids, while relatively
few samples need to be simulated of the smallest and hence most costly temporal
step size. But for this idea to work one also needs to take the order of strong
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convergence into account. In addition to an approximation of the distribution, a
strongly convergent scheme generates good pathwise approximations of the solution
X. For more details on strong and weak convergence we refer to [16].

Additionally, M. Giles showed in [I1] that the usage of higher order strongly
convergent schemes, such as the Milstein method [24], further reduces the compu-
tational complexity, although the order of weak convergence remains unchanged.
While [10, 11, 15] are purely concerned with the finite dimensional SODE problem,
similar results also hold for solutions to SPDEs [2, 4].

Consequently, this observation has spurred the study of an infinite dimensional
analogue of the Milstein scheme and first results have been achieved for a temporal
semidiscretization of linear SPDEs in [21, 22]. Afterwards, the Milstein scheme has
been combined with Galerkin finite element methods and extended to more general
types of driving noises in [l, 3], while it was applied to semilinear SPDEs in [13],
but only with spectral Galerkin methods.

In this paper we apply the more general Milstein-Galerkin finite element methods
to the class of semilinear SPDEs studied in [13]. Under mildly relaxed assumptions
on the nonlinearities we obtain slightly sharper estimates of the error of strong
convergence. For this we embed the scheme into a more abstract framework and
analyze the strong error with respect to the notion of bistability and consistency,
which originated from [29] and has been applied to SODEs for the first time in
[5, 17]. A key role is played by the choice of the so-called Spijker norm (24) (see
also [12, p. 438] and [27, 28]), which is used to measure the local truncation error
and results into two-sided estimates of the error as shown in Theorem 1.1 below.

In forthcoming publications we show that the abstract concept is not only useful
for the analysis of the error of strong convergence for a broader class of numerical
schemes, but also has its merits in the weak error analysis as well as in the analysis
of an improved MLMC algorithm for SPDEs.

In order to give a more detailed outline of the paper we first fix some notation.
Let [0,T] be a finite time interval and (H, (-, )u, || - &) and (U, (-, )u, || - llv) be
two separable real Hilbert spaces. We denote by (2, F,P) a probability space
which is combined with a normal filtration (F)sepo,r; C F satisfying the usual
conditions. Then, let (W(t))¢cjo,r] be a cylindrical @Q-Wiener process in U with
respect to (F¢)iefo,r)- Here, the given covariance operator Q: U — U is assumed
to be bounded, symmetric and positive semidefinite, but not necessarily of finite
trace. For the definition of cylindrical Q-Wiener processes in U we refer to [26,
Ch. 2.5].

Next, we introduce the semilinear SPDE, whose solution we want to approximate.
Let X: [0,7] x Q — H denote the mild solution [8, Ch. 7] to the semilinear SPDE

dX(t) + [AX(t) + f(X(1))] dt = g(X () AW (t), for 0 < ¢ < T,

@) X(0) = Xo.

Here, —A: dom(A) C H — H is the generator of an analytic semigroup (S(t)):>0
on H and f and g denote nonlinear mappings which are Lipschitz continuous and
smooth in an appropriate sense. In Section 2.1 we give a precise formulation of
our conditions on A, f, g and X, which are also sufficient for the existence and
uniqueness of mild solutions X (see also Section 2.2).
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By definition [8, Ch. 7] the mild solution satisfies

3) X@) = XO—/ St—o)f ))da—l—/o St —o0)g(X(o))dW (o)

P-as. forall 0 <t <T.

As our main example we have the following situation in mind: H is the space
L2(D;R) of square integrable functions, where D C R? is a bounded domain with
smooth boundary 9D or a convex domain with polygonal boundary. Then, for
example, let — A be the Laplacian with homogeneous Dirichlet boundary conditions.
Much more extensive lists of examples are given in [13, 14] and [19, Ch. 2.3].

In order to introduce the Milstein-Galerkin finite element scheme we denote
by k € (0,T] a given equidistant time step size with grid points ¢, = nk, n =

., Nk, and by h € (0,1] a parameter for the spatial discretization. Then the
Milstein scheme for the spatio-temporal discretization of the SPDE (2) is given by
the recursion

Xkn(to) = PnXo,

Xion(tn) = Xieh(tne1) — k[An Xk n(tn) + Pof (Xen(tn-1))]
(4) + Prg(Xp,n(tn-1)) AW (ty)

+ /tt phg’(Xk,h(tn_l))[ / ; g(Xk,h(tn_l))dW(az)] AW (o)

tn—1
for n € {1,..., Ny}, where AW (t,,) :== W(t,) — W(t,—1). Here, Py, h € (0,1],
denotes the orthogonal projector onto the Galerkin finite element space V;, C H
and Ay is a discrete version of the generator A. Together with some useful error
estimates the operators of the spatial approximation are explained in more detail
in Section 2.4.

In Section 3 we introduce a class of abstract numerical one-step schemes in
Hilbert spaces and we develop our stability and consistency analysis within this
framework. We end up with a set of sufficient conditions for the so-called bistability
(see Definition 3.1) and a decomposition of the local truncation error.

In Sections 4 and 5 we verify that the scheme (4) is indeed bistable and consistent
(see Theorems 4.1 and 5.1). These two properties together yield our main result
(compare with Theorem 3.4):

Theorem 1.1. Suppose the spatial discretization fulfills Assumptions 2.7 and 2.9.
If Assumptions 2.2 to 2.4 are satisfied with p € [2,00) and r € [0,1), then there
ewists a constant C such that

HRk (X |7.]] max || Xpn(tn) — X(t

1p = 0<n<Np < CHRk[Xm]H_Lp

")HLP(Q;H)
In particular, from the estimate of the local truncation error it follows that

(6) 0onEN, | Xk n(tn) = X (tn ||Lp Q) S C(hlw'*‘klw)

for all h € (0,1] and k € (0,T], where Xy j, denotes the grid function generated by
the scheme (4) and X is the mild solution to (2).

At this point, for a better understanding of Theorem 1.1, let us explain the
different objects appearing in its formulation. First, Assumptions 2.7 and 2.9 are
concerned with the spatial discretization. In our main example above, they are
usually satisfied for the standard piecewise linear finite element method.
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Roughly speaking, the other assumptions determine the spatial regularity of the
solution, which is measured by the parameter r € [0, 1) in terms of fractional powers
of the operator A. This parameter also mainly controls the order of convergence.

Then, in (5) the residual operator Ry of the numerical scheme (4) appears. It
characterizes (4) in the sense that Ri[Z] = 0 if and only if the H-valued grid
function Z coincides with X}, 5. We therefore use the residual operator in order to
determine how far the exact solution X (restricted to the time grid) differs from
the numerical solution X} ;. This residual is called local truncation error and, if
measured in terms of the stochastic Spijker norm (24), it can be used to estimate
the strong error from above and below (compare further with Section 3).

In [17] two-sided error estimates of the form (5) have been used to prove the
maximal order of convergence of all It6-Taylor schemes. However, this question is
not discussed in this paper and it is subject to future research if a similar result
can be derived for the Milstein-Galerkin finite element scheme.

Further, we note that the order of convergence in (6) is slightly sharper than in
[13], where the corresponding result contains a small order reduction of the form
1 4 r — € for arbitrary € > 0. As in [18] this order reduction is avoided by the
application of Lemma 2.10, which contains sharp integral versions of estimates for
the Galerkin finite element error operator.

In practice, the scheme (4) can seldomly be implemented directly on a computer
due to the fact that the space U and thus also the noise W is probably of high or
infinite dimension. In our final Section 6 we discuss the stability and consistency of
a variant of (4), which incorporates a spectral approximation of the Wiener process.
This approach has already been studied by several authors in the context of Milstein
schemes for SPDEs, for instance in [I, 3, 13]. With Theorem 6.5 we obtain an
extended version of Theorem 1.1, which also takes the noise approximation into
account.

2. PRELIMINARIES

2.1. Main Assumptions. In this subsection we give a precise formulation of our
assumptions on the SPDE (2). The first one is concerned with the linear operator.

Assumption 2.1. The linear operator A: dom(A) C H — H is densely defined,
self-adjoint and positive definite with compact inverse.

As in [25, Ch. 2.5] it follows from Assumption 2.1 that the operator —A is
the generator of an analytic semigroup (S(t)):epo,r] on H. There also exists an
increasing, real-valued sequence (\;);eny with A; > 0, ¢ € N, and lim;ey A; = oo and
an orthonormal basis (e;);en of H such that Ae; = \;e; for every ¢ € N.

Further, we recall the definition of fractional powers of A from [19, Ch. B.2]. For
any r > 0 the operator A% : dom(A%) C H — H is defined by

-~ 0 r
A= Z A7 (z,e5)e;
j=1

for all

z € dom(A%) = {x €eH: i)\;(:mej)Q < oo}.

j=1
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Endowed with the inner product (-, -), := (A%, A%-) and norm || - ||, := ||A% - || the
spaces H" := dom(AZ) become separable Hilbert spaces.

In addition, we define the spaces H~" with negative exponents as the dual spaces
of H”, r > 0. In this case it follows from [10, Th. B.8] that the elements of H~"
can be characterized by

HT = {z = ijej : (z)jen C R, with Z)\j_ra:? < oo},
j=1

j=1
where the equality is understood to be isometrically isomorphic and the norm in
H~" can be computed by ||z _, = ||[A~%x||. Here, we set

o0 oo
A_%x:Z)\j_ixjej, for allx:ijej e H™.
j=1 j=1
For the formulation of the remaining assumptions let parameter values p € [2, 00)
and r € [0, 1) be given.

Assumption 2.2. The random variable Xo: Q — H't" is Fo/B(Ht")-measur-
able. In addition, it holds

E[|| Xol[{%,] < co.

The next assumption is concerned with the nonlinear mapping f: H — H~1*"
in (2).

Assumption 2.3. The mapping f: H — H1 s continuously Fréchet differen-
tiable. In addition, there exists a constant Cy such that || f(0)||-14r < C and

sup ||f/(x)H[:(H;H—l+r) S Cvf7
reH

as well as

| f(x1) = f(x2)|| =140 < Crller — 22|,
Hf/(zl) - f/(m2)||c(H,H—1+r) < Of”zl — 2|,

(7)

for all 1,z € H.

The last assumption deals with the nonlinear mapping g in the stochastic integral
part of (2). As in [8, 26] we denote the so-called Cameron-Martin space by Uy :=
Q2 (U), which together with the inner product (ug,vo)v, := (Q~ Zug, @ 2vo)y for
ug,vg € Uy becomes an Hilbert space. Here Q_% denotes the pseudoinverse [26,
App. C] of Qz.

Then, by Lo(Hy, Hy) C L(H1, Hy) we denote the space of all Hilbert-Schmidt
operators L: H; — Hy between two separable Hilbert spaces H; and Hy. Together
with the inner product

(L1, L) 2o(Hy Hy) = Z (L1ty, Laj) 4.
j=1
where (1);)jen is an arbitrary orthonormal basis of Hp, the set Lo(Hi, Ha) be-
comes an Hilbert space. We recall the abbreviations £3 := L2(Up, H) and L3 . :=
Lo(Up, H") from [18] and refer to [26, App. B] for a short review on Hilbert-Schmidt
operators.
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Assumption 2.4. Let the mapping g: H — L9 be continuously Fréchet differen-
tiable. In addition, there exists a constant Cy such that ||g(0)|/z9 < Cy and

sup [|g' (%) £ (a;29) < Cgs
zeH

as well as
lg(z1) — g(@2)llzg < Cyllzr — 22|,
(8) 9" (x1) — 9" (z2) || £(ar.c9) < Cyllzr — 22|,
||9/($1)9($1) - gl(xz)g(xz)HgZ(Uo,gg) < Cngl — 2|,

for all 1,z € H.
Further, the mapping g: H — L3 satisfies g(x) € L9, and

(9) lg(@)lley, < Co(1 +l2llr)
for all z € H".

Remark 2.5. It is straightforward to generalize most of the results and techniques,
which we develop in this paper, to the case when f and g are allowed to also depend
ont €[0,7T] and w € Q. For example, this has been done for the linearly implicit
Euler-Maruyama method in [19].

2.2. Existence, uniqueness and regularity of the mild solution. Under the
assumptions of Subsection 2.1, there exists a unique (up to modification) mild
solution X : [0,7] x Q — H to (2) of the form (3). A proof for this is found, for
instance, in [19, Ch. 2.4] (based on the methods from [14, Th. 1]).

Furthermore, it holds true that for all s € [0, 7+1], where r € [0,1) and p € [2, 00)
are given by Assumptions 2.2 to 2.4, we have

(10) up E[ X (#)]37] < oo
1]

S
telo

and there exists a constant C such that

r+1—s)

(1) (E[IX(t) - X(12)[2]) % < Clty — tofmint2

for all ¢1,t5 € [0,T]. These regularity results have been proved in [14, Th. 1] and

[20].

2.3. A Burkholder-Davis-Gundy type inequality. Burkholder-Davis-Gundy-
type inequalities are frequently used to estimate higher moments of stochastic in-
tegrals. The version in Proposition 2.6 is a special case of [8, Lem. 7.2].

Proposition 2.6. For any p € [2,00), 0 < 11 < 7o < T, and for any predictable
stochastic process W: [0,T] x Q — L3, which satisfies

1

T2 2 1
([ @I}, oegdo)” <.
T1

we have

[ /TT (o) AW (o)

)

1
2

oy < COE[( [ 1902y 00)

T

< C(p) (/ H‘I'@)Hip(sz;ag) da)

T
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Here the constant can be chosen to be

co=(e-0)' (;2)

Proof. Under the given assumptions on ¥ it follows that

B[ 1@ Eya0)]) =] [ 1wy ao

T2 2 5
g(/ 192, ey o) < oo
T1

Therefore, the stochastic integral is well-defined and [3, Lem. 7.2] yields

H / W(o) AW ()|

1
2
Lp/Q(QﬂR)

1

oy < COE[( [ 92y a0) "))’

2

< C(p)(/nT2 H‘I’(U)||2Lp(ﬂ;cg)da) ’

which are the asserted inequalities. O

2.4. Galerkin finite element methods. In this subsection we recall the most
important elements of Galerkin finite element methods. For a more detailed review
we refer to [18, 19], which in turn are based on [30, Ch. 2, 3 and 7.

Our starting point is a sequence (Vi)pe(o,1) of finite dimensional subspaces of
H'. Here, the parameter h € (0,1] controls the dimension of V},, which usually
increases as h decreases. For smaller values of h we therefore expect to find better
approximations of smooth elements of H within V},.

Then, for every h € (0,1] the Ritz projector Ry: H' — Vj, is the orthogonal
projector onto V}, with respect to the inner product (-,-); and given by

(th,yh)l = (x,yh)l for all z € H', yn € Vi

The following assumption ensures that the spaces (V4)ne(o,1] contain good approx-
imations of all elements in H* and H2, respectively. It is formulated in terms of
the Ritz projector and closely related to the spatial approximation of the elliptic
problem Au = f as noted in [19, Rem. 3.4]. Compare also with [30, (ii) on p. 31
and (2.25)]).

Assumption 2.7. Let a sequence (Vi)ne(o,) of finite dimensional subspaces of H!
be given such that there exists a constant C with

(12) | Bz — z|| < Che||z||s for allz € H®, s € {1,2}, h € (0,1].

Another important operator is the linear mapping Ay : Vi, — V},, which denotes a
discrete version of A. For a given x;, € V}, we define Apxp, € V, by the representation
theorem through the relationship

(h,yn)1 = (Anzn,yn) for all yy € V.

It directly follows that Ay is self-adjoint and positive definite on V.
Finally, we denote by P,: H~* — V}, the (generalized) orthogonal projector onto
V}, with respect to the inner product in H. As in [7] the projector P}, is defined by

(Prx,yn) = (A*%x,A%yh) forallz € H 'y, € V.
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After having introduced all operators for the spatial approximation we recall the

following discrete negative norm estimate from [23, (3.7)]
1 _1
1473 Pl = sup (A Pwmz)| o [P A )]
(13) " znEVh [ znEV l[2nl
x,z _1|l#
B L I E T ET
e AR Aev [lAlz)

for all z € H~1.
The remainder of this subsection lists some error estimates for spatio-temporal
Galerkin finite element approximations of the linear Cauchy problem

(14) %u(t) L Au(t) =0, te[0,T), u(0)=xe H.

In terms of the semigroup (S(t))¢cjo,7] generated by —A, the solution to (14) is
given by u(t) = S(t)z for all ¢ € [0,T].

Let k € (0,7] be a given equidistant time step size. We define N, € N by
kN, < T < k(Ng + 1) and denote the set of all temporal grid points by T :=
{tn, : n=0,1,..., Ny} with ¢, = kn. Then, we combine the spatially discrete
operators with a backward Euler scheme and obtain the spatio-temporal Galerkin
finite element approximation ug p: T — V3 of (14), which is given by the recursion

up,h(to) = Prx,
(15)
i h(tn) + EApug p(tn) = g n(th—1), n=1,...,Ng,

for h € (0,1] and k € (0,T]. Equivalently, we may write ug ,(t,) = Sk nPruo with
Sk,h = (I + /ﬂAh)_l for all n € {O7 . ,Nk}.

Similar to the analytic semigroup (S(t))¢c[o,7], the discrete operator Sy, has the
following smoothing property

(16) ||A;;s,;g;zh|| = ||A) (Idp + kAp) T ap|| < Ct7 ||zl

for all j € {1,...,Ny}, z, € V3, k € (0,7] and h € (0,1]. Here the constant
C = C(p) is independent of h, k and j. For a proof of (16) we refer to [30, Lem. 7.3].

For the error analysis in Section 4 it will be convenient to introduce the contin-
uous time error operator between (14) and (15)

(17) Fk,h(t) = Skyh(t)Ph — S(t), te [O,T),
where
(18) Sen(t) == (dg +kAp)™7, ift € [tj_1,t;) for j € {1,2,... Ny}

The mapping ¢ + Sk (t), and hence ¢t — Fj 5 (t), is right continuous with left
limits. A simple consequence of (16) and (13) are the inequalities

(19) Sk () Prz|| < Cllz||  for all z € H,
and
(20) [|Sin(t)Prz|| = | A7 (ds + kAw) 7 A, Pra|| < Ct; F|le]|_, < Co ¥,

which hold for all 2 € H~!, h € (0,1], k € (0,T] and t > 0 with ¢ € [t;_1,t;),
j=1,2,.... For both inequalities the constant C' can be chosen to be independent
of h € (0,1] and k € (0, 7).
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The next lemma provides several estimates for the error operator Fj, 5, with non-
smooth initial data. Most of the results are well-known and are found in [30, Ch. 7].
The missing cases have been proved in [19, Lem. 3.12].

Lemma 2.8. Under Assumption 2.7 the following estimates hold true:
(i) Let 0 < v < pu < 2. Then there exists a constant C' such that

| Fin ()| < C (W +k2)t "2 ||z, for allz € HY, t € (0,T), h,k € (0,1].
(ii) Let 0 < p < 1. Then there exists a constant C' such that
[Fen(t)]| < Ct™5|a||_ for allw € H™*, t € (0,T), h,k € (0,1].
(i4i) Let 0 < p < 1. Then there exists a constant C such that
[Fxn @)z < C(h20 + k=)t laf|_ for allw € A7, t € (0,T), h,k € (0,1].

The next assumption is concerned with the stability of the orthogonal projector
P, with respect to the norm || - ||;. It only appears in the proof of Lemma 2.10 as
shown in [19, Lem. 3.13].

Assumption 2.9. Let a family (Vi)ne,] of finite dimensional subspaces of H!
be given such that there exists a constant C with

(21) |Phzlly < Cllz|ly  for allz € H, h € (0,1].

The last lemma of this section is concerned with sharper integral versions of the
error estimate in Lemma 2.8 (i) and (44). A proof is given in [19, Lem. 3.13].

Lemma 2.10. Let 0 < p < 1. Under Assumption 2.7 the operator Fy j satisfies
the following estimates.
(i) There exists a constant C' such that

H /Ot Fin(o)x daH <C(h* P+ kQ;f)HﬂLp

forallz € HP,t>0, and h,k € (0,1].
(i) Under the additional Assumption 2.9 there exists a constant C such that

1

t 1 Lip
(] 1Featoalf as)” < e+ %) e,

for allz € H?, t >0, and h, k € (0,1].

3. STABILITY AND CONSISTENCY OF NUMERICAL ONE-STEP SCHEMES

This section contains the somewhat more abstract framework of the convergence
analysis. We generalize the notion of stability and consistency from [5, 17] to
Hilbert spaces and we derive a set of sufficient conditions for the so-called bistability.
Finally, a decomposition of the local truncation error gives a blueprint for the proof
of consistency of the Milstein-Galerkin finite element scheme in Section 5.
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3.1. Definition of the abstract one-step scheme. As above, let Ty := {¢t, :
n = 0,1,..., N} be the set of temporal grid points for a given equidistant time
step size k € (0,7 and recall that Ny € N is given by Nyk <T < (N, + 1)k.

The first important ingredient, which determines the numerical scheme, is a
family of bounded linear operators S,: H — H, k € (0,T], which are supposed to
approximate the semigroup S(¢), t € [0, 7], in a suitable sense.

Further, for the definition of the second ingredient, let us introduce the set
T C [0,T) x (0,T], which is given by

T:={(t,k) €[0,T) x (0,T] : t+k<T}.

The so-called increment function is a mapping ®: H X Tx — H with the property
that for every (t,k) € T the mapping (z,w) — ®(x,t,k)(w) is measurable with
respect to B(H) @ Fiyr/B(H).

Then, for every k € (0,T] the discrete time stochastic process Xy: T x Q — H,
is given by the recursion

Xk:(t()) = 57

(22) Xi(tn) = SeXe(br) + (Xe(tu1), tu_s. k)

for every n € {1,..., Ny}, where £: Q — H, is an Fy,/B(H)-measurable random
variable representing the initial value of the numerical scheme. It follows directly
that Xy () is Fy, /B(H)-measurable for all n € {1,..., Ni}.

In Section 4 we show how the Milstein Galerkin finite element scheme fits into
the framework of (22).

After having introduced the abstract numerical scheme, we recall the corner-
stones of the stability and consistency concept for one-step methods from [5, 17].
First, let us introduce the family of linear spaces of adapted, p-integrable grid
functions

Gp(Te) ={Z: Tu xQ— H : Z(ty) € Ly( F,,P; H) for all n € {0,1,..., N} }

for all p € [2,00) and k € (0,T]. The spaces G,(Tx) are endowed with the two
norms

(23) 12105 := | _max [ Z(t)] 1, 0.m)

and

24 2|1, = | 2(t . ’ AT H

(@4 121 = 120 s @i+ _max g Rl F

for all Z € G,(T;). The norm || - ||—1, is called (stochastic) Spijker norm and
known to result into sharp and two-sided estimates of the error of convergence, see
for example [12, p. 438] as well as [5, 27, 28, 29].

Next, for p € [2, 00), let us define the family of nonlinear operators Ry : G,(Tx) —

Gp(Tx), which for k € (0,T] are given by
(25) Ri[Z](to) = Z(to) — &,
Ri[Z)(tn) = Z(tn) — Sk Z(tn_1) — ®(Z(tn_1),tn_1,k), ne€{l,..., Ny}

Below we show that the operators Ry are well-defined under Assumptions 3.5 and
3.7 for all k € (0,7]. Further, under these conditions it holds that R;[X] =0 €
Go(Tx) for all k € (0,T], where X, € G,(T) is the discrete time stochastic process
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generated by the numerical scheme (22). The mappings Ry, are therefore called
residual operators associated to the numerical scheme (22).
The following definition contains our notion of stability.

Definition 3.1. Let p € [2,00). The numerical scheme (22) is called bistable (with
respect to the norms || - llop and || - [|=1,) if the residual operators Ri: Gp(Ty) —
Gp(Tx) are well-defined and bijective for all k € (0,T| and if there exists a constant
Cstap independent of k € (0,T)] such that

1
CStab

for allk € (0,T] andY,Z € G,(Tk).

(26)

[Re[Y] = RilZ]]|_,, < IY = Zllop < Csean||Re[Y] = RelZ]]|_, ,

Therefore, for a bistable numerical scheme, the distance between two arbitrary
adapted grid functions can be estimated by the distance of their residuals measured
with respect to the stochastic Spijker norm and vice versa. In Section 3.3 we
show that Assumptions 3.5 to 3.7 are sufficient conditions for the stability of the
numerical scheme (22).

The counterpart of the notion of stability is the so-called consistency of the
numerical scheme, which we define in the same way as in [5, 17]. For this we denote
by Z|1. € Gp(Ti) the restriction of a p-fold integrable, adapted and continuous
stochastic process Z: [0,T] x Q — H to the set G,(7x), that is

ZlTk(tn) = Z(tn), ne{O,...,Nk}.

Definition 3.2. Let p € [2,00). We say that the numerical scheme (22) is consis-
tent of order v > 0 with respect to the SPDE (2) if there exists a constant Ccons
independent of k € (0,T] such that

HRk [X|7'k} H*Lp S C(Consklﬂy
for all k € (0,T), where X is the mild solution to (2).

The term ||Ri[X|7.]||-1,p is called local truncation error or consistency error.
Finally, we introduce the notion of strong convergence.

Definition 3.3. Let p € [2,00). We say that the numerical scheme (22) is strongly
convergent of order v > 0, if there exists a constant C independent of k € (0,T]
such that

| Xk — X7 ||, < CE”

||0,p

for all k € (0,T), where Xy € G,(Tx), k € (0,T] are the grid functions generated by
the numerical scheme (22) and X denotes the mild solution to (2).

Theorem 3.4. A bistable numerical scheme of the form (22) is strongly convergent
of order v > 0 if and only if it is consistent of order v > 0. In particular, it holds

1
ao IReXIm o, < 11X = X7l , < Csan[RalXIm |y,

forallk € (0,T), where Xy, € Gp(Tx), k € (0,T), denotes the family of grid functions
generated by the numerical scheme (22) and X is the mild solution to (2).
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Proof. First, let us recall that the residual operators Ry: G,(Tx) — Gp(Ty) satisty
Ri[Xk] = 0 for every k € (0,7]. Thus, by the bistability of the numerical scheme
and we obtain

(Kl ]ll -y < 1%k = Xlmilly , < Csan[|Re [XIn ][] -

Consequently, the assertion follows directly from the definitions of consistency and
strong convergence. O

3.2. Assumptions on the numerical scheme. In this subsection some assump-
tions on the abstract numerical scheme (22) are collected, which assure its stability
as we will show in Section 3.3.

Assumption 3.5 (Initial value). Let p € [2,00). The initial condition §: Q — H
is a p-fold integrable and Fo/B(H )-measurable random variable.

The next two assumptions are concerned with the family of linear operators Sy,
k € (0,T], and the increment function .

Assumption 3.6 (Linear stability). For the family of bounded linear operators
Sk: H— H, k€ (0,T], there exists a constant Cs independent of k € (0,T] such
that

sup sup IS¢l ey < Cs.
k€(0,T) ne{l,...,Ny}
Assumption 3.7 (Nonlinear stability). Let p € [2,00) be the same as in Assump-
tion 3.5. For every (t,k) € T the mapping ®(-,t,k): H x Q — H is measurable
with respect to B(H) @ Fyrr/B(H). Further, there exists a constant Cp such that

N|=

n—j .
(27) HZS B0, t;_ 1,k)HL oy < Caltn = tn)

for allk € (0,T] and n,m € {1,..., Ny} with n > m. In addition, it holds

2

HZSH ( —1)stj-1,k) = <I>(Z(tj,1),tj,1,k))’

Ly (%H)
(28)

2
< Cékz HY (tj-1) Z(tjfl)HLp(Q;H)
forallk € (0,T], n€{l,...,Ng} and all Y, Z € G,(T).
Let us remark that from Assumption 3.7 it follows directly that
101
(29) |®(Z(tn-1),tn-1, k)HLP(Q;H) < Cok®(T% + || Z(tn—1)l L, 0:m))

for all k € (0,7], n € {1,..., N} and all Z € G,(Tx). Indeed, fix k € (0,7] and
n € {l,..., Ny} and define Z € G,(Tx) by

e Z n—1) | = 717
Z(tj)—{o(t ! j’;é;l—l.
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Then, we get from (28)
19 (Z 1) tn-1 k)

= H Zn: [Sz_j(q’(z(tj—l)ij—hk) = ‘I’(OJj_l,k))] + @(O,tn_l,k)‘

Lp($:H)
< C¢k% HZ(tnfl)HL,,(Q;H) + H(I)(O’tn*lvk) HLP(Q;H)'
Further, (27) applied with n = m yields

H<I>(O,tn,1, k) HLP(Q;H) < C‘I’T%k%

which completes the proof of (29).

3.3. Bistability of the numerical scheme. In this subsection we demonstrate
that Assumptions 3.5 to 3.7 are sufficient for the bistability of the numerical scheme.

Theorem 3.8. Let Assumptions 3.5 to 3.7 be satisfied with p € [2,00). Then, the
mappings Ri: Gp(Te) — Gp(Ti) are well-defined and bijective for all k € (0,T].
Further, the numerical scheme (22) is bistable.

Proof. Let k € (0,T] be arbitrary. We first prove that Ry: G,(Tx) — Gp(Ti) is
indeed well-defined. For all n € {0,...,N;} and Z € G,(Tx) the random vari-
able Ry[Z](t,) is Fi, -measurable. In addition, by Assumptions 3.5 and 3.6 and
(29) it follows that the Ry[Z](ty) is also p-fold integrable for all n € {0, ..., Ni}.
Therefore, it holds Ry[Z] € G,(Tx).

GivenY, Z € G,(Ty) with R [Y] = R[Z], then it particularly holds R [Y](to) =
Ri[Z](to) from which we deduce Y (tg) = Z(tg). Further, under the assumption
that for some n € {0,..., Ny — 1}, we have shown that Y (¢;) = Z(¢t;) for all
j €{0,...,n} then it follows by (25)

0=Ri[Y](tnt+1) — Ri[Z](tn+1) = Y(tns1) — Z(tnt1).

Hence, Y (tn11) = Z(tn+1) which proves that Ry is injective.
Further, for arbitrary V' € G,(7x) the grid function Z € G,(7T;) defined by

Z(to) == V(to) +§,

(30) Z(t,) == SPZ(ty) + Zn: SEI(D(Z(tj—1) tj—1, k) + V (),

Jj=1

for alln € {1,..., Ny}, satisfies RV [Z] = V, as one directly verifies by an inductive
argument. Consequently, RY is also surjective. In particular, for all Z € G,(Tx) we
equivalently rewrite the discrete variation of constants formula (30) as

Z(to) = Ri[Z](to) + &,
(31)

Z(tn) = S Z(to) + Z Sy (®(Z(tj—1) tj—1, k) + Ri[Z](t5))
=1
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for all n € {1,..., Ni}. Thus, from Assumption 3.6 and (28) we obtain

¥ () = 20 L,y < ISRV (t0) = ZCo)I], oy

" stn H@Y (15-1), 151, k) — B(Z(t5-1),151,h))|

Lp(SHH)

+ Z_ZS;“’ (RulY1(t) — RalZ)(t,))]

LP(Q§H)

< Csl|Y (to) = Z(to)||, iy + || D2 St (RelYV)(E5) = Ral21113)|
j=1

L,(S%H)
# (13 0 6) Y -0 = 20001 )
j=1
foralln € {1,...,N;} and all Y, Z € G,(7). In addition, we have
1Y (to) — Z(to)llz,:m) = [IR&[Y](t0) — Ri[Z](t0) ||, (02;m)-

Now, from the definition of the norm | - ||=1, in (24) it directly follows that

1Y () = Z(ta) |2, oy < 21+ C)*[RalY] = RulZ]|[,

+ wz ) Y (o0 = 250,

and an application of the discrete Gronwall lemma (see Lemma 3.9) completes the
proof of the right hand side inequality in (26).
Similarly, by rearranging (31) and an application of (28) we obtain

|30 si7 (Ra i) - Rel2)t,))|
<|Y(tn) = Z(t) L, :m) + 15K (Y (t0) — Z(t0)) | L, 211

. stn @Y (t51), 151, k) — B(Z(151), 15,0 |

Ly (9;H)

Lp(Q§H)

n

1 3
<2V = Zlop + Co (kD (ta = t0) Y (t-) = 2053, )
j=1

§(2+Cq>(k]z: —ti1) ))||Y Zllo

foralln € {1,...,Ni} and Y, Z € G,(Ty). Since we have

0,p

- 1 tn 1
(32) kY (tn—tj-1) ? g/ o~ do <2t <277,
0

j=1

we have also shown the validity of the inequality on the left-hand side of (26). O

A proof of the following version of Gronwall’s lemma is given in [9, Lemma 7.1].

Lemma 3.9 (Discrete Gronwall lemma). Let T > 0, k € (0,T], n € (0,1] and
a real-valued nonnegative sequence x,, n € {0,..., Ny}, be given. If there exist
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constants C1,Cy > 0 such that

Ty < C1 + C’ka (tn — tj_l)anxj_l for alln =0,..., Ng.
=1

Then, there ezists a constant C = C(Cq,T,n), independent of k, such that

T, <CCy  foralln=0,..., Ng.

Having this established we directly deduce the following norm estimate for the
numerical scheme (22).

Corollary 3.10. For k € (0,T] let X € Gp(Tx) be the grid function, which is
generated by the numerical scheme (22). Under Assumptions 3.5 to 3.7 with p €
[2,00) it holds that

HX’CHO,p < CStab(ngLp(Q;H) + C(PT%);

for all k € (0,T7].

Proof. Under the given assumptions the numerical scheme (22) is stable. Since
Ri[Xk] =0 € Gp(Tx) it holds

1%kl = [1Xk = 0]l < Cstan||RalXa] = Rif0]]|_,,

= Cstab||R&[0]]

HO,p

|71,p'

Further, from (27) it follows that

ROV, = Nl gy e | D810 (0,451, h)
j=1

ne{l,...,Ni} L, (QH)

< HEHLP(Q;H) + C‘I’T%’

which completes the proof. O

3.4. Consistency of the numerical scheme. In this section we derive a decom-
position of the local truncation error || R;[X |7 ]||-1,p, which turns out to be useful
in the proof of consistency of the Milstein scheme. In Lemma 3.11 it is shown that
the local truncation error is dominated by a sum of five terms.

The first one is concerned with the distance between the initial conditions of the
SPDE (2) and the numerical scheme (22). The next three summands are concerned
with the error originating from replacing the analytic semigroup S(t), ¢ € [0,T],
by the family of bounded linear operators Si. Finally, the last term deals with the
error caused by the increment function ®.
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Lemma 3.11. Let X be the mild solution to (2). Then the local truncation error
satisfies the estimate

IRaXTI s < I 000) = gy + o 15T80) = SEIXo
n t;
_ _ qn—j+1
nG{III,la),(Nk} jz_;/tj_l (S(tn 0') Sk} )f(X(U))dU‘Lp(Q,H)
n t;
_ n—j+1
A | S S-S aenawel, o,
n . tj tj
n—j( _
e g v ( | SfX(@)dot | Sig(X () dW (o)

— (X (tj-1),tj- 177?))

LP(QQH)

for all k € (0,T).
Proof. The stochastic Spijker norm of Ry [X|7,] is given by

| Re[X 7]

||—1,p

= Rl X7 t0)| )+, e, HZS” TRulXIm(¢ )H

ne{l,.. Lp(SGH)

= HX(t0> - §HLP(Q H)

+ max
ne{l,...,Ny}

|81 (X (1) = $iX(ty) — S ()t R
i=1 e

First, we insert the following relationship into the second term

X(t)) = S(t; — ;)X (t;1) — / " S(t; - 0)f(X(0)) do

tj71

Jr/j S(t; —o)g(X(0))dW(o), P-as.,

tj,1

which follows from (3). Hence, for every n € {1,..., N} we get

HZS” ( — Sk X(tj-1) — ‘I’(X(tj—l)»tj—h/f))‘

LP(Q3H)

<stn a( — S X (t; )—/tj (S(t; — ) — S) f(X(0)) do

tj,1

+ [ (80— 0) = S)a(X (@) aW ()

= LP(Q§H)

tj

+HZS’” / Sef(X(0))do+ [ Skg(X(o))dW (o)

tj,1

= (X (tj-1):tj-1, k))‘

Ly(QH)
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The last summand is already in the desired form. Therefore, it remains to estimate
the first summand

i—

0= | 5 (50~ 50X @)~ [ (505~ ) - 5 (X(o) a0

# [ (60— 0) - Sax () awio))]

i—

Lp(%H)

For this, we again insert (3) and obtain

[ (600 895K a0)|

tji—1

Ly (9:H)

t]
_ o) — X _. ol 2 3
- /tj (5(t; = ) = S1)g(X (o) AW )|,y = O+ OL+O
Next, we apply the fact that
(33) > SE(S(k) = Sk)S(tj—1) = S(tn) — Sy
j=1
for all n € {1,..., Ni}. This yields for the term ©} the estimate
ol = HX}SZ‘J (S(k) —Sk)S(tj_l)Xo‘ B (S () = )Xol
J:
for all n € {1,..., N }. In addition, it holds
- n—j+1
(35) 2= Z / S(ta—0) = S X (@)oo
as well as
_ _ n—j+1
CORC| Z / S(tn =) = ST oK @) aw @),

for all n € {1,..., Ni}. Indeed, for a given o € (0,tn,] let £(c) € N be determined
by tys)-1 < 0 < ty)- Then, by interchanging summation and integration we
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obtain

:2/ "L*l]l[o,tjﬂ](a)Sg*j(S( k) — Sk)S( 1 —0)f(X(0))do

:/0 1 Z Sp(S(k) = Sk)S(tj—1 — te())S(te(ey — 0)f(X (o)) do

j=t(c)+1

_ / B (S(tn = toe)) = Si~7) S(tuo) = 0) f(X(0)) do

_ Z/ —S)S(t; — o) f(X(0)) do,
where we applied (33) in the fourth step. Therefore, it holds

an ((s(k) — 5) /Otle(tj_l — 0)f(X(0))do

+ / 7 (0t —0) - ) F(X(0))do)

tj71

:Z_:/tbj (S(tn_tj)_S;L_j)s(tj—U)f(X(o'))da

+Zs” J/v S(t; — o) = Sk) f(X(0))do

i1

tj

— Z ~ S¢7Y f(X (o)) do

tJ 1
This completes the proof of (35) and the same arguments also yield (36). O

Remark 3.12. In the finite dimensional situation with H = R?, U = R™, d,m €
N and A = 0 the SPDE (2) becomes a stochastic ordinary differential equation
(SODE). In this situation we have S(t) = Idy for all ¢t € [0,T]. If one applies a
numerical scheme with S; = Idgy, then the error decomposition in Lemma 3.11
actually holds with equality and it coincides with the stochastic Spijker norm from
[5]. Compare also with [17], where the application of the maximum occurs inside
the expectation.

4. BISTABILITY OF THE MILSTEIN-GALERKIN FINITE ELEMENT SCHEME

In this section we embed the Milstein-Galerkin finite element scheme (4) into
the abstract framework of Section 3. Then, we prove that Assumptions 3.5 to 3.7
are satisfied and we consequently conclude the bistability of the scheme.

For the embedding we first set &, = P, X and

Spn = (Idy + kA) "' Py, € L(H)

for every h € (0,1]. Let us note that in contrast to Section 2.4 the operator Si p
includes the orthogonal projector Pj, and is therefore defined as an operator from
H to H.
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Further, the increment function ®p: H x T x Q — H, h € (0,1], is given by

®p(2,t, k) = —kSpnf(x) + Skng(x) (Wt + k) — W(t))
37 t+k
37 +Sk,h/+ / gla) dW( ag)} AW (a1)

t

for all (¢,k) € T and = € H.

Theorem 4.1. Under Assumptions 2.2 to 2./ the Milstein-Galerkin finite element
scheme (4) is bistable for every h € (0,1]. The stability constant Csiap can be
chosen to be independent of h € (0, 1].

Proof. First, let h € (0,1] be an arbitrary but fixed parameter value of the spatial
discretization. By Theorem 3.8 it is sufficient to show that Assumptions 3.5 to 3.7
are satisfied.

Regarding Assumption 3.5 it directly follows from Assumption 2.2 that &, =
P, Xy is p-fold integrable and Fo/B(H )-measurable. Furthermore, it holds

(38) HffLHL (QH) = HXOHLP(Q;H)’

that is, the norm of &, is bounded independently of h € (0, 1] by the norm of Xj.
The stability of the family of linear operators Sy 5, k € (0,77, follows from (16)
with p = 0 which yields

for all z € H and n € {1,..., Ni}. Consequently, Assumption 3.6 is satisfied with
Cs = C and the constant is also independent of i € (0,1] and k € (0, 7.

Hence, it remains to investigate if Assumption 3.7 is also fulfilled. First, for
every p € [2,00) and for all m,n € {1,..., Ny} with n > m it holds

H _i SZ,;j‘I)h(Oatj—hk)‘
< H Z Sn J+1 ‘

¥ Z s [ vof ‘”19(0) AW ()] dW (o))

i—

LP(Q§H)

QH)+ H ZS" ity (tj)—W(tjfl))‘L

Ly (Q:H)
=L+ 1+ I3

We deal with the three terms separately. By recalling (18) and (20) the determin-
istic term I is estimated by

- = [ St oms o] < [ oy IO 0

= 2(tn — tm-1)2 [ £(0)]| 1.
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For the estimate of I we first write the sum as a stochastic integral by inserting
(18), then we apply Proposition 2.6 and (19) and obtain

B[ St —o g0 W)

LP(Q§H)

tn 9 %

(40) <Co)( [ Iunltn - o) Prg(0)]y do)
t

1

tn 2 1
<c( [ 1s0)ydo)” = Clts ~ tn)Hlg(O)les.

tm—1
where the constant C' is again independent of h € (0, 1] and k € (0,7].
Before we continue with the estimate of the third term I3, it is convenient to
introduce the stochastic process I'y : [0, 7] x Q — H, which for a given Y € G,(7x)
is defined by

0€ H, for o =0,

(41)  Ty(o) :={ - .
SS9 () AW (r), for o € (t-1,t), j € {1,..., Ni}.

Note that I'y is left-continuous with existing right limits and therefore predictable.
Further, it holds by Proposition 2.6
r < C(p)k? Y (t;_ .
ag}g)ﬂ || Y(U)||LP(Q;£8) <C(p) je{?,l.é.l.}j(Nk} lg(Y (t5-1)llz, @:c9)
for all p € [2,00).
Together with the same arguments as above and Assumption 2.4, this yields for
.[3 that

LP(Q§H)

3—’/% Skn(tn — o) Pug’ (0)[To(o)] AW (o )’

tm—1

N|=

(42) SC@<A;J&M%—®BJWWB mumﬂﬁ>

< C(/tn |g'(0) [FO(U)]|’2LP(Q;Eg)dU)§

m—1
1.1 1 1
S C(tn —tm-1)7k> Hg/(O)Hﬁ(H;ﬁg)||9(0)||£3 < CC§T2 (tn —tm-1)2.

Hence, a combination of (39), (40) and (42) completes the proof of (27).
Next, we verify that @) also satisfies (28). For every p € [2,00), for all Y, Z €
Gp(Tr) and n € {1,..., Ny} it holds

HZSZZ Cn(Y(tj-1), i1 k) = 2n(Z(tj-1), 1 1’k))‘L(Q;H)
< || s e = Az,
i=1 o
+ ’ZS” T gV (ty— 1))*9(2(%—1)))(”/(’51)*W(ti—l))H

Ly (Q:H)

s / " GO Dy ()] — ¢ (Z() [P2(0)] AW (o)

o Lp(2:H)

= I4+I5+16.
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Again, we bound the three terms separately. For I, we apply (13) and (16) and
obtain

L <k Z 47 SE7 T AL POV (1) = FZ - D)

<EY (ta— ti0) SO () — FZE-0) |yt

™M= T

I
-

J

Therefore, by an application of Assumption 2.3 and the Cauchy-Schwarz inequality
we get

3

I4 < kaz(z i(tn - tj—l)iiHY(tj—l) - Z(tj—l)HLp(Q;H))Q

=

j=

n 1 n 1

Z tp —t— 1 22 t — - 1 2||Y(tj—1)_Z(tj‘l)HQLp(Q;H)'
Jj=1

After applying (32) the estimate of I? is in the desired form of (28), that is

(43) I3 <203T5k Y (tn — tia) 2|V (to1) — 2t
=1

2
i-1) ||L,,(Q;H)'

In order to apply Proposition 2.6 for the remaining two terms I5 and Ig, we
again write the sum as an integral in each term. For this we define

gy (o) = H(tjfl,tj](a)g(y(tj—l))a
gy (0) =T, 4,1(0)g' (Y (tj-1)) [Ty (0)]

for all Y € G,(7x) and o € [0,T]. Then, I5 is estimated by applying Proposition
2.6 and (19). Thus we have

b= [ Skattn = o) Pulav () - (o)) aw (o)

L])(Q§H)

[N

< C(p)(/ot” | Sk,n(tn — o) Pu(gy (0) — gz (o )HL (L9 gy do )
o [ (o)~ 0200V )

n

O(k 3 Na¥ (t-) ~ o2t )

Jj=1

IA

S

Then Assumption 2.4 yields

IZ < C°Cak > ||V (tj-1) — Z(¢

j=1

2
J‘*1>HL,,(Q;H)

< CUTECORY (tn— tya) *[|V(t50) — Z(¢

Jj=1

2
J'*l)HLp(Q;H)'
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It remains to prove a similar estimate for Is. As above, Proposition 2.6 and (19)
yield

o= | [ Skattn = Pals 0) = g o)) (o)

Lyp(sH)

=

<o(% | g0y @) = 6 2D ey 0)

Next, since

g

YOIy @) = [ g (0 (t)glY (65-2)) AW (o) € L(9 £3),

tj,1

we obtain by a further application of Proposition 2.6 and (8)

B <CRY g (Y (t-1))g(Y (1)) — g/(Z(tj—l))g(Z(tj—l))||2LP(Q;£2(U0,52))

j=1

n 1
SCTE0kY (ta—tj-1) 2|V (t;-1) - Z(tj—l)HQLp(Q;H)'
j=1
Hence, together with (43) and (44) the proof of (28) is complete, where the constant
Cy can also be chosen to be independent of h € (0, 1].

Concerning the measurability of @, it is clear, that for every (z,t,k) € H x T
we have @y (x,t, k) € Ly(Q, Fitr, P; H). In addition, the same arguments, which
have been used for the analysis of the terms I to Ig, yield the continuity of
z = ®p(x,t, k) as a mapping from H to L,(; H). From this we directly de-
duce the measurability of the mapping (z,w) — Pp(x,t,k)(w) with respect to
B(H) © Fyy/B(H).

Finally, after a short inspection of the proof of Theorem 3.8 we note the following:
Since all constants can be chosen to be independent of h € (0, 1], there also exists a
choice of the stability constant Cgyap, for the Milstein-Galerkin finite element scheme
(4), which is likewise independent of the parameter h € (0, 1]. O

5. CONSISTENCY OF THE MILSTEIN SCHEME

The aim of this section is to investigate, if the Milstein scheme is consistent. Our
result is summarized in the following theorem. Its proof is based on the decompo-
sition of the local truncation error given in Lemma 3.11 and is split over a series of
lemmas.

Theorem 5.1. Let Assumptions 2.7 and 2.9 be satisfied by the spatial discretiza-
tion. If Assumptions 2.2 to 2./ are fulfilled, then the local truncation error of the
scheme (4) satisfies

IR [XI7]]|y, < O+ 175
for all h € [0,1) and k € (0,T]. In particular, if h and k are coupled by h := ck?

1+
5 -

for a positive constant ¢ € R, then the Milstein scheme is consistent of order

Lemma 5.2 (Consistency of the initial condition). Let Assumption 2.2 be satisfied
with r € [0,1]. Under Assumption 2.7 it holds

1X(0) = &llp, @iy < CAMT
for &n = PyXo and for all h € (0,1].
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Proof. By the best approximation property of the orthogonal projector Py: H — V},
and by Assumption 2.7 it holds

1X(0) = &ullr, 0:m) = 1dds — Pu)Xollz, i < 1(Idg — Ra)Xollz, i) < CRMT

for all h € (0, 1]. O

The next three lemmas are concerned with the consistency of the family of linear
operators S n, k € (0,T], h € (0,1].

Lemma 5.3. Let Assumption 2.2 be satisfied for some r € [0,1]. If the spatial
discretization satisfies Assumption 2.7 it holds

1+r

A

n r 1tr
ne{lhoNi} |(5tn) = Sin) Xoll o, @y < CMT + 5757

XOHLP(Q;H)
for all h € (0,1] and k € (0,T].

Proof. The term on the left hand side of the inequality is the error of the fully
discrete approximation scheme for the linear Cauchy problem u; = Au with the
initial condition being a random variable. By Assumption 2.2 we have that Xy(w) €
H'" for P-almost all w € . Thus, the error estimate from Lemma 2.8 (i) (or [30,
Theorem 7.8]) yields

147

A

1+T)

1(S(ta) = St ) Xollp, @y < C (R + 173

Xo HL,,(Q;H)’

for all h € (0,1], k € (0,7, where the constant C' is also independent of n €
{1, R ,Nk}. O

Lemma 5.4. Let Assumptions 2.2 to 2.4 be satisfied for some r € [0,1]. If the
spatial discretization satisfies Assumption 2.7 it holds

< O(hMT 4+ k75)
Lp(Q;H)

max
ne{l,...,Ni}

n tj .

> [ (st -o) - S o]

j=1"ti-1

for all h € (0,1] and k € (0,T].

Proof. First, by recalling (17) it is convenient to write

n t; ) tn

> / (S(tn — 0) = Sy ™) f(X(0)) do = / Frn(ty —0)f(X(0))do
j=1 tji—1 0

for all n € {1,..., Ni}. Then, it follows

H Zn:/tj (S(tn — o) = Sy ) f(X (o)) do‘

j=1vti-1

<[ Fattn - )50 - x(0) a0

Lyp(Q:H)

Ly(Su;H)

= J 4+ J?
Ly(H)

+ H /Otn Fen(tn — o) f(X(tn)) da‘



24 R. KRUSE

for all n € {1,...,N.}. We estimate the two summands separately. For J! we
apply Lemma 2.8 (i77) with p = 1 — r and obtain

7 [ Bt = ) (K@) = S g, ) b0

<O+ K F) [t =) X)) = O g 1oy A

tn .
< O +k75) / (tn — o) T2 do < CTH (W 4+ k'5),
0

where we also applied (7) and (11).
The term J?2 is estimated by an application of Lemma 2.10 (i) with p = 1 —r,
Assumption 2.3 and (10), which yield

1+r)

JE< O 4k

’f(X(tn)) HLP(Q;H—vw)

147
<CE k) (14 sup X)), @),
o€[0,T]

for all h € (0,1], k € (0,7] and n € {1,...,Ni}. This completes the proof of
Lemma 5.4. 0

Lemma 5.5. Let Assumptions 2.2 to 2.4 be satisfied for some r € [0,1). If the
spatial discretization satisfies Assumptions 2.7 and 2.9 it holds

I3[ (5tta=0) = S alx(en aw o)

max
1,...,Ni}

ne{l,..., L,(S5H)

< O(hMT 4 k75)
for all h € (0,1] and k € (0,T].

Proof. As in the proof of Lemma 5.4, by (17), we first rewrite the sum inside the
norm as

n t; . tn
Z/ (S(tn =) = 533" )g(X (0)) dW (o) = / Fen(tn — 0)g(X(0)) dW (o)
j=1 ti—1 0
for all n € {1,..., N }. Then, it follows by Proposition 2.6

| > / 7 (St — o) — ST (X (0)) W (o)
j=1"%

t 1

for all n € {1,...,N.}. We estimate the two summands separately. For J3 we
apply Lemma 2.8 (i) with 1 =1+ and v = 0 and obtain by (8) and (11)

Jy < C(hT + ki)(/o (tn —0) 7 ||g(X (o)) — g(X(tn))Hsz(Q;Lg) da)

tn

[

<O+ ’fly)(/tn(tn —o)™" do)% < OTF (W7 4 k5,
0
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where we also applied the same technique as in the proof of the second inequality
of Proposition 2.6.

For the estimate of J2 we first apply Lemma 2.10 (ii) with p = r. Then (9) and
(10) yield

147 Tr
<C(h =) ))HLP(Q;E‘;,,,,)
+r
<C k) (14 sup I1X( iy i)
c€l0,T
for all h € (0,1], k € (0,7] and n € {1,..., Ni}. The proof is complete. O

Remark 5.6. Let us stress that the case r = 1 is not included in Lemma 5.5. The
reason for this is found in the estimate of the term J2, where a blow up occurs
for » = 1. This problem can be avoided under stronger assumptions on g as, for
example, the existence of an parameter value s € (0, 1] such that

lg(z1) = g(@2)llcg . < Cgllar — w2lls
for all 21,2, € H®. This is often satisfied for linear g as shown in [1].

By Lemma 3.11 it therefore remains to investigate the order of convergence of
the fifth and final term, which after inserting (37) is dominated by the following
two summands

n ) tj tj
L \;S};hﬂ(— [ S o+ [ k(X)) AW (o)
= (X (tj-1), tj- 1,k’))‘L )
O 1 DIl T [ rxen - sl
=1 tj— PR
ne{IlnaXNk} ‘Zl J+1 [jl (g(X(O’)) —g(X(tj_1))

— (X (t;-1)[Txiy, (0)]) AW (o)

Ly(QH)

where we recall from (41) that

0€ H, for 0 =0,

(46) 1_‘X|7‘1c (0') = {ft‘:_l g(X(tj_l))dW(T), for o € (tj_l,tj], j e {1, - ,Nk}.

The remaining two lemmas in this section are concerned with the estimate of the
two summands in (45).

Lemma 5.7. Let Assumptions 2.2 to 2.4 be satisfied for some r € [0,1). If the
spatial discretization satisfies Assumption 2.7 it holds

n

st / F(X(0)) = F(X(t;-1)) do]

for all h € (0,1] and k € (0,T].

147
<Ck™=
Lo (QH)

max
ne{l,...,N.}
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Proof. For every n € {1,..., N;} we first insert the conditional expectation in the
following way

HZS” j+1 /t” JX(@) = fX () o
4 < HZS” o " J(X(0) ~E[f(X ()|, ] do]

st [ RN, ] - ot )

—1

Ly (QH)

Ly(QH)
Thus, for the summands of the first term it follows

E[ s " (X (0) — E[f(X(0))|F,,_.] do‘}-te] —0cH

tj71

for every j7€ € {1,...,n} with £ < j. Consequently, by setting

M an [ KX @) ~E[f(X@)|F, ] do i€ (01 n),

j—l

we obtain a discrete time martingale in L,(€2; H). Thus, Burkholder’s inequality
[6, Th. 3.3] is applicable and yields together with (16) and (13)

Han g+1/%j F(X(0)) ~ B[ (X(0))| 7, ] do

Ly (H)
< (E[(i S J“/ F(X [f(X(a))|ftj_1]daHg)g})%

=¢ (i HA Sn ]H/ A;%Ph(f(X(J)) B EU(X(U))U'—%—J) da’ ip(sz;H))%
<C zn:tpﬁlk/] | f(X (o) —E[f(X (o*))|]-"tj71]||ip(Q;Hﬂ)da>%.

In addition, since \|E[G|-7'—t,-,1]||LP(Q;H—1) < ||G||LP(Q;H_1) for all G € L,(Q; H~1) it
follows for all o € [tj_l,tj]

Hf(X(U))_E[f }]:ty 1]HL p(GH-T)
= | f(x (o)) —f(X( )+ E[f(X(t5-0)) = X )| F ]| iy
< 2| F(X(0)) = SX =), 1) < Clo = 1] 7,

where we also used (7) and (11) in the last step. Therefore, in the same way as in
(32) the estimate of the first summand in (47) is completed by

H an j+1 /t.il f(X (o)) - E[f(X(U)ﬂ]:tj,J do"

tj—

Ly (S%:H)
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For the second summand in (47) we make use of the mean value theorem for Fréchet
differentiable mappings, which reads

f(X(m) = f(X(72)) + /01 F1(X () +5(X(n) = X(72))) [X (1) — X(2)] ds
for all 71,72 € [0,T]. For convenience we introduce the short hand notation
Fi(r,m258) i= f{(X(72) + 5(X (11) = X(72)))
for all 71,72 € [0,T] and s € [0,1]. Then, by inserting (3) we obtain the identity

E[f(X (o) Fe, -] — f(X(tj-1))
= E / f’(o, tjfl;s) [(S(G‘ — tjfl) — IdH)X(tjfl)] dS’]:tj,l}

—]E/f otj_1; s /Jlsa—r ())dr}ds‘ftkl}

B [ et [ s -maxmaw]as

= @1(0, tj—l) + @2(0’, tj—l) + @3(0’, tj—l)a

ftj_l}

which holds P-almost surely. Hence, the second summand in (47) satisfies

(48)

n tj

n—j+1 _ .
H >t / E[f(X@)IF, ] = Xt do] |

n '+1 tj

- H ;Sk,h] /tjl O1(0,8-1) +©2(0,4j-1) 1 Os(01j-1) do Ly(Q:H)
n 1 t;

gczt;zjﬂ/t 1©1(0,tj-1) + ©2(0,tj-1) + Os(ovtj-1)|| . ui7-1)do
j=1 -1

for every n € {1,..., Ny}, where we again applied (16) and (13) in the last step.
Below we show that

(49) H@i(a, tj—1)HLp(Q;H_1) <Clo - tj_1|%, for i € {1,2,3}.

Then this is used to complete the estimate of (48) by

| s / E[f(X(0)IF, ] ~ f(X(t;1))do|

Ly(:H)

where we again applied (32). Thus, the assertion is proved if we show (49).
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For the estimation of ©1 we recall that |[E[G|F,_ ]l .z-1) < G, -1
for all G € L,(Q; H~') and obtain

[CHCAZEVI[ ey

< H/Olfl(0'7tj—1§5)[( (0 —tj—1) —Idm) X (tj_1)] ds

LP(Q;H_l)

< /01 (EMf/(U, tj-1; S)HZ(H}H—l)H (S(o—tj—1)— IdH)X(tj_l)HpD% ds

< Csup || f(x) (S(o —tj—1) = Tdm) X (-0l (um)-
reH Py

HL(H,HH'T)
Further, from [25, Ch. 2.6, Th. 6.13] it follows

[(S(o —tj—1) —1dm) X (¢ <Clo—tjy) 7 || X(t

J’*l)HLp(Q;H) jfl)HL,,(Q;HHr)

ﬁ
<C(o—tj_1)2 sup ”X(U)”LP(Q;Hl‘*'T)
o€0,T]

for all o € [tj_1,t;]. In the light of (10) this proves (49) with ¢ = 1.
By following the same steps, it holds for ©4

102 (o, tj—l)HLp(Q;H_l)

< Csup || f'(x)
xeH

/: S(o — ) f(X(r)) dr|

HL(H,H*H*) Ly(H)
Now, by applying the fact that
HAl_TTS(O' =)z £ Clo - 7')_%, forallt;_1 <7 <0<ty

we get for every o € [t;_1,1;]

| [ sto-nisaxar

< / s e 120 4Co) PR

> (0 H)

14r

(1+ buP HX HLP(Q;H)>]€ :

| /\

As for ©; we therefore conclude

147

H@Q(O’,t < Ck™= for all o € [tj—latj}-

j_l)HLp(Q;H—l)

For the estimate of ©3 we first apply the fact that

E[/Olf’( (tj-1)) /ISU—T (T))dW(T)}ds

J

Fia] =0

From this we get

H@?)(Ua tjfl)HLp(sz;Hfl)

1 o
< [eens-reeo)] [ se-naxeawe)

ti—1

Lp(H-1)
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Further, for every s € [0, 1] we derive by Holder’s inequality

(et = r ) [ Ste = axim awo]|

-

< (B[1F vt = P XD | [ St = naxpawn[])”
< |[F (X (1) + 5(X(0) = X(t-1)) = F' X &= 1y, o011

leiJﬂa—ﬂﬂXh»myﬁﬂ

L,(QH-1)

LZP(Q;H)

Now, we have by (7) and (11)

17X (1) + 5(X(0) = X (t-0) = FX(t-0)) |1, @i

< Cyl| X (o) — X(t <Clo—tj_1)?

j_l)HLQP(Q;H)

for all s € [0,1] and o € [t;_1,t;]. In addition, by Proposition 2.6 it holds true that

“ Sa—ﬂﬂXﬁ»MWﬂ‘

t]1

<O( [ 1960 =N} 0y 47) <1+ s KO, 0 )F

sz(Q;H)

for all o € [t;j_1,t;]. This completes the estimate of O3 and, therefore, also the
proof of the Lemma. O

The last building block in the proof of consistency is the following lemma.

Lemma 5.8. Let Assumptions 2.2 to 2./ be satisfied for some r € [0,1). If the
spatial discretization satisfies Assumption 2.7 it holds

max
ne{l,...,Ni}

\Z S AN CE IR

—1

o

/X)) [ X)W @)]) awo)|

j—1

14r
<COk'z
Ly (:H)

for all h € (0,1] and k € (0,T].

Proof. The proof mainly applies the same techniques as used in the proof of Lemma
5.8. First let us fix an arbitrary n € {1,..., N;} and recall the notation I'x in (41).
Then we note that

B[5i77 [ 0(X(0) = 9(X(t-0)) — ¢ (Xt [Px(@)] W (o) | 7, ] =0

for every j € {1,...,n}. Hence, the sum of these terms is a discrete time martingale
in L,(Q; H). Hence, we first apply Burkholder’s inequality [6, Th. 3.3] and then
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Proposition 2.6 and obtain

H ZS" " / 9(X () — g(X(t; 1)) — ¢ (X(t;-1)) [P (0)] AW (o)

<o=[(x]

Ly(sH)

sy / (90x(@) — g(X(t;-0))

2 3
LP(Q;H))

—§/(X(t;-1)[[x(0)] ) W ()|

[N

n t;
<c(> / l9(X(0)) = 9(X (t;-1)) = g (X&) Tx (@]}, 0090 0)
j=17ti—1
Consequently, if we show that there exists a constant such that

(50)  [lo(X(0) ~ g(X(t; 1) o (Xt D[P (@)]|[] gy < K

for all o € [t;_1,t;], the proof is complete. In order to prove (50) we again apply
the mean value theorem for Fréchet differentiable mappings and obtain

9(X(0)) —9(X(tj-1)) = /01 g'(0,tj-1,8)[X(0) = X(tj-1)] ds,
where we denote
g (11,72,8) = ¢ (X(r2) + s(X(11) — X(72))) forall 7,7 €[0,T], s €[0,1].
After inserting (3) we get the estimate

l9(X (@) = 9(X (1)) — ' (Xt D [Px @] | ey,

/ l9'(0,tj-1,9)[(S(0 = tj-1) = 1dm) X (t;-0)] |, (., s

/0 "(o,tj—1,s / 150’—7‘ ())dT”

_7

+/01 40 b5, )[/t Slo = mg(X (M) dW(7) = Tx(@)]|

i—

Lp(Q?['g)

ds
Ly (9:£9)

1
+ [ gt - g Px(@)
0
= J5+...+J8.

LP(Q§£(2))

We consider the terms J;, i € {5,...,8}, one by one. The desired estimated of J;
is obtained in the same way as for the term ©; in the proof of Lemma 5.7, namely

1 1
JSS/O (E[llg" (0, ti=1. ) 41,0y (S (0 = ti1) = Tdm) X (t;-1)[|']) ¥ ds

< O s [l90)l| 11, (S0~ t5-0) = 10) X ()|,

SCiggHg M e, co) e X (P, urronyk -
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Likewise, the estimate of Jg is done by the exact same steps as for the term ©s in
the proof of Lemma 5.7. Thus, it holds

147

k2.

1+ sup ||X(

Jo < Csup 19, ( ot N zyim)

As above, the term J7 is first estimated by

J. < leelg 9@ 21,9y

Ly(H)

Then, after inserting the definition (41) of I'x and an application of Proposition
2.6 we arrive at

H /t"_ S(o —7)g(X (7)) dW () —Fx(a))

Ly (S:H)

N|=

< O(/ 5t = 19X () 9 (X 5=}, 0,5 )

tj—1
1
2

<o [ 1606 - -1 X @I g )

: C(/:l o) = g(X(tj—l))HZLp(Q;LS) dT)%

For the first summand recall by (9) that g yields some additional spatial regularity.
Together with [25, Ch. 2.6, Th. 6.13] we can use this to obtain

(f 166t~ 10X g7

ti—1

< C’(/ta 1(0 - T)THQ(X(T))Hip(Q;Lg,r) dT)

j—

D=

[N

147

k=

§0(1+ sup || X(7)

r€[0,1] HLP(Q,H7))

for all o € [tj—1,t;]. A similar estimate follows for the second summand by (8) and
(11), that is

e 2 3 o 3 14
(/ l9(X(7) = 9(X (67, g 97) " < c(/ (r=t;-1)dr)’ < Ok

ti—1 ti—1

This shows the desired estimate for J7; and it remains to consider Jg. The estimate
of Jg is very similar to the estimate of O3 in the proof of Lemma 5.7. After the
application of Holder’s inequality we arrive at

I = / I (X (tj-1) + 5(X(0) = X(t;-1))) ~ g/(X(tj_l))HL2;D(Q§£(H,E3)) ds

<| [ seemawe)

Next, by (8) and (11) it follows

LQP(Q;H)

Hg/(X(tjfl) + S(X(U) - X(tjfl))) - g/(X(tjfl))||L2P(Q;L(H7£g)) < C(U t] 1)%
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while Proposition 2.6 and Assumption 2.4 yield

H/ -1))dW(r )‘ Loy (QH) = O</ta . Hg(X(tj—l))”izp(ﬂsﬁS) dT)%

i—

<c(1+ sup G ey @it ) 2.

T€[0,T
for all o € [t;_1,t;]. Therefore, there exists a constant such that
Jg < Ck
and the assertion of the lemma has been proved. O

6. NOISE APPROXIMATION

Starting point of the spectral noise approximation is the covariance operator
Q € L(U), which is symmetric and nonnegative. Since we do not assume that Q
has finite trace, we need to approximate the stochastic integral with respect to a
cylindrical Q-Wiener process W: [0,T] x Q — U (see [26, Ch. 2.5]).

Throughout this section we work under the assumption that there exists an
orthonormal basis (¢;);en of the separable Hilbert space U such that

Qp; = pjpj, forall j €N,

where p; > 0, j € N, denote the eigenvalues of @). First let us note that this
assumption is not fulfilled for all symmetric and nonnegative operators @ € L(U).
However, it always holds true for white noise, that is @ = Idy, or if @Q is of finite
trace by the spectral theorem for compact, symmetric operators. Further, the
family (,/z;¢;)jen is an orthonormal basis of the Cameron-Martin space Uy =
Q%(U), which is endowed with the inner product (u,v)y, = (Q*%u, Q*%U)U for
all u,v € Uy (see [26, Ch. 2.3]).

As demonstrated in [26, Rem. 2.5.1, Prop. 2.5.2], in order to define the stochas-
tic integral with respect to a cylindrical Wiener process, one introduces a further
Hilbert space U; and an Hilbert-Schmidt embedding Z: Uy — Uy, such that W be-
comes a standard Wiener process on the larger space U; with covariance operator
Q1 := I7* and Karhunen-Loeve expansion

(51) ZBJ I(Viges), te€0,T],

where 5;: [0,T] x Q@ - R, j € N, is a family of independent, standard real-valued
Brownian motions. Since Z: Uy — Q% (Up) is an isometry, the definition of the
stochastic integral with respect to a cylindrical Wiener process is in fact independent
of the choice of the space Uy, see [26, Rem. 2.5.3]. Finally note that one can choose
the Hilbert-Schmidt operator Z in such a way that (Z(,/f;%;))jen becomes an

1
orthonormal basis of Q2 (Uy).
In order to approximate the Wiener process we follow the footprints of [1]. Let
us denote by Q; € L(U), J € N, the operator given by

HiPjs lf]€{177<]}7
Qs =177
0, else.
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As in [1] we further use the abbreviation Q.; := Q — Q. Now, since @ is of finite
rank, the @ j-Wiener process W7 [0,T] x Q — U defined by

J
(52) W) = 3 VB e, teoT],

can be simulated on a computer, provided that the orthonormal basis (¢;);jen of

U is explicitly known. Here §;: [0,7] x Q@ — R, j € N, are the same as in (51)

Further, from [1] we recall the notation W</ (¢) := W (t) — W (¢) for all ¢ € [0, 7.
Then, the Milstein-Galerkin finite element scheme with truncated noise is given

by the recursion

(53)

Xie,n,a(to) = PrXo,

Xieha(tn) = Xin, g (tn-1) — k[AnXi .0 (tn) + Pof (Xin,s (tn-1))]
+ Prog(Xi g (1)) AW ()

+/tn Phg/(Xk,h,J(tnq))[/Ul Q(Xk,h,J(tnq))dWJ(Uz)} AW (oy)

tn—1 tn—1
for n € {1,...,Ni} and all h € (0,1], k € (0,7] and J € N. We stress that
the Euler-Maruyama term incorporates J2 summands of the Wiener noise expan-
sion (52) while the additional iterated integral term of the Milstein scheme only
uses J summands. As discussed in [1] this leads to an optimal balance between
computational cost and order of convergence.
First we embed the scheme (53) into the abstract framework of Section 3. Com-
pared to the scheme (4) the only difference appears in the definition of the increment
function, which is now given by

O, (2,1, k) = —kSpn f(2) + Skag(x) (W (t+ k) — W7 (1))
t+k o1
S [ @[ [ aw)aw o] aw o)

for (¢, k) € T. Our first result is concerned with the stability of the Milstein scheme
with truncated noise.

(54)

Theorem 6.1. Under Assumptions 2.2 to 2./ the Milstein-Galerkin finite element
scheme (53) is bistable for every h € (0,1] and J € N. The stability constant Cstap
can be chosen to be independent of h € (0,1] and J € N.

Proof. We only need to verify that Assumption 3.7 is also satisfied by @y, ;. This
is done by the exact same steps as in the proof of Theorem 4.1. An important tool
in that proof is Proposition 2.6. Here we have to apply it to stochastic integrals
with respect to W+. For this, let ¥: [0,7] x Q — L9 be a predictable stochastic
process satisfying the condition of Proposition 2.6, then it holds

| / Vo) W o) <) (E[(/ 12 @R, o df’)D

forall0 <7 <7 <T and all J € N. Since we have

J oo
1
19@)Q3 s vz = D sl @i |” < D s [[W(@)os||” = [[9(0)] g
j=1 Jj=1
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the L,-norm of the stochastic integral with respect to W is therefore bounded by
p

o) < C(p) (E[(/: H\I'(J)Hig dg)ibi,

In particular, the constant is independent of J € N. Keeping this in mind, all steps
in the proof of Theorem 4.1 remain also valid for (53). O

" U(o)dW (o)
I/, |

Having this established it remains to investigate if the scheme (53) is consistent.
For this we introduce the following additional condition, which allows us to control
the order of consistency with respect to the parameter J € N.

Assumption 6.2. There exist constants C' and a > 0 such that

(55) (D iwslla@es|®)” < 1+ lal),
j=1
(56) (X imllg @lle|*)” < Clvl

for all z,y € H, where (pj, 1t;)jen are the eigenpairs of the covariance operator Q.

Remarks 6.3. 1) Note that (55) and (56) coincide if g: H — £3 is linear.
2) Assumption 2.4 ensures that (55) and (56) are fulfilled with & = 0. Further,
provided that @ is of finite trace and g: H — L9 satisfies

lg@)cw,my < C(1+ [l2l)), and ||g"(2)[ylll e, < Cllyll

for all z,y € H, then (55) and (56) simplify to

(57) (ij“w)é < .
j=1

Hence, the order of convergence of the truncated noise only depends on the rate of
decay of the eigenvalues of the covariance operator Q.

Theorem 6.4. Let Assumptions 2.7 and 2.9 be fulfilled by the spatial discretization.
If Assumptions 2.2 to 2.4 and Assumption 6.2 are satisfied with p € [2,00), r € [0,1)
and a > 0, then there exists a constant C such that the following estimate holds
true for the local truncation error of the Milstein scheme (53), namely

147

HRk [X|77c:| ||—1,p < C(h1+r + k727 + J—a)

for all h € [0,1), k € (0,T] and J € N. In particular, if h, J and k are coupled
by h := ckz and J = [02/@’%] for some positive constants c1,co € R, then the

Milstein scheme is consistent of order 1'5 .

Proof. The proof relies on slightly generalized techniques from [1, Lem. 4.1 and
Lem. 4.2]. First let us note, that the results of Lemmas 5.2 to 5.7 remain valid for
(53). Therefore, from the decomposition of the local truncation error in Lemma
3.11 and (45) it follows that we only need to show that the following analogue of
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Lemma 5.8 is valid: There exists a constant C such that for all n € {1,..., Ny}

| ZS" ([ aexonawieo) - /ttjlg<x<tj_1>>dwf (@)

tj—1 i—

- / (X)) [ / U 9(X (tj-2) AW (1) AW (o) )

ti—1 tji—1 Lp(ﬂvH)

<Ok +J79)

for all h € (0,1], k € (0,7] and J € N. We begin by fixing an arbitrary n €
{1,..., N} and insert several suitable terms with untruncated noise such that

Lemma 5.8 is applicable. Hence, we obtain
tj 5
s @) AW ()~ [ g(X) W (o)
tj—1

st (f

[ x| [ s o] o)

i tj—1

Ly (:H)

n

B9 o | st [ et ) aw o)

j=1 tj-1

LP(Q§H)

+ HZS” ([ x| [ e ave]awe

t] 1 tj71

[ e[ [ s ant o] awo))

- - Ly(:H)
First let us note that by Assumption 6.2 it holds
(59)
b 1
2\ 21\ 7
loCX -l 60 oy = (ELC ﬂﬂmHg(Xujlmu) )
S( [( Z J2a”1||9 al )j);
j=J2+1
<Cre (14 sup X0, 0 H>)

This together with Burkholder’s inequality [6, Th. 3.3], (19) and Proposition 2.6
applied to We/ ’ yields for the second term

HZS" " / 9(X(t;-1) W ()|

1

Ly (:H)

<o@(Xfs [ sxe mavrof) )’
<o(Sls [ s mavrel, )

IN

ty 9 % »
C(; L 10X G, eh oy ) < OVTT
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By the same arguments we get for the third summand in (58) that

HZS" 2 / X [ stxaw]ae)

tj71

_/:j 9/(X(tj—1))[/a_ g(X(tj—l))dWJ(T)} dWJ(U))‘

1 L,($sH)
n tj 2 1

(3] soxee- )
(§_j | (X)) -

=

]
+c(_§";H /t:jlg%X(tj_l))[ [

Then, by two applications of Proposition 2.6 and Assumptions 2.4 and (59) it
follows

90X (t,-1)) AW (7)] AW (o)
% 9(X(

~1)) dW(T)} dWcj(U)’ ip(ﬂ;m)

(i I/ x| [ aexapar@lave)
<c Z/ttj lo'(xX(t51) [/t g(X(tj1))dWcJ(7)”2Lp(Q;Lg)da)"l’

. 1

/! ’ ; 2 ’
= Ci’él}?, lg (x)H[,(H,»Cg)(]‘Zl/tjl /tjl Hg(X(t]il))HLP(Q;Ez(Qc%J’H” 4 da)
< CCNTRIT % < C(k+J7%),

where we applied the inequality ab < %(a2 + b%) in the last step. By using (56) we
obtain the following estimate in the same way as in (59),

(Z H / o (Xm0 / 0t ) v o))
< C(Zj;/tt
(/. ! )
<CJ % (2:;/:; (0 — tj_l)Hg(X(tj_l))Hip(Q;cg) da)%

< CVTC, (14 swp [ X, qu) ) k2T~ F < Clk+T72).

te[0,T]

1
2

2

[N

D[ st awe)]|

ti—1

1 d0>
Lp(Q:£2(Q2;(U),H))

1
2

" st aws)

This completes the proof. O

Combining Theorems 6.1 and 6.4 with Theorem 3.4 immediately yields the fol-
lowing convergence result:

Theorem 6.5. Let Assumptions 2.7 and 2.9 be fulfilled by the spatial discretization.
If Assumptions 2.2 to 2.4 and Assumption 6.2 are satisfied with p € [2,00), r € [0,1)
and o > 0, then there exists a constant C such that

olnax (| Xk, (tn )*X(tn)HLp(QH <C’(h1+r+k +J7%)
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for all h € (0,1], k € (0,T] and J € N, where Xy, denotes the grid function gen-
erated by the Milstein scheme with truncated noise (53) and X is the mild solution
to (2).
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