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ABSTRACT. The (asymptotic) behaviour of the second moment of solutions to stochastic
differential equations is treated in mean-square stability analysis. This property is discussed
for approximations of infinite-dimensional stochastic differential equations and necessary
and sufficient conditions ensuring mean-square stability are given. They are applied to typ-
ical discretization schemes such as combinations of spectral Galerkin, finite element, Euler—
Maruyama, Milstein, Crank—Nicolson, and forward and backward Euler methods. Further-
more, results on the relation to stability properties of corresponding analytical solutions are
provided. Simulations of the stochastic heat equation illustrate the theory.

1. INTRODUCTION

An interesting quantity of a stochastic differential equation (SDE) or a stochastic partial
differential equation (SPDE) is the qualitative behaviour of its second moment for large
times. Both types of equations can be interpreted as SDEs on a (here separable) Hilbert
space (H,(-,-);). More specifically, let us consider a complete filtered probability space
(Q, A, (F,t > 0), P) satisfying the “usual conditions” and the model problem

(1) dX(t) = (AX(t) + FX () dt + G(X(t)) dL(t)

with Fp-measurable, square-integrable initial condition X (0) = Xo. Here, A : D(A) — H
is the generator of a Cy-semigroup S = (S(¢),t > 0) on H and F is a linear and bounded
operator on H, i.e., FF € L(H). Furthermore, L denotes a U-valued @Q-Lévy process that
is assumed to be a square-integrable martingale as considered in [27] on the real separable
Hilbert space (U, (-, -);) with covariance Q € L(U) of trace class and let G € L(H; L(U; H)).

We recall from [24] that an equilibrium (solution) of (1) is the zero solution (X(t) =
0,t > 0). It is called mean-square stable if, for every € > 0, there exists 6 > 0 such that
E[|| X (t)||%] < € for all ¢ > 0 whenever E[||Xo||%] < 6. It is further asymptotically mean-
square stable if it is mean-square stable and there exists § > 0 such that E[||Xo|%] < §
implies lim;— o0 E[|| X (t)]|%] = 0. A lot of effort has been dedicated to the asymptotic mean-
square stability analysis in finite and infinite dimensions, see e.g., [17, 26, 2, 24].

Since analytical solutions to SDEs are rarely available, approximations in time and possibly
in space by numerical methods have to be considered. The main focus of research in recent
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years has been on strong and weak convergence when the discretization parameters At in time
and h in space tend to zero. However, this property does not guarantee that the approximation
shares the same (asymptotic) mean-square stability properties as the analytical solution. For
finite-dimensional SDEs it is known that the specific choice of At is essential. The goal of this
manuscript is to generalize the theory of asymptotic mean-square stability analysis to a Hilbert
space setting. We develop a theory for approximation schemes that has apriori no relation to
the original equation (1) and its properties. Later on, we will discuss which conditions on (1)
and its approximation lead to similar behaviour. An important application of mean-square
stability is in multilevel Monte Carlo methods, where combinations of approximations on
different space and time grids are computed. If the solution is mean-square unstable on any
of the included levels, this is enough for the estimator to not behave as it should, see, e.g.,
[1].

The mean-square stability analysis of numerical approximations of SDEs started by con-
sidering the approximations of the one-dimensional geometric Brownian motion, see e.g., [29,
14, 15]. As it has been pointed out in [10, 11], the analysis of higher-dimensional systems and
their approximations is also necessary, since the asymptotic behaviour of the corresponding
mean-square processes of systems with commuting and non-commuting matrices often differs.
The tools to perform mean-square stability analysis of SDE approximations presented in [11]
could in principle be used for approximations of infinite-dimensional SDEs by a method of
lines approach: After projection on an Nj-dimensional space the mean-square stability prop-
erties of the resulting finite-dimensional SDEs and their approximations can be determined
by considering the eigenvalues of IV, }% x N }%-dimensional matrices. However, due to the compu-
tational complexity as N, — oo, neither the symbolic nor the numerical computation of these
eigenvalues can be done for arbitrarily large systems. For this reason, we use an approach
based on tensor-product-space-valued processes and properties of tensorized linear operators.

The outline of this article is as follows: Section 2 sets up a theory of mean-square stability
analysis for discrete stochastic processes derived from recursions as they appear in approxi-
mations of infinite-dimensional SDEs. In the main result, necessary and sufficient conditions
for asymptotic mean-square stability are shown. These results are then applied in Section 3
to numerical approximations of (1) based on spatial Galerkin discretization schemes and time
discretizations with Euler-Maruyama and Milstein methods using backward/forward Euler
and Crank—Nicolson as rational semigroup approximations. We conclude this work presenting
simulations of stochastic heat equations with spectral Galerkin and finite element methods in
Section 4 that illustrate the theory.

2. ASYMPTOTIC MEAN-SQUARE STABILITY ANALYSIS

This section is devoted to the setup of asymptotic mean-square stability for families of
stochastic processes in discrete time given by recursion schemes as they typically show up
in approximations of (1). We derive necessary and sufficient conditions ensuring asymptotic
mean-square stability that can be checked in practice as it is shown later in Section 3.

Let (Vi,h € (0,1]) be a family of finite-dimensional subspaces V;, C H with dim(V},) =
Ny, € N indexed by a refinement parameter h. With an inner product induced by (-, ), V4
becomes a Hilbert space with norm || - || z. For a linear operator D : V}, — V},, the operator
norm || D| v, is therefore given by sup,cy, [|Dv||g/||v]|z and can be seen to coincide with
D Pyl 1y, where Py, denotes the orthogonal projection onto Vj,.
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Let us further consider the time interval [0, 00) and for convenience equidistant time steps
tj = jAt, j € No, with fixed step size At > 0. Hence, ¢t — oo is equivalent to j — co. Assume

that we are given a sequence of Vj-valued random variables (Xi, j € Ny) determined by the
linear recursion scheme

(2) XJ+1 _ DdethX] + DSAt?(;?’JXJ

with Fy-measurable initial condition X € L*(Q;V3), ie., IE[HX}?H%/}L] < oo. Here Diith €
L(V3) and DSAt?(;lh’] is an L(V},)-valued random variable for all j.

In terms of SDE (1), one can think of Dth tp, A8 the approximation of the solution operator
of the deterministic part

dX (1) = (AX(t) + FX(t)dt, te[tj,tj+1)
and th?(zl’j approximates the stochastic part
AX(t) = GIX()) dL(E), € [tj,tj41).

Although, in general, any not necessarily equidistant time discretization (t¢;,j € Ng) that
satisfies t; — oo if j — oo would be sufficient for the following theory, we see in the given
SDE example that Ddet th would be j-dependent in this case, which we want to omit for the
sake of readability.

Inspired by properties of standard approximation schemes for (1), we put the following

assumptions on the family (th?f” ,7 € Np).

Assumption 2.1. Let h, At > 0 be fixed. The family (thf%l’],j € Np) is F-compatible in

the sense of [12, 21], i.e., D30T is Fi,;.,-measurable and E[D Ztﬁh’ju-}j] = 0 for all j € No.

Furthermore, for all j € Ny, let HDthc,?JHLz QL)) = [HDX?%I’]H%(V}L)PQ < o0 and

stoch,j stoch,j o stoch,j stoch,j
E1Datn™ @ Dagn ‘ Fil =E [Dm B ®Dagh” |
where ® denotes the tensor product.

For the recursion scheme (2) an equilibrium (solution) is given by the zero solution, which
is defined as X; . = 0 for all j € Nyg. We define mean-square stability of the zero solution
of (2) in what follows.

Definition 2.2. Let Xj = (Xi,j € Np) be given by (2) for fixed h and At. The zero solution
(X7 . =0, € Ny) of (2) is called mean-square stable if, for every £ > 0, there exists § > 0

such that E[|| X} ||%,] < e for all j € Ny whenever E[|| X} ||%] < 6.

It is called asymptotically mean-square stable if it is mean-square stable and there exists
§ > 0 such that E[||X}]|%] < & implies lim;_,o E[||X7]|%,] = 0. Furthermore, it is called
asymptotically mean-square unstable if it is not asymptotically mean-square stable.

For convenience, the abbreviation (asymptotic) mean-square stability for the (asymptotic)
mean-square stability of the zero solution of (2) or (1) is used if it is clear from the context.

When applied to Y; = X7, the following lemma provides an equivalent condition for mean-

2)

square stability in terms of the tensor-product-space-valued process X ,JL ® X ,Jl € V,”. Here,
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for a general Hilbert space H, the abbreviation H® = H ® H is used and H® is defined as
the completion of the algebraic tensor product with respect to the norm induced by

N M
W) o =Y Y WL wig) g (Ve wa)

i=1 j=1
where v = Zi\il v1,; ®v2; and w = ij\il w1, @ we,j are representations of elements v and w
in the algebraic tensor product.
Lemma 2.3. Let V}, be a finite-dimensional subspace of H. Then, for any sequence (Y;,j €
No) of Vi-valued, square-integrable random variables, lim; o E[Y; ® Y;] = 0 if and only if
lim o0 E[[|Y}]7] = 0.

Proof. By Parseval’s identity, for an orthonormal basis (¢1,...,v¥n,) of V},, we have
|E [Y; ®Y]HH(2) = Z B [(Y; ® Yj, ¢r ® %) geo | Z IE (Y, ¥n) i (Y5, o) ] |
k=1 k=1

and similarly

E[I%1%) ZE[ RUAAR

Therefore, one implication is immediately obtained, while the other follows from the fact that
IEY; ® Yilll gy SEY; ® Yillge] =E[IY17] - O

This lemma enables us to show the following sufficient condition for asymptotic mean-
square stability.

Theorem 2.4. Let Xj = (Xi,j € Ny) given by (2) satisfy Assumption 2.1 and set
8 = DXY), ® DXY), + E[DR05 @ DRI
Then the zero solution of (2) is asymptotically mean-square stable, if

Tim )+ Soll g, = 0

Proof. Let us first remark that S; € L(V( )) for all j € Ny by the properties of Ddeth and

Di‘;chh’j and of the Hilbert tensor product. In order to show asymptotic mean-square stability,

it suffices to show IE[X}JL ® X ib] — 0 as j — oo by Lemma 2.3. For this, consider
ELX) ™ @ X7 = E [ (D&, + Dar)) XJ, @ (DAL, + DAps) X
4 . hj hj , .
—E |(D& © DA (X @ X3)| + B [(DA @ DA ) (x] @ X7)|
+E [(D&f, © DR )(X] @ X))| + E [(DR55 @ D& (X @ X))
The mixed terms vanish by the observation that
E (D& @ DA)(Xh @ X])| = E [(D&F, © EIDRS1F,)(X] @ X))| =0

since X7 and DY), are Fy-measurable and E[D SLoch.J | F¢,] = 0 by Assumption 2.1.
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Applying Assumption 2.1 once more, we therefore conclude
E[X] " @ X)) = E [ (D&, ® DA, + DRy @ DR ) (X @ X7) |
d d toch,j toch,j j j
= E| (D&}, © DX, + EDRS © DAZMIF,)) (X] @ X))
= (Dgegh ® DXYy + E[DAe @ Di?ﬁ,ﬁ’ﬂ) E [X,i ® XZ)} .
and obtain
EX) T o XIT = S;EX] @ Xi] = (Sj-- So) E[ X} @ X}

Since lim;_, [|S; - SOH ) = = 0, mean-square stability is shown with the computation

EfIX] 31 (ZE X ok )<NhZE D AR A

1 1
SNhHEXﬁ ® X e < NallS; -~ Soll7 o Bl XTI

For asymptotic mean-square stability, note that for any Fy-measurable initial value X,? €
L%(%;V},) it holds that lim;_,o E[X] ® X}] = 0 if and only if

lim [[(S; -+~ So) E[X}, ® Xi?]HV(z) =0,

j—o0
for which a sufficient condition is given by lim;_, ||S; - - - So| Lv®) = = 0. Therefore, the proof
is finished. O

In many examples the operators (th?%’], j € Np) have a constant covariance, i.e., they

satisfy for all j € Ny

@ B [R5 @ DA | = B [DA @ DI

Often as in the following example they are even independent and identically distributed,
which implies (3).

Example 2.5. Consider the one-dimensional geometric Brownian motion driven by an adapt-
ed, real-valued Brownian motion (5(t),¢ > 0)

AX(t) = AX(D)dt + o X()dB(E),  t>0,

with initial condition X (0) = 2o € R and A, 0 € R. The solution can be approximated by the
explicit Euler-Maruyama scheme

Xji1 = Xj + MAtX; + e A X,
for j € No, where A7 = B(t;j11) — B(t;), or by the Milstein scheme
Xji1 = Xj + AALX; + oA X; + 271 0% (ABY)? — At) X
Then the deterministic operators in (2)
DdAett,EM = Dgett,Mil =1+ AL

are equal for both schemes, and the corresponding approximations of the stochastic integrals
are given by

thﬁthﬁ = oABI, Digﬁ;{ = o AR + 27107 ((AB7)? - Al)
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for j € Ny. Both families of stochastic approximation operators satisfy Assumption 2.1 and
stoch,j stoch,j| _ 2 stoch,] stoch,j| _ 2 —-1_2
E [DAtEM Dagent| =0°At, B Dyiva ® DAtMﬂ} =0 At (1427 0" At)
do not depend on j. We observe that the equidistant time step At is essential here.

Having this example in mind, we are able to give a necessary and sufficient condition for
asymptotic mean-square stability when assuming (3) and therefore to specify Theorem 2.4.

The condition relies on the spectrum of a single linear operator S € L(Vh(2)).

Corollary 2.6. Let X; = (X;z,j € Ny) given by (2) satisfy Assumption 2.1 and (3). Then
the zero solution of (2) is asymptotically mean-square stable if and only if

S = D¥!, © DI, + E[DN @ Do) e LV,

satisfies p(S) = max;_; N2 |Ai| < 1, where Aq,. .., Anz are the eigenvalues of S.
Furthermore, it is asymptotically mean-square stable if ||SHL(V<2> < 1.
h

)
Proof. Setting S; = S for all j € Ng in Theorem 2.4, we obtain by the same arguments

EX/ T @ Xit!) = (Sj--- So) B[X) ® X)) = ST E[X) © XJ).

As a consequence, lim;_, IE?[X,]Z ® X ,]Z] = 0 if and only if lim;_, 87 = 0 which is equivalent
to p(S) < 1 by the same arguments as, e.g., in [8, 17, 11]. This completes the proof of the

first statement. Since p(S) < ||S]| L)y 2 sufficient condition for asymptotic mean-square

stability is given by ||S|| <1 O

L)

In the framework of SDE approximations, note that this corollary is an SPDE version
formulated with operators of the results for finite-dimensional linear systems in [11]. There,
the proposed method relies on a matrix eigenvalue problem. For SPDE approximations, this
approach is not suitable, since the dimension of the considered eigenvalue problem increases
heavily with space refinement. More precisely, for A > 0, the spectral radius of an (N ,% X N, 5)—
matrix has to be computed. To overcome this problem, we perform, in what follows, mean-
square stability analysis of SPDE approximations based on operators as introduced above.

3. APPLICATION TO GALERKIN METHODS

We continue by applying the previous results to the analysis of some classical numerical
approximations of (1) which admits by results in [27, Chapter 9] an up to modification unique
mild cadlag solution and is for ¢ > 0 given by

(4) X(t) :S(t)X0+/t S(t — s)F( ds+/ S(t — $)G(X (s)) dL(s).

We assume further that the operator —A : D(—A) C H — H of (1) is densely defined, self-
adjoint, and positive definite with compact inverse. This implies that — A has a non-decreasing
sequence of positive eigenvalues ()\;,7 € N) for an orthonormal basis of eigenfunctions (e;, i €
N) in H and fractional powers of —A are provided by

(—A)2e; = )\;/261'

for all i € N and 7 > 0. For each r > 0, H" = D((—A)"/?) with inner product (-,-), =
<(—A)”/2-7 (—A)T/2~>H defines a separable Hilbert space (see, e.g., [20, Appendix B]).
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Let the sequence (Vj, h € (0,1]) of finite-dimensional subspaces fulfil V;, ¢ H' ¢ H and
define the discrete operator —Ay, : V, — V3, by

<_Ahvh7wh>H = <Uh,wh>1 = <(_A)1/2vh7 (_A)1/2wh>H

for all vy, wy, € V3. This definition implies that — Ay, is self-adjoint and positive definite on V},
and therefore has a sequence of orthonormal eigenfunctions (ep;,i =1,..., N}) and positive
non-decreasing eigenvalues (A, = 1,...,N}) (see e.g., [20, Chapter 3]). By using basic
properties of the Rayleigh quotient, we bound the smallest eigenvalue )y, 1 of —Aj, from below
by the smallest eigenvalue A\; of —A through

(5) 1= min 7@}“”?12 min (v,v2)1:
vneVi\0} lonllgy  — ver\{o} (v

1,

since Vj, € H, cf. [9]. This estimate turns out to be useful when comparing asymptotic
mean-square stability of (1) and its approximation later in this section.

Let the covariance of the Lévy process L be self-adjoint, positive semidefinite, and of trace
class. Then results in [27, Chapter 4] imply the existence of an orthonormal basis (f;,7 € N)
of U and a non-increasing sequence of non-negative real numbers (u;,7 € N) such that for all
i €N, Qfi = pifi with Tr(Q) = Y77, i < oo and L admits a Karhunen-Loéve expansion

(6) L(t) =Y VuLi(t) fi,
=1

where (L;,i € N) is a family of real-valued, square-integrable, uncorrelated Lévy processes
satisfying E[(L;(t))?] = t for all t > 0. Note that due to the martingale property of L, the
real-valued Lévy processes satisfy E[L;(¢)] = 0 for all ¢ > 0 and ¢ € N. This implies, together
with the stationarity of the Lévy increments AL? = L;(tj11) — L;(t;), that for all i € N and
JE NOv

E[AL]] = E[ALY] = E[L;(At)] = 0.

Since the series representation of L can be infinite, an approximation of L might be required
to implement a fully discrete approximation scheme, which is typically done by truncation of
the Karhunen-Loeve expansion, i.e., for k € N, set L"(t) = > | /i L;(t) fi. Note that the
choice of k is essential and should be coupled with the overall convergence of the numerical
scheme as is discussed in, e.g., [3, 5, 25]. Within this work, we consider numerical methods
based on the original Karhunen-Loeéve expansion (6) of L. However, this does not restrict
the applicability of the results since L fits in the framework by setting p; = 0 for all ¢ > k.

As standard example in this context we consider the stochastic heat equation which is used
for simulations in Section 4.

Example 3.1 (Stochastic heat equation). Let the separable Hilbert space H = L?([0,1])
be the space of square-integrable functions on [0, 1]. On this space we consider the operator
A =vA, where v > 0 and A denotes the Laplace operator with homogeneous zero Dirichlet
boundary conditions which is the generator of a Cy-semigroup, cf. [20, Example 2.21]. The
equation

AX(t) = vAX (t) dt + G(X () dL(2)

is referred to as the (homogeneous) stochastic heat equation.
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It is known (see, e.g., [20, Chapter 6]) that the eigenvalues and eigenfunctions of the
operator —A are given by

N =vir?, ei(y) = V2sin(iny), ieN,yel0,1].

We first assume, for simplicity, that U = H = L?([0, 1]) and that the operator ) diagonalizes
with respect to the eigenbasis of —A, i.e., f; = e; for all ¢ € N. For this choice, we consider
the operator G = G that gives rise to a geometric Brownian motion in infinite dimensions,
cf. [20, Section 6.4]. It is for all u,v € H defined by the equation

o

Gi(v)u = Z(v, ei) i (u, e;)pe;.

=1

As a second example, we let U = H! with the same diagonalization assumption as before,
ie., f; = /\;/Qei for all ¢ € N. Here, we let the operator G = G5 be a Nemytskii operator
which is defined pointwise for € [0,1], u € H' and v € H by

(Ga(v)u)lz] = v(z)u(z).

To see that G € L(H; L(U; H)) note that for u,v € H, by the triangle inequality and Cauchy—
Schwarz we have for G

Gl <3 w.edmllwednl < (3 edd)” (Stwedd)” = lollalulla
=1 =1 =1

Next, for Gy with v € H and u € H?, it holds that

”GQ(U)UH%{:/OIU(J}) v(z) dx—/ (Z)\l/2 u, &) 1/261(93))21)@)2(193
< (f: Ail <uvei>H’2>/0 (Z)‘Zlei(x)2>v(x)2d1‘
=1 ;
s||urrz(ZA Y [ oran=(2 ZA Dl ol

Here, the first inequality is an application of the Cauchy—Schwarz inequality, while the second
follows from the fact that the sequence (|e;(z)],7 € N) is bounded by /2 for all z € [0, 1].
Therefore, we obtain

1/2
1G1ll oLy <1, G2l L ar i iy ( Z)‘ )

3.1. Time discretization with rational approximations. Let us first recall that a ra-
tional approximation of order p of the exponential function is a rational function R: C — C
satisfying that there exist constants C,0 > 0 such that for all z € C with |z| <

|R(2) — exp(z)| < Oz

Since R is rational there exist polynomials 7, and r; such that R = r;lrn. We want to
consider rational approximations of the semigroup S generated by the operator —A and of
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its approximations —Aj, as they were considered in [30]. With the introduced notation, the
linear operator R(AtAy) is given for all vy, € V, by
Np,
(7) R(AtAp)vp = ri (AtAR)ra(AtAp) v, =Y
k=1
Let us start with the mean-square stability properties of a Galerkin Euler-Maruyama
method, which is given by the recursion

+1 EM,j\ vj
(8) X) ™ = (DXEh + Dy ) X3,

W(— AN
a(=AtAn k) (Ony €nk) 5 Enk
Td(—At)\h,k)

for j € Ny with initial condition X 2 = P, Xy, where
(9)  DX', = R(ALA,) + 17 (AtA,)ALPLF, DR = Dyl = rit (AtA,)PLG(-) AL
with ALY = L(tj11) — L(t;). Note that the linear operators (thgzh’j,j € Np) satisfy all

assumptions of Corollary 2.6 since they only depend on the Lévy increments (AL7, j € Ny).
For this type of numerical approximation, the result from Corollary 2.6 can be specified:

Proposition 3.2. The zero solution of the numerical method (8) is asymptotically mean-
square stable if and only if

S =D&ty @ DXL, + At (C @ C)g € LV)
satisfies that p(S) <1, where q =332 i fr ® fr € UP and C € L(U; L(Vy,)) with
Cu = (AtA,) PLG(-)u.
Proof. Note that since V}, is finite-dimensional, L(V},) = Lus(V4) so (C ® C) is well-defined
as an element of L(U®), ng(vh)) c LU, L(Vh(Q))) by [18, Lemma 3.1(ii)], which yields for
jEN
EM,j EM,j7 7 31 j 7
E[Dm,h ® Dy, )] =E[CAL’ ® CAL’} = (C® C)E[AL’ ® ALY].
Since E[AL? ® AL’] = At q by Lemma A.1, the proof is completed with Corollary 2.6. O
The still rather abstract condition can be specified to an explicit sufficient condition.

Corollary 3.3. A sufficient condition for asymptotic mean-square stability of (8) is
2
— AL T (AN A P 1))
(e, [RO-AtAR) 4+ max, rg (~ A0 | A F Ly
—1/ 2 2
+ e g (-8 A TG g,y < 1

h

Proof. We first note that by the triangle inequality and the properties of the linear operator
induced by the rational approximation R defined in Equation (7) we obtain that

ID&E L L vy = IR(AtAR) + 17 (AtAR) ALPLF || v,

—1
< jpax |R(—AtA )| + QA lrd (= At A ) AL F| 1oy

and, similarly

IC vy < Irg " (AtA) | L IG nsnamy) < pnax I (= At ) Gl Lo Lo i) -

(3]

Since
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€@ Chall, e < Z,UkHkaHL ) < TNCIE L)

k=1
and HDdA? h®DZett7 wll, V@) = HDdAt W2 1(v,)» We obtain the claimed condition, which is sufficient
by Corollary 2.6. (|

We continue with the higher order Milstein scheme. Applying [3] in our context reads
1 EM,j
(10) X = (DXF, + Dy, + DAt WX,

where DY, and Dilz/l;f are as in (9) and

) > tiv1 s
DY, = 3 ry (AL VIR PUG(G() fi) o / ' / dLy(r) dLe(s).
k=1 tj tj

Remark 3.4. In order to compute the iterated integrals of DI\A{;j}L, one may assume (cf. [3, 16])
that for all H-valued, adapted stochastic processes x = (x(t),t > 0) and all 7,j € N, the
diffusion operator G satisfies the commutativity condition

G(G(X)fj) fi = GG fi) 5

Under this assumption satisfied in Example 3.1, Dl\AAgjh simplifies to

AtJh = Z iy N (AtA) PoG(G(XT) fr) fo(ALLAL] — A[Ly, L)),
205

where A[Ly, Ly}? = Ly, L¢l, ., — [Lk, Le]s;. Here, [Ly, Ly, denotes the quadratic covariation
of Ly and Ly evaluated at ¢t > 0, which is straightforward to compute when Ly, L, are jump-
diffusion processes (cf. [3]). For the simulation of more general Lévy processes in the context
of SPDE approximation, we refer to [13, 7].

As for the Euler-Maruyama scheme, Corollary 2.6 can be specified for this Milstein scheme.

Proposition 3.5. Assume that the bilinear mapping C'(u1,us) = 1y (AtAp) PG (G(-)ur)us
for uy,uy € U can be uniquely extended to a mapping C' € L(UP),L(V},)). Then the zero
solution of (10) is asymptotically mean-square stable if and only if

At?
S =D, ® DNy + At (C @ C)g + — (@)

satisfies that p(S) < 1. Here, ¢' = ZZ?E:I it (fe @ fo) @ (fe @ fo) € U and C and q as in
Proposition 3.2.

Proof. Note that ¢’ @ €' : U® — L(V,®) and ¢’ @ C: U @ U — L(V@)) are well-defined
stoch,j EM,j
=D

by the same arguments as in Proposition 3.2. Since D Atk Ath T DY At h, we obtain for
J €Ny
BIDAy, © Dagh] = E[D © Dy i/l + E[DR), © DGy

EM,
+ E[DAt,h] ® DAt h] + E{Dm @ DAt h]
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The first term and DdAett B ® Diett , are given in Proposition 3.2. We conclude for the second
term with Lemma A.2, writing A@ L = > mi=1 v/ Bkl (ftf“ ft dLg(r)dLe(s )) e ® fo,

E[Dy;, ® Dayi/] = E[C'’AP LI @ CALY] = (C' @ C)E[AP LI @ AL} =0
and analogously the same for the third term. Finally, Lemma A.2 yields

E[DN/, @ DAA ] =E[C'AP L @ ('AP ] = (C'@ CYE[AP L) @ AP 7]
and the statement follows directly from Corollary 2.6. O
Remark 3.6. The assumption on C’ in Proposition 3.5 holds for the operators G; and G5 in
the setting of Example 3.1. One can get rid of this assumption by using that the bound on
G € L(H; L(U; H)) allows for an extension of the bilinear mapping to the projective tensor
product space U @, U, cf. [18]. One would then have to assume additional regularity on L to

ensure that A) L7 in the proof of Proposition 3.5 is in the space L?(Q; U®,U). Alternatively,
one considers finite-dimensional truncated noise, which leads to equivalent norms.

3.2. Examples of rational approximations. Let us next consider specific choices of ratio-
nal approximations R and investigate their influence on mean-square stability. First, we derive
sufficient conditions based on Corollary 3.3 for Euler-Maruyama schemes with standard ratio-
nal approximations. More specifically, we consider the backward Euler, the Crank—Nicolson,
and the forward Euler scheme.

Theorem 3.7. Consider the approximation scheme (8).
(1) (Backward Euler scheme) Let R be given by R(z) = (1 —z)~1. Then (8) is asymptot-
ically mean-square stable if
(1+ AtHF”L(H))2 + AtTr(Q)HGH%(H;L(U;H))
(1+ At)\h,l)2
(2) (Crank—Nicolson scheme) Let R be given by R(z) = (14 z/2)/(1 — z/2). Then (8) is
asymptotically mean-square stable if
< 1— Ath/2 [alr )2 N AtTr(Q)HGH%(H;L(U;H))
kE{l Nh} 1+ Aty k;/2 (1 + At)\hJ/Q) (1 + At)\h71/2)2

(3) (Forward Euler scheme) Let R be given by R(z) =1+ z. Then (8) is asymptotically
mean-square stable if

< 1

< 1.

2
(Zelga]{[(h} 1 — AtApe| + AtHFHL(H)) + At Tr(QGIL Ly < 1-

Proof. Let us start with the backward Euler scheme. Since the functions r;l(z) and R(z)
are equal and it holds for all k = 1,..., N}, that |[R(—AtAy )| < [R(—AtAp1)|, we obtain by
Corollary 3.3 asymptotic mean-square stability if

(1+ Atrpy) 2 ((1 + AH|F| pn)? + At Tr(Q)HGH%(H;L(U;H))) <L

For the Crank-Nicolson scheme, note that R is decreasing on R™ and that R(z) € [—1,1]
for all z € R™. Thus, the maximizing eigenvalue is either the largest, A n,, or the smallest,
An,1, and therefore,

|R( At}‘hk)’< max ‘R(—At)\h,g)’.
6{17 h}
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Since |ry'(—AtAng)| < [ry'(=AtAp)| for all k = 1,..., Nj, the claim follows with Corol-
lary 3.3.

By the same arguments, we obtain for the forward Euler scheme that |R(—At\,;)| is
maximized either at z = —AtA, 1 or z = —At), n,. Therefore, since Tgl(z) =1, the claim
follows again with Corollary 3.3, which finishes the proof. O

For the Milstein scheme, Proposition 3.5 yields the following sufficient condition.
Proposition 3.8. Under the assumptions of Proposition 3.5, the Milstein scheme (10) with
R(z) = (1 — 2)~! is asymptotically mean-square stable if
At?
== T QNG L)

(L + At Fl|an))? + At Te( @GN (1.1, + 5
< (1+Athpg)2

Proof. In the same way as in the proof of Corollary 3.3, we bound
1€ @ N0 < IO vy THQP? < (14 AN NG 1010y THQ)

Hence, our assumption ensures that ||S|| L < 1, which by Corollary 2.6 is sufficient for

(2)
Vi, )
asymptotic mean-square stability. ]

Note that the sufficient condition for the Milstein scheme is more restrictive than the

sufficient condition presented in Theorem 3.7(1) for the backward Euler-Maruyama method
due to the additional positive term in the estimate in Proposition 3.8.

3.3. Relation to the mild solution. To connect existing results on asymptotic mean-square
stability of (1) to the results for discrete schemes in Section 3.2, we have to restrict ourselves
to Q-Wiener processes W = (W(t),t > 0) due to the framework for analytical solutions
in [24]. Specifically, we consider

(11) AX(t) = (AX(t) + FX(£)) dt + G(X (1)) dW (2).

The following special case of [24, Proposition 3.1.1] provides a sufficient condition for the
asymptotic mean-square stability of (1) by a Lyapunov functional approach.

Theorem 3.9. Assume that Xo = xg € H' is deterministic and there exists ¢ > 0 such that
2(v, Av+ F(v)) g + Tr[G(0)Q(G(v))*] < —cllv]|
for allv € H?2. Then the zero solution of (11) is asymptotically mean-square stable.

We use this theorem to derive simultaneous sufficient mean-square stability conditions
for (11) and the corresponding backward Euler scheme (8).

Corollary 3.10. Assume that Xg = zg € H' is deterministic. Then the zero solutions
of (11) and its approxvimation (8) with R(z) = (1 — 2)~! are asymptotically mean-square
stable for all h and At if

(12) 2 (I1F Nl ey — M) + Tr(@IGIZ a0y < O-

Proof. We show first that (12) yields asymptotic mean-square stability of (11) by reducing it
to the assumption in Theorem 3.9. For the second term there, note that for any v € H?,

[e.o]

Tr[G(0)Q(G(v))'] = Tr[(G(0)) ' C(0)Q) = Y (G(v)Qfi, G(v) fi)

k=1
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o0
< ZNkHGH%(H;L(U;H))HUH%IkaHQU = TY(Q)HGH%(H;L(U;H))HU”%{a
k=1

where the first equality follows from the properties of the trace. The first term satisfies
(v, Av + F(v)) = (v, F(v)) + (v, Av) < |F |l e llolizr = [0lF < (Wl — A)llollE
using the definition of || - ||;. Altogether, we therefore obtain
2(v, Av+ F(v))g + Tr[G(v)Q(G(v))]
< 2 (I1F oy = M) + Te@NGIT a1z 101 Fr
i.e., with (12) asymptotic mean-square stability of (11) by setting

¢ == (I1Fll) — M) + TG (s 0y

We continue with (8) observing first that Ap, 1 > A1 by (5). Therefore, the condition in
Theorem 3.7(1) yields

A2 (I1F My = M) + T QNG (1,10 01y)) + AENFIN (1) — AT) <O

This is satisfied and finishes the proof since the first term is negative by assumption and so
is the second using (12) and

HFH%(H) = AT = (1F ey + M) (IF Nl 2oy — M)
< (I1Fl oy + M) ((IFl oy — A1) + 27 e @G o) <0 O

Note that under (12) in Corollary 3.10, the backward Euler-Maruyama scheme preserves
the qualitative behaviour of the analytical solution without any restriction on h and At.
Hence, it can be applied to numerical methods requiring different refinement parameters in
parallel such as multilevel Monte Carlo, which efficiently approximate quantities E[o(X (T))]
(see, e.g., [6, 4] for details). Here, it is essential that the behaviour is preserved on all
refinement levels [1].

On the other hand, note that in the homogeneous case, i.e., F' = 0, the stability condition
in Theorem 3.7(1) reduces to

T QNG (L)) < Ana(2+ Atd1)

so that even if (1) is asymptotically mean-square unstable, its approximation (8) can always
be rendered stable by letting At be large enough. In that case the analytical solution and its
approximation have a different qualitative behaviour for large times.

Remark 3.11. Based on Theorem 3.7, it is also possible to examine the relation between
asymptotic mean-square stability of (11) and its approximation by the other rational approx-
imations. However, due to the nature of the sufficient conditions in Theorem 3.7, analogous
results to Corollary 3.10 include restrictions on h and At.

For the Milstein scheme considered in Proposition 3.8 we can also derive a sufficient con-
dition for the simultaneous mean-square stability not relying on A and At. However, due to
the additional term in Proposition 3.8, the condition becomes slightly more restrictive than
in Corollary 3.10. More precisely we obtain the following:



14 A. LANG, A. PETERSSON, AND A. THALHAMMER

Corollary 3.12. Assume that Xg = xg € H?Y is deterministic and F = 0. Then the zero
solutions of (11) and its Milstein approzimation (10) with R(z) = (1—2z)~! are asymptotically
mean-square stable for all h and At if

V21 + Te( QG (4. 1.0:1y) < O-

Proof. The asymptotic mean-square stability of (11) follows by Corollary 3.10 since

—2X\1 + Te( QG gLy < —V2M + Tr(Q)HGH%(H;L(U;H)) <0.
The sufficient condition for (10) in Proposition 3.8 can be rewritten as

At(=2Mn1 + Te @GN (a1 ) + A (=201 + Te(@)NGI o pwrry)) < O-

The first summand is negative since

—2Ap1 + Tr(Q)HGH%(H;L(U;H)) < —V2\ + Tr(Q)HGH%(H;L(U;H)) <0.
The assumption v/2\; > Tr(Q)||G||%(H.L(U,H)) implies for the second summand that

—2M7 )+ Tr(Q)2||GHi(H;L(U;H)) <0.
Thus, asymptotic mean-square stability of (10) follows. O

4. SIMULATIONS

In this section we adopt the setting of Example 3.1 and use numerical simulations to
illustrate our theoretical results. More specifically, we consider the stochastic heat equation

(13) dX () = vAX (1) dt + G(X(£)) AW (2).

with Xo(z) = v30z(1 — ), then E[|| Xo||%] = 1. We consider a Q-Wiener process W (t) =
Yooy V/1ifi(t)es, where (B, € N) is a sequence of independent, real-valued Brownian mo-
tions, and assume p; = Cpi~* with €, > 0 and o > 1. Here, C}, scales the noise intensity
and « controls the space regularity of W, see, e.g., [25, 23].

4.1. Spectral Galerkin methods. For G = (G in Example 3.1, we obtain with the approach
presented in [20, Section 6.4] the infinite-dimensional counterpart of the geometric Brownian
motion

X(t) :Z< ), €i)He; = Zwl €;,

i=1
where each of the coefficients x;(t) is the solution to the one-dlmensional geometric Brownian
motion

dl‘l(t) = —)\ia?i(t) dt + \//Tzl‘z(t) dg; (t)

Furthermore, the second moment is given by

o
B[ (T ZE (D)2 = 3 (Xo, ei) exp((—2X + 1)),
=1
Consequently, asymptotic mean-square stability of (13) holds if and only if —2\; 4+ u; < 0 for
all ¢ € N. By using the explicit representation of the eigenvalues A; and p;, this corresponds to
—2vim? +Cpi~® < 0 or equivalently —2\; +pu; = —2vm?+C), < 0, i.e., (13) is asymptotically
mean-square unstable if and only if C), > 2vr?.



MEAN-SQUARE STABILITY ANALYSIS OF APPROXIMATIONS OF SDES IN INFINITE DIMENSIONS 15

For the spectral Galerkin approximation, we choose V}, = span(ey,...,en,), Ny < oo.
Thus, we consider Xp,(t) = ngvzhl xi(t)ex. To obtain a fully discrete scheme, we approximate
the one-dimensional geometric Brownian motions in time by the three considered rational
approximations in Theorem 3.7 and Proposition 3.8. Propositions 3.2 and 3.5 yield asymptotic
mean-square stability if and only if the corresponding linear operators S satisfy p(S) < 1,
which is in the first case for k,£ =1,..., N} given by

S(er @ eg) = (DX}, ® DAY ) (e ® €q) + AL((C @ C)q) (ex @ €p)

= (DT her ® DATyer) + At > i (((Cem)er) @ ((Cem)er)).

m=1

Since

Np,
DXTper = R(AtAp)ey = > R(=AtA:){en, er)mer = R(—AtA)ep

r=1

and

(Cem)er = 17 (AtAR) PGy (e)em = 17 (ALAL) P, (Z(ek, en) 11 (em, en>H6n>
n=1

= 5k’m7’gl(AtAh)6k = 5k,m7’;1(_At>\k)ek7
the corresponding eigenvalues Ay, are
Akyg = R(—At ) R(—AtAy) + 5k,€ Atpg T‘(Il(*At)\k)Tgl(*At)\g).

Using a Milstein scheme instead, we obtain for S in Proposition 3.5 with similar computations
as before and the observations that the commutativity condition in Remark 3.4 is fulfilled
and that A[ﬁk, Bg]j = 5k7gAt

Mgy = R(—At\)R(—AtA) + S ory (= AtAR)ry  (—AtAe) (At + At 13 /2) .
Note that for both operators S, the eigenvalues Ay, with £ # ¢ satisfy
Akl = [R(=AtA)R(—AtA)| < R(—AtA,)? < Ay,

where |R(—At))| = max;—1, . n, |R(—AtA;)|. Hence, p(S) < 1 is equivalent to [Ay x| < 1 for
all k=1,...,Np. In Table 1 the eigenvalues Ay ; and sufficient and necessary conditions for
asymptotic mean-square stability are collected.

As it is noted above, (13) is asymptotically mean-square stable if and only if the condition
—2A1 4+ p1 < 0 holds. As can be seen from Table 1 and the choice of the eigenvalues, the
Euler-Maruyama scheme (8) with backward Euler and Crank-Nicolson rational approxima-
tion shares this property without any restriction on V3, and At. In Figure 1(a) the qualitative
behaviour of the Euler—-Maruyama method with the three rational approximations in Theo-
rem 3.7 is compared. We choose v = 1, N}, = 15, and p; = i3 for i € N, i.e., Cy =1 and
a = 3. Since —2)\; + C, = —272 + 1 < 0, the analytical solution to (13) is asymptotically
mean-square stable. .

For the approximation of E[||X7||%] we use a Monte Carlo simulation with M = 10%, i.e.,
we approximate

M Ny
E[|| X7 (%] ~ MSx (t;) = ZZ”“

=1 k=1



16 A. LANG, A. PETERSSON, AND A. THALHAMMER

rational approximation/ Ak i p(S)<leforallk=1,...,Np:
stochastic approximation
backward Euler/EM Atk —2\k + g — AEA? <0
backward Euler/Milstein DRI EATIGI2 N+ pu + AE(-AZ + p2/2) < 0
Crank—Nicolson/EM (1_(A1t+’\£g12/;)’§" At =2+ pp <0
forward Euler/EM (1 — AtA,)? + ppAt =2\, + s + AtA; <0

TABLE 1. Spectral Galerkin methods with corresponding eigenvalues Ay, j, and
asymptotic mean-square stability conditions.

10° & : - : : 1.05

095}
@ 107 u*
= =
10°} 0.9f
10l BE, At=0.04 —0—BE, At=1.25
—=&—CN, At=0.04 +—+—'BE, At=0.25
““““ = 085} » A1=0.
et T
e - o —BM, At=0.25
FE, At=0.00091 )
- Y — — — reference solution
10.5» — — — reference solution N\
‘ : i ‘ 0s ‘ ‘ ‘ ‘
0 02 04 06 08 1 0 1 2 3 4 5
t t
(a) Crank-Nicolson (CN), backward (BE) (b) Euler-Maruyama (BE) and Milstein
and forward (FE) Euler. (BM) based on backward Euler.

FIGURE 1. Spectral Galerkin approximate of (13) with Gy, N = 15, and
different At.

where (37,7 = 1,..., M) consists of independent samples of numerical approximations of
xy(t;) with different schemes. The reference solution is
Ny, Np,
E[|Xa)|3] = D Ellzs(®)P] = Y (Xo, ex)r exp (=22 + )t) -
k=1 k=1

As it can be seen in Figure 1(a), the backward Euler and the Crank—Nicolson scheme
reproduce the mean-square stability of (13) already for large time step sizes (At = 1/25),
but the forward Euler scheme requires a 44 times smaller At. Here, the finest time step size
is given by At = 1/1100 which satisfies the restrictive bound in Table 1 such that p(S) < 1.
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Due to a rapid amplification of oscillations caused by negative values of Xj for coarser time
step sizes outside the stability region (At = 1/1000 and 1/1050), the mean-square process
deviates rapidly from the reference solution at a certain time point.

In Figure 1(b) the qualitative behaviour of the Euler-Maruyama and the Milstein scheme
with a backward Euler rational approximation on the time interval [0,5] are compared. The
parameters v = 8/(57%) and p; = 3/10i~3 are chosen such that the Milstein scheme is
asymptotically mean-square unstable for At = 1.25 and asymptotically mean-square stable
for At = 0.25 while the Euler—-Maruyama scheme is asymptotically mean-square stable for
both choices. These theoretical results are reproduced in the simulation.

4.2. Galerkin finite element methods. Let us continue with G = G2 in Example 3.1 and
a Galerkin finite element setting, similar to that of [22]. This is to say, we let V}, be the span
of piecewise linear functions on an equidistant grid of [0, 1] with IV}, interior nodes so that V;,
is an Nj,-dimensional subspace of H' with refinement parameter h = (Nj, + 1)~!. With the
exception that U = H', all other parameters are as in Figure 1(a) of Section 4.1.

In contrast to the setting in Section 4.1, the solution and its approximation are no longer
sums of one-dimensional geometric Brownian motions and thus, analytical necessary and
sufficient conditions for p(S) < 1 are not available. We therefore consider the results of
Theorem 3.7 instead. With the setting of this section,

Ani=4vh™23(2 + cos(imh)) ™! (sin(iwh/2))*

for i € N, which was derived in [20, Section 6.1]. For the convenience of the reader, the
sufficient conditions of Theorem 3.7 for the considered approximation schemes are collected
in simplified form in Table 2, expressed in terms of stability parameters ppg, pon and ppg.

1/2
By setting g = (2 Yoy /\i_1> , we replace ||G2||r(q;rw;m)) in these conditions with the
upper bound derived in Example 3.1. Note that Corollary 3.10 with these parameters implies

simultaneous asymptotic mean-square stability of (13) and the finite element backward Euler
scheme (8).

rational approximation p(S) <1 <=
backward Euler peE = At Tr(Q)§* — 2AtAn 1 — AtQ)%1 <0
Crank-Nicolson pON = kerﬁ?ﬁh} ‘ ;2322?2 ‘2 + (ﬁtATt‘f\(ﬁ);ﬁ;)Z —-1<0
forward Euler PFE = ker{nfﬁh}(l — At )2 + At Tr(Q)g?> —1< 0

TABLE 2. Finite element methods with sufficient conditions for p(S) < 1.

As in Section 4.1 we compare the mean-square behaviour of the backward Euler and the
forward Euler scheme in Figure 2(a) but now for the finite element discretization up to
T = 2.5. We observe that the increase of the time step size by a very small amount, i.e., from
At = 0.00066 to At = 0.00067, causes the forward Euler system to switch from a stable to
an unstable behaviour. This agrees with the theory in Table 3, as prg changes sign in that
interval, i.e., stability is only guaranteed for the smaller time step. Therefore we conclude
that the sufficient condition is sharp in our model problem.
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For the approximation of E[||X7||%], we use the same method as before but take M = 10*
samples in the Monte Carlo approximation. For the computation of the norm in H, we use
the fact that for given representation Xj = Z%h:l Tm®m with respect to the hat functions
{¢m,m =1..., N} that span V},

N, N

m=1n=1

In Figure 2(b) the mean-square behaviour of the the backward Euler scheme and the
Crank—Nicolson scheme for At = 0.015 to At = 0.15 is compared. We see from Table 3 that
pcN changes sign when the time step size is increased, which occurs for significantly larger
time steps than for the forward Euler scheme. The simulation results show a substantial
change in the decay behaviour of E[|| X} ||3] for the Crank-Nicolson scheme with time step
size At = 0.15 compared to At = 0.015, which is no longer convincing to be mean-square
stable. Since the sufficient condition pony < 0 from Table 2 is not fulfilled for At = 0.15, it is
unclear from the theory if asymptotic mean-square stability holds in that case.

10° —— ‘ ‘ ‘ 10

S

\5;
AN
N
\ -
\ A
i 4 i AS
10° | AN 4 10° | \
AN NS
N NI
___________ W\
N\
N\
« 107} | « 10701 AN
\\.
N
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NN
1075} | 10751 \ &
N\ \.
AN
BE, At=0.00068 ——BE, At=0.15 N
““““ FE, A t=0.00068 ‘== BE, At=0.015 NS
|| = = - FE, At=0.00067 || —=—CN, at=0.15 SN

| - ] 1072} - 1
10 FE, At=0.00066 - — —CN, At=0.015 \

0 0.5 1 15 2 2.5 0 0.5 1 15 2 2.5

t t
(a) Backward (BE) and forward (FE) Eu- (b) Backward Euler (BE) and Crank—

ler. Nicolson (CN).

FIGURE 2. Finite Element approximation of (13) with G = Ga, N}, = 15, and
different At.

APPENDIX A. PROPERTIES OF LEVY INCREMENTS

In this appendix we derive properties of the U-valued, square-integrable Lévy process that
are used in the proofs of Propositions 3.2 and 3.5. We apply the same setting and notation
as in Section 3.
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At PBE PCN PFE
0.15 -5.11613e+00 | 2.08460e-03 | 1.99602e+-05
0.015 -3.13089¢-01 | -1.58504¢e-01 | 1.91542¢+-03
0.00068 || -1.32387e-02 | -1.31050e-02 | 6.09395e-02
0.00067 || -1.30434e-02 | -1.29135e-02 | 3.39709e-04
0.00066 || -1.28480e-02 | -1.27221e-02 | -1.27626e-02

TABLE 3. Specific values of Table 2 for varying At.

Lemma A.1l. Let L be a U-valued Lévy process and let, for 0 < a < b, AL = L(b) — L(a)
and At =b—a. Then

EAL® ALl =At>  junfr ® fr.
k=1

Proof. We first note that AL ® AL is well-defined as a member of L(€2; U(?)) since
E[|AL @ ALllye)] = E[JAL|E] = Tr(Q)At < cc.

The increments ALy = Ly (b) — Li(a) of AL =3 72| \/uk ALy fi fulfil EJALLAL| = 6 0At
for k,£ € N. Thus, we obtain

EAL®AL = Y ismEALLALY fr ® fo= At Y ppfe ® fr- O
k=1 k=1

Lemma A.2. Let L be a U-valued, square-integrable Lévy process and set for 0 < a < b with
At =b—a,

& b s
ML= 3 Viwg( [ [ L)AL s s € LU,

k=1
Then
(1) E[A®L®AL] =0,
(2) E[AQ L@ ADL] = AL S pepne (i ® fo) @ (fr ® o).

Proof. Since L is stationary, we may assume without loss of generality that a = 0 and b =
t > 0. We first note that

E[(/Ot /0 dLi(r) dLj(s)) (/Ot /0 ALy (r) dLg(s))}
:E[(/O Li(s—)dLj(s)) (/0 Lk(s—)dLg(s))]

To simplify this expression, we use the angle bracket process ((X,Y’),,t > 0), which for two
real-valued semimartingales X and Y with (locally) integrable quadratic covariation [X, Y] is
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defined as the unique compensator which makes ([X,Y]; — (X,Y),,t > 0) a local martingale.
For this, we have the polarization identity,

(X,V), = J(X+Y,X V), ~ (X =¥, X = 7)),

which can be found, along with an introduction to this process, e.g., in [28, Section IIL5].
For square-integrable martingales M, it holds (see, e.g., [19, Section 8.9]) that E[(M, M),] =
E[M?(t)] and therefore, by the polarization identity, if N is another square-integrable mar-
tingale, then,
1
7
Applying this to the Lévy integral, which is a martingale, we obtain
t

e([ 1) ([ s ans)
_ E[</O Li(s—)dLj(s),/OLk(s—)dLg(s»t} _ u-«:[/ot Li(s—)Li(s—)d (Lj, L),

where the last equality is a property of the angle bracket process and the stochastic integral,
see [19, Section 8.9]. Now, when j = ¢, we have, since L; is a Lévy process and E[L?(s)] = s,
that (Lj;, Ly), = (Lj, L;), = s by [27, Chapter 8]. When j # £ on the other hand, L;L, is a
square-integrable martingale by [27, Theorem 4.49(ii)]. Integration by parts yields

Lo Lals = L) Lals) = [ L) dL(r) - / L) dL ().

Therefore, [L;, L] is also a square-integrable martingale (with zero mean), because the right
hand side is a square-integrable martingale. Since ((Lj, L), ,s > 0) is the unique compensator

of [Lj, L] it must follow that (L;, L), = 0 for all s > 0. Thus, E[fot Li(s—)Ly(s—)d(Lj, L¢) ]
is non-zero only if j = ¢, and in that case

E[ /0 L)L) AL, L), ] = /O B [Li(s—) Li(s—)] ds.

In conclusion we have obtained

t /2 for j = ¢ and i = k,
/ / dLi(r) dL;( / / dLi(r) dLe( ))] B otherwise

which yields by the monotone convergence theorem that A@ L ¢ L2(Q;U (2)) with

2) 712 7 P 2
E[IIA LHU@)] ZMkMZE // dLy(r) dLe(s )} Zﬂkﬂé Tr(Q)” < oo

k=1 kZ 1

E[(M,N)] = 7 (E[(M(#) + N(t))*] = E[(M(t) = N(1))*]) = E[M ()N (1)].

This entails that A®L @ AL € LY(Q; U @ U), since
2 2
(EIAPL e ALlyerey]) = (EIIAPLIye AL )

t3
<E[|APL|? o E[|AL|F] = B Tr(Q)* < oc.
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by the Cauchy-Schwarz inequality. Similarly, it holds that A@ L& AR L e LY(Q; UG @U®).
Therefore, we obtain

E[A®Lo ALl = Y i B[AL, / | ann L) (e 10© b

k4 m=1

and, in the same way as the first observation of this proof,

E[ALm</0t /O ALy (r) dLg(S))] :E[</ dLm(s),/Lk(s—)dL@(s»t}

_ E[/Ot Li(s—)d (L, L@>s] —0.

This is justified since (L, Ly), # 0 only if m = ¢ and that in this case the expectation of the
integral is still zero since L has zero expectation.
We note that by (14)

E[A®LeA?L Z VEER ((fi @ f3) @ (fx @ fr)

i,5,k,b=1
// dL;(r) dL;( // dLy(r) dLe(s ))}
2 &

=5 > mne((fi® f0) @ (fi® o)),
k=1

which shows the second claim. OJ
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