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MITTAG-LEFFLER EULER INTEGRATOR FOR A STOCHASTIC
FRACTIONAL ORDER EQUATION WITH ADDITIVE NOISE*

MIHALY KOVACS', STIG LARSSON#, AND FARDIN SAEDPANAHS

Abstract. Motivated by fractional derivative models in viscoelasticity, a class of semilinear
stochastic Volterra integro-differential equations, and their deterministic counterparts, are consid-
ered. A generalized exponential Euler method, named here the Mittag—Leffler Euler integrator, is
used for the temporal discretization, while the spatial discretization is performed by the spectral
Galerkin method. The temporal rate of strong convergence is found to be (almost) twice com-
pared to when the backward Euler method is used together with a convolution quadrature for time
discretization. Numerical experiments that validate the theory are presented.
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1. Introduction. We study the numerical approximation of a class of semilinear
Volterra integro-differential equations in a real, separable, infinite-dimensional Hilbert
space H of the form

(1.1)  du(t)+ /Ot b(t — s)Au(s)dsdt = F(u(t)) dt + dW (t), t € (0,T]; u(0) = uo,

where A is a self-adjoint, positive definite, not necessarily bounded, operator on the
Hilbert space H, W is an H-valued Wiener process with covariance operator @,
F: H — H is a nonlinear operator, b is a locally integrable scalar kernel, and ug is
an H-valued random variable. Our main example of b is the Riesz kernel

(1.2) 0<a<l,

where I'(a) = [ t*"!e" dt is the gamma function.
By introducing the fractional integral of order a denoted by J§ (see, for example,
[18]) as

(Jog)(t) = 1_‘<1a)/0 (t—8)*"tg(s)ds, 0<a<l,

(1.1) becomes a fractional order equation of the form

(1.3) du(t) + J§(Au)(t) dt = F(u(t))dt +dW(¢), t € (0,T]; u(0) = uo.
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We note that the present framework applies also to slightly more general kernels,
which have similar smoothing effects, such as the tempered Riesz kernel
1 1
(1.4) b(t) = @ta e 0<a<l1,n>0,
and even to certain kernels with finite smoothness; see Remark 1 for further discussion.
Recalling that 0 < o < 1 in (1.2), we denote henceforth

(1.5) p=a+l, 1<p<2,

so that b(t) = tP=2/T(p — 1).

We motivate our main example (1.3) by a model from linear viscoelasticity; for
more examples see, e.g., [16, 20] and references therein. In one spatial dimension,
considering the class of viscoelastic materials which exhibit a simple power-law creep,
the evolution equation that describes the response variable w (chosen among the field
variables: displacement, stress, the strain, or the particle velocity) is given by

t
w(z,t) = w(z,04) + twe(z,04+) + %/ (t —8)P M wep(w,s)ds, 1<p<2;
P) Jo
see, for example, [16]. Assuming that w:(x,04+) = 0 and that w is continuous at

t = 0+ with w(z,0+) = wo(x), one arrives at the Cauchy problem

t
c
w x,tzi/ t — )P 2wee(x, s)ds;  w(z,0) = wo(x).
o) = oy | () st (. 0) = un(e)
With a =p—1and c =1 we get

wi(x, 1) = Jg (wea (2, ) (1); - w(z,0) = wo(x).

Now, if w is chosen to be the particle velocity, and f represents a nonlinear, external
viscous force, which is perturbed by Gaussian noise £, then the equation for the
particle velocity reads as

(1.6) wi(@,t) = I (W (2, ) (8) + f(w(x, 1) + E(z,1); w(,0) = wo(x).

Considering the equation on an interval [0, L] and supplementing the equation with
nonslip boundary conditions, we arrive at a special instance of (1.3), with H =
L5(0, L), A being the Dirichlet Laplacian in H and F' the Nemytskij operator F'(v)(-) =
f((+)). We remark that, without the noise and f, (1.6) is often referred to as a frac-
tional wave equation.

We note that when the kernel b in (1.1) is smooth, e.g., exponential kernels, these
equations reveal a hyperbolic behavior, whereas for weakly singular kernels, e.g., the
Riesz kernel (1.2), they exhibit certain parabolic features.

The literature on numerical methods for stochastic PDEs, such as stochastic par-
abolic and hyperbolic PDEs, is mature. In some works, by using exponential inte-
grators [8], the strong rate of convergence has been improved for the stochastic heat
equation (see, e.g., [4, 14, 23]) and for the stochastic wave equation (see, e.g., [2] and
the references therein). The drawback of the exponential integrators for stochastic
PDEs is that the eigenfunctions of the operator A and of the covariance operator @
of the noise must coincide and must be known explicitly, so that the scheme can be
implemented.
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However, the literature on numerical analysis of stochastic Volterra equations is
more scarce, containing only [1, 11, 12] and a few recent papers specifically for the
fractional stochastic heat equation (where there is a derivative in front of J§ in (1.3)),
based on a convolution quadrature; see, for example, [6, 7].

Here, we study a full discretization of (1.1), as well as its deterministic coun-
terpart, i.e., the special case when W = 0. We use a generalized exponential Euler
method, named here the Mittag—Leffler Euler integrator, for the temporal discretiza-
tion. Full discretization is then formulated by the spectral Galerkin method for spatial
discretization.

As is the case for stochastic equations with no memory effects, the time integration
is based on the mild formulation of the equation. However, there is a major difference,
namely, the solution operator in our case does not have the semigroup property and
hence the integrator uses the approximate solution from all previous time levels, not
just from the current one, in order to advance to the next time level. This phenomenon
is of course present in the convolution quadrature setting as well and makes the error
analysis more difficult compared to the memoryless case.

The main novelty in this work is the introduction of a new temporal discretization
method for (1.1) and its error analysis. The analysis of the spatial discretisation is
more or less standard. In particular, we prove that the strong rate of temporal
convergence is (almost) twice the rate of the Euler method combined with Lubich’s
convolution quadrature of order 1 [1]. As a consequence, for trace-class noise, we
recover (almost) the optimal rate 1 in time.

When H = Ly(D), where D C R? is a bounded domain, with appropriately
smooth boundary, the framework presented here allows for a general class of Nemytskij
operators F' when d = 1, 2, 3, with some restriction on p when d = 3. For space-time
white noise we must have d = 1, while for colored noise d > 1 is allowed.

The outline of the paper is as follows. In section 2, we introduce notation and
the abstract framework, state our main assumptions, and present some preliminary
results on the solution of (1.1). In section 3, we introduce the numerical scheme
(3.7) and, in Theorem 1, we state and prove our main result on the order of strong
convergence. In section 4, we discuss the implementation of the scheme and present
some numerical experiments to illustrate the theory. Throughout the paper C' denotes
a generic constant that may have different values at different occurrences, but its value
is independent of the discretization parameters.

2. Preliminaries.

2.1. The abstract setting. Let H be a real, separable, infinite-dimensional
Hilbert space with inner product (-,-) and norm || - || and let A be a self-adjoint,
positive definite, not necessarily bounded operator in H with compact inverse. An
important example is H = Ly(D) and A = —A with homogeneous Dirichlet boundary
conditions. Let {(Ax, px)}72, be the eigenpairs of A, i.e.,

(21) A(pk = )\k(pk, k e N.

It is known that 0 < A < A < -+ < A\ < --+ with limg_,o Ay = oo and the
eigenvectors {¢y}7>, form an orthonormal basis for H. We introduce the fractional
order spaces

HY :=dom (A%), |[jv|2:= ||A%UH2 = Z)\Z(v,cpk)z, veR, ve HY.
k=1

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Let £ = L(H) denote the space of all bounded linear operators on H. We also
consider the space of Hilbert—-Schmidt operators, that is, the space of all operators
T € L for which

oo

ITIIEs = D 1Tl < oo.
k=1

Let (22, F, (Ft)tejo, 1], P) be a filtered probability space, (F;)¢cjo,7] being a normal
filtration, with Bochner spaces L,(Q2; H) = Lp((Q, F,P); H), p>2 Welet Q € L be
a self-adjoint, positive semidefinite operator and Hy = Q%(H ) be the Hilbert space
with the inner product (u,v)n, = (Q*%u, Q’%v), where Q~2 denotes the pseudoin-
verse of Q%, when it is not injective, and Q% is the unique positive semidefinite
square root of Q. By £ = L9(H) we denote the space of Hilbert-Schmidt operators
Hy — H. Thus, [|T]|zg = [|TQ%|lus < oo, for T' € £3. Then we let W be Q-Wiener
process in H with respect to (2, F, (Ft):eo, 17, P). We recall the 1t6 isometry,

t 3
- H( [ ooy 0s)
Lo(Q:H) 0

and the Burkholder—-Davis—Gundy inequality, for p > 2,

([ totzya)
0

for strongly measurable functions ¢: [0,T] — L3 [5].
We recall from (1.5) that p=a+1, p € (1,2), a € (0,1).

Assumption 1. We quantify the regularity of the noise by S € (0, %] through the
assumption that there is a constant B such that

)

Lz (Q,R)

(22) |/ () AW (s)

<G

’
Ly (4R)

(2.3) ‘ / o(s) A (s)

Lp(Q§H)

p- 7% 1
(24) 4™

B
A2Q§

1
P

<B.
HS

9 H

Trace class noise, that is, when Tr(Q) = HQ%H%S < 00, corresponds to 8 = %.
When A = —A is the Dirichlet Laplacian, we may take () = A~® with s > 0. Then
(2.4) is satisfied with 8 < s+ % — g, because A; ~ ja as j — co. We note that s = 0
corresponds to space-time white noise () = I, and in this case, d =1 and § < % — %

2.2. The linear deterministic problem. We assume that there exists a
strongly continuous family {S(¢)}:>0 of bounded linear operators on H such that
the function u(t) = S(t)ug, uo € H, is the unique solution of

u(t) +A/0tB(t —s)u(s)ds =ug, t>0,

with B(t) = fg b(s)ds. When t — u(t) = S(t)uo is differentiable for ¢ > 0, then w is
the unique solution of

t
W)+ A | b(t—s)u(s)ds=0, t>0; u(0)=ug.
0
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We refer to the monograph [20] for a comprehensive theory of resolvent families for
Volterra equations. An important feature of the resolvent family {S(t)}:>0 is that
it does not have the semigroup property; that is, S(t + s) # S(¢)S(s). This is the
mathematical reflection of the fact that the solution possesses a nontrivial memory. In
our special setting, using the spectral decomposition of A, an explicit representation
of S(t) is given by the Fourier series

(2.5) Sty = sk(t)(v, o) ex,
k=1
where the functions si(t) are the solutions of

(2.6) SE(t) + )\k/o b(t — s)sk(s)ds =0, t >0; s(0) =1.

Next, we collect our precise assumptions on the resolvent family {S(¢)}+>0.

Assumption 2. We assume that the resolvent family {S(¢)},>0 is strongly contin-
uously differentiable for ¢ > 0 and enjoys the following smoothing properties: There
is M such that for ¢ > 0, we have

1

(2.7) |ASS(t)|| o < Mt—", s € [0, } ,
p
. 1

(2.8) |ASS(t)|z < Mt=s,~1, s € [0, p} ,
(2.9) |A=5S(t)||, < M1, s€[0,1].

Remark 1. These are verified in [17, Theorem 5.5] for the Riesz kernel and in |3,
Lemma A.4] for more general kernels. We note that for the Riesz kernel (1.2), which is
our main example, estimates (2.7) and (2.8) hold also for s € [0, 1] (see [17, Theorem
5.5]), but we do not need this extended range of s for the present analysis. A more
general class of kernels b for which (2.7)-(2.9) are satisfied is the class of 4-monotone
kernels such that 0 # b € Ly 1oc(R4), limy_00 b(t) = 0, with

2 N
p=1+ ;sup{|argb(z)| :Rez > 0} € (1,2),

and g(z) < Cz'=P for z > 1, where this latter condition may be substituted by the
condition ||bl|r, 0, < Ct°~', ¢ € (0,1); see [3, Remark 3.8 and Lemma A.4]. In
particular, b does not have to be analytic. (Here b denotes the Laplace transform
of b.)

2.3. Well-posedness of the semilinear stochastic problem. The mild
solution of the semilinear stochastic equation (1.1) is an adapted H-valued stochastic
process, u(t), such that, for ¢t € [0, 7], P-almost surely,

(2.10) u(t) = S(t)up + /0 S(t—s)F(u(s))ds Jr/o St —s)dW(s).

Assumption 3. In addition to the singularity exponent p = o+ 1 € (1,2) from

(1.2) and the regularity parameter 5 € (0, %] in (2.4), we assume that there are

d €[, %), v €10,8), n el %), and a constant L > 0, such that

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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211)  IF@I<ZO+Jul), 1F @] < Livl,  woe,
(212)  [F (s < L(L+ [lull,) o] -, weH, ve H,
(213) | F"(w)(vr,02)] -y < Lllosl[oall, o0 € H.

Our main example is H = Ly (D) with D C R? a bounded domain with appropri-
ately smooth boundary, and A = —A, the negative of the Dirichlet Laplacian. Here
F can be taken to be a Nemytskij operator defined by F(u)(z) = f(u(x)), where
f: R — R is a smooth function with bounded derivatives of orders 1 and 2. Then
(2.11) clearly holds and (2.13) is satisfied with n > d/2 because of Sobolev’s inequal-
ity. The additional assumption n < % puts a restriction on p, namely, 1 < p < 4/d.
For (2.12) we refer to Lemma 4.4 in [22], which can be extended from d = 1 to d < 3,
again in case 6 > d/2 and thus 1 < p < 4/d.

LEMMA 1. Suppose that Assumption 1, (2.7) from Assumption 2, and (2.11) from
Assumption 3 hold. Let p > 2, and assume ”uO”LP(Q;H“f) < K. Then, there is a

unique mild solution u € C([0,T); L,(Y; H)) of (2.10). Furthermore, for a constant
C:C(B7K’L7M7T7ﬁ”y’p’p)7

(2.14) sup [|u(t)]l, vy < C-
te[0,T)

Proof. The existence and uniqueness of a mild solution u € C([0,T7; L,(Q; H)) of
(2.10) can be proved, even only under assumption (2.11), via a standard Banach fixed
point argument using (2.4) and (2.7); see, for example, the proof of [3, Theorem 3.3].
Therefore,

(2.15) lu(®)l L, @im) < C, t€[0,T],
which is (2.14) with v = 0. For v € (0, ), using (2.10), we have

w0y < IS@OllelluollL, ;)

t
+ / 1AZS(t — )]l F u(s)]| 1, ds

+ H /OtAls(t —s) dW(s)’ -

By using (2.7) with s = 0, (2.7), (2.11), (2.3), and (2.15), we obtain

t
lal iy < ol gy + L / JAZS(t — )]l (1+ ()|, ) ds

¢ 3
( [ 14%s(e - 904 s ds)

t
SC—I—C/ (t—s)" % ds
0

N

By using (2.4) and (2.7) again, we have

LP(Q§R)

1

P

A 1
A2Q§

(v=8)+4

A7z S(t—s)

+C,

2 3
ds) .

1
¢ 2
||U(t)||L, () <(C+ BC (/ (t — 5)71+(577)p ds) ,
P bl - O

where the integral is finite, since (8 — v)p € (0,1). This completes the proof. 0
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Remark 2. In the deterministic case, i.e., when W = 0, by following the proof of
Lemma 1, it is straightforward to prove that, assuming uy € H?27 for some ~v €10, p)
we have the regularity estimate

(2.16) sup ()] 2 < C.
te[0,T]

3. Full discretization. In this section we formulate a fully discrete method for
approximation of (1.1). We use the spectral Galerkin method for spatial discretiza-
tion in combination with a time discretization based on an exponential Euler type
method. We refer to the proposed time discretization method as the Mittag—Leffler
Euler integrator (MLEI) since the solution operator can be represented using the
Mittag—Leffler function, in case the convolution kernel b is the Riesz kernel as in our
main example (1.3). We give more details in section 4, where numerical examples are
presented.

Let 0 =1ty <t; < --- <ty =T be a uniform partition of the time interval [0, T,
with time step At =t,,41 — t, m=0,1,...,M — 1. Then, for m =0,1,..., M, by
using the variation of constants formula (2.10), we have

tm tm
U(ty) = S(tm)uo + S(tm — o) F(u(o))do + Sty —o)dW(o)
0 0
(31) m—1 tit1 tm
= S(tm)uo + Z / S(tm — o) F(u(o))do + / S(tm — o) dW (o),
Following the idea of exponential integrators, we formulate the MLEI as
mol et
(3.2)  Upm = S(tm)uo + Z / Sty —o)do F(U, / Sty —o)dW (o),
j=0 7t
where U; = u(t;), 7 =0,1,..., M, and where the convolution containing the nonlin-

ear term is approximated but the linear terms, including the stochastic convolution
integral, are computed exactly; see section 4 for details.

For spatial discretization, we define finite-dimensional subspaces Hy of H by
Hy = span{1,¢2,...,¢n}, where {p}72 | are the eigenvectors of A, (2.1). Then
we define the projector

N

(3.3) Pn:H — Hy, Pyv=>» (v,0c)pr, vE€H.
k=1

We also define the operator

(34) ANIHN—>HN, ANZAPN,

which generates a family of resolvent operators {Sy(t)}+>0 in Hy. It is known that
(3.5) SN (t)Pn = S(t)Pn,
(3.6) [A™(I = Pn)ll = sup A" =Ay,, v=>0.

k>N+1

The representation of Sy, similar to (2.5), is given by

’U—Zsk U(pk

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Therefore, the smoothing properties (2.7)—(2.9) also hold for Sy with constants inde-
pendent of .

Hence, the fully discrete approximation of (1.1), based on the temporal approxi-
mation (3.2), is given by

mol ety
Uylr\[ = SN (tm)Pnuo + Z / Sy (ty —o)do Py F (UJN)
(3.7) =0 "t

tm

+ SN(tm —J)PNdW(U),
0

with initial value UY = Pyug. Now we state and prove the main theorem, which
shows the strong rate of convergence.

THEOREM 1. Suppose that Assumptions 1, 2, and 3 hold and HUOHL4(Q~H7) <K.
Then, for a constant C = C(B,K,L,T,,p,v), we have

sup_u(tm) = UN |l oo < C (A7 +A07).
tm €[0,T]

Proof. By subtracting (3.7) from (3.1), we get
u(tm) = Upy = S(tm)uo — S (tm) Pty

S / t {8(tm = o) F(u(0)) = Sx (b — VPN F (U) } do

Jj=0

t]
tm
[ 18t~ 0) = Su (b — 0)Px} AW ()
0
By recalling (3.5) and taking norms, we obtain
lt) = UN ||y cmpy < IS ()L = PovYuoll oo

e[ St -t - P PGt a0

Lo (H)
m—1 t.
3.8 it
(38) +1> / Sty — 0)Pn (F(u(0)) — F(UN)) do
j=0 "t Lo (4 H)
tm 4
+ S(tm—d)(I—PN)dW(O’) = Il.
0 Lo(S:H) =1

We note that I, I, and I correspond to the spatial discretization error, while I3
corresponds to the temporal error.

1. Spatial error. The estimate of I; is a consequence of (2.7) with s = 0 and
(3.6), as

L < IS ()2l A7 (I = Prv) A% uoll )

(3.9) -3 -3
< C)‘N+1||u0||L2(Q;HW) < C>‘N+1'
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For I, by using (2.7) and (3.6), we have
tm
B [ IS - o)l
0
(3.10) x |AT7(I = Pn)| | F (w(0)] Lo :m) do
tm

<C [t = o) AT (o) iy do < OAL,

0

where we recall that yp < 1 and use (2.11) and (2.14) with p = 2,v = 0.
Now we estimate I. Using the It6 isometry (2.2), we have

1
2 2
do

HS

tm )
I < (/ |5t — o)1 =PI
0
P 5o o tm || (=m)+1 2 3
< HA 2 Q2 ||A7§(I7,PN)H£ / A P} S(tmio-) do ,
HS 0 HS

which, by (2.7), (3.6), and since (8 —v)p € (0, 1), implies
tm 2
(/ (tm — U)—H-(B—'v)p do)
HS 0

2. Temporal error. Here we estimate I3, i.e.,

1

P 1

B
AzQE

Ii < C)‘J_\L%H

(3.11)

e 4
< CAE,.

Iy = i / i+l S(tm — o)Pn(F(u(o)) — F (UY)) do

i=0"% Lo(H)
We use the Taylor expansion
F(u(0)) = F(u(t;)) + F'(u(t)) (u(o) — u(t;)) + Rr (o),

where the remainder is

Rp (o) = P ulty) +y(u(o) —u(ty)) ) (u(o) — ulty), u(o) — u(t;)) (L —7) dv,
0

to get
m—1l ot
I3 < / S(tm — 0)Pn (F(u(ty)) — F(U}Y)) do
7=0 71 La(H)
m=1 .t
+ / S(tm — o)PnF'(u(t))) (u(o) — u(t;)) do
j=0 71 Lo(H)
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By substituting u(o) and wu(t;) from the variation of constants formula (2.10) in the
second term, we have

7
(3.12) I3 <) Iy,
=1
where
mol et
Is 1 = / S(tm — o)Pn (F(u(t;)) — F (UJN)) do )
j=0 7t Ly (Q:H)
mol ety
Lp=|| > / S(tm — )P F'(u(t;)) (S(0) — S(t;))uo do ,
3=0 tj L2 (Q;H)
m—l et o
I3z = Z / S(tm — J)PNF’(u(tj))/ S(oc —1)F(u(r))drdo ,
j=0 7t t Lo(H)
m=l ety
Lu=|Y / S(tm — o)PNF (ult;))
j=0 7t
t.]
x/ (S(O’—T)—S(tj—T))F(u(T))deO’ ,
0 L2 (QH)
m—Ll et o
I35 = Z / S(tm — cr)’PNF'(u(tj))/ S(oc—7)dW(r)do ,
j=0 Yt tj La(S3H)
mol et
Isg=| > / S(tm — o)PnF' (ult;))
i=0 7%
tj
X / (S’(J—T) — S(t; —T)) dW(r)do ,
0 Lo (3 H)
and
mol ety
Li=| Y / St — 0Py Rir (o) do
j=0 "t Lo(QH)
First, using (2.11) and (2.7) with s = 0, we have
m—1
N
(3.13) Iy < MLAL Y lulty) = UN| L, o) -
3=0
To estimate I5 o, we have
i s 5
0o < 3 — -3 , — ,
has ) /t AES (b~ o) 4P ) (50) - S, o
m—1 tit1 s s o
_ / AbS(tn — o) AP (ut)) | S(ryuodr do,
=0 Yt t Lo (H)
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so that, using (2.12), (2.7), and (2.14) with p = 4, we obtain

ta+1

I3 <C Z /t (1 + [Ju(t ')||L4(Q;H’Y))
Jj=

X S(T)ug dr do
L —yllLsr)
m—1 J+1
_J J
<cz/ 2 / |[A™7S(r) A2 ug dr|| do.
La(QR)
Now, by (2.9), we have
= tﬁl T
Isa < Clluoll iy D 7 | P ldrde
7=0 tJ tj
C m—1 J+1
<— (@0 -t o) Fdo< ()2, — 1)),
P =0t

and, since vp € (0, 1), we consequently have
(3.14) I3 o < CAP.
Now we estimate I3 3 in (3.12). Using (2.11) and (2.7) with s = 0, we have

m—1l et o
Ls<Y / 1SCtm — ||/ uty)) [ S(o =7 Flu(r)) dr do

j=0 "t K La(H)

m—1 o
<Ly / IS(tm =)l [ 156 = el F@rD] g, drdo
tj
Z / / (1 + Ju(T))| 1y m)) AT do,
=0
which, by (2.14) with p = 2,y = 0, implies
(3.15) Iss < CAL.
To estimate I3 4 in (3.12), we have
Jj+1
13 4 < Z / — O')HL
s t‘j
A-SF (ulty) / (S(o — ) — S(t; — 7)) F(u(r)) dr do
0 Lo(QH)
mol et 5
-y / A3 St —o)HE
j=0 7t
t]
A_fF' / S (0 —7)do F(u(r))dr do,
ti L (Q4R)
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which, in view of (2.7), (2.12), and (2.14) with p = 2, implies

J+1 _6p
134<C’Z 4

L4(Q;R)

t; o L.
x/o /t |A=2S(—7)|,d0 ||F(u(r))HL4(Q;H)d7da,

J

Now, by (2.9) and (2.11), we have

J+1 _sp
134<CZ/ 2

7=0
x/ / (0—7)F1d0 (1 + [lu(r)llL o) dr do,
o Ji

which, together with (2.14) with p =4,y = 0, implies

m—1 ]_H , t; o -,
134<OZ/ a)—%/ / 0 —7)¥1d0 drdo.
0 t;

Then, computing the double integral as

t]' g "o fj
/ / (9—7)7_1d9d7—/ / —7) ¥ tdrdo
0o Jt t]

R

due to 22 € (0, 1), we conclude the estimate

(3.16) Is4 < CAL.

2 ae
0% —(0—t;,)7) do < —t.2 At,
( (0-1)%) a0<

T

We now estimate the terms in (3.12), which are affected by the noise. For I35,
using the fact that the expected value of independent processes is zero, and then the

Cauchy—Schwarz inequality, we have

1325_ Z/]+1 m_ )PNF/ / SO'—T)dW( )d
E /tJH J — 0)PnF'(u(t;))S(0 — ) dW () do
<ary / b — 0)PNF (ult;))S(o - 7) dW(7)

7=0
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Then, by the It6 isometry (2.2), (2.11) and (2.14) with p = 2,y = 0, we have

2

J+1
2, < At Z / / o YPNF (u(t;))S(o - Q3 |, drdo
_ 2
-1 " ti+1 o 2 -8+
<C’AtHA2Q2 Z/ / S(t —O’)H A7z S(oc—71)|| drde.
HS j—o /¢ tj £ C
Now, using (2.4) and (2.7), we obtain
ti+1
I35 < CAt Z / / (0 — )PP~ tdrdo < CALHPP,
¢ ¢
and therefore, we conclude the estimate
(3.17) I35 <
Now we estimate I3 . To this end, having
m—1 41
I < ’H’L - H
3,6 Z / o) -
s iy
A3 P (uity) / (S(o —7) — S(t; — 7)) dW(7) do
0 La(;H)
= 1
Z / S(tm — O’)H
§=0
X H / / 0 —7)dodwW (r) do,
LQ(Q;H)
and using (2.7) and (2.12), we obtain
I3 <C |1+ sup |[ju( )||L4(Q;H7)>
t€[0,T]
m_1 7+1
« / / / A=3$(0 — 7)Ao dW () do.
§=0 La(Q;H)

Then, by (2.14) with p = 4 and the Burkholder-Davis—Gundy inequality (2.3),

[ZEE 5

m—1
kéCZ/
j=0 Yt

_2°p
2

2
/ A25(0—1)d0 Q*

tj
X / dr do
0 t HS Li(4R)
g1 m—1 tit1
p 1 _%p
<C||A2 Q2 E / (trrL_a) 2
HS j=o /ti
1
2
—(’Y+/i)+1 .

/ta A S0 — 1)

J

x / a0 | ar| |,
0 L
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which, using (2.4) and (2.9), implies

2 2
tJ+1 o t 7 7+B)p _ 3
IS6<CZ/ 67 / (/ (9—7)(+2ﬂ) 2d9> dr
0 t;

From this and

t.

= C’/ I ((0 —T)%%%er (= ol g B=e )2(17—
0
tj 1, (B=2p L o \2

- C/ ((J —7T)P(o—T1)" 2 T —(t;—T) Pty —T) T ) dr
0
t; ) _ 2

C ((0 ety — ) BT (g ety — )BT ) "

)

C
tj 2
= C/O (t; — T)—1+(/3—v)p((o — )P — (t; — )P ) dr
tj
< CAtQWP/ (t; —7) e ar
0
_ 1y (B=7)p A 42
= C’tj At“7P,
we conclude the estimate

(3.18) Is6 < CAL”.

To estimate I3 7, the last term in (3.12), we have

I3 < Z/

y (2.7) and (2.13), this implies

tj+1

do.
Lo (S H)

=) 4 R

tjt1

m—1
h7gc§jl’ (tm — &) (o) = wt) 2y ) do
=07t

which, considering the fact that [1, Proposition 3.2]
o) — ulty)l oy < Clo — 1) %
we conclude the estimate
(3.19) I3 7 < CAP.
Finally, inserting (3.9)—(3.11) and (3.13)—(3.19) into (3.12), we have

m—1
[[ultn) — Urlr\z/HLz(n =€ (Atw + )‘N+1) +CAL Y [ulty) = Ujll o),
=0

which, by the discrete Gronwall lemma, completes the proof.
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Remark 3. We note that the temporal strong rate of convergence is (almost)
twice the rate of the backward Euler method combined with the first order Lubich
convolution quadrature used in [1, 11]. In particular, when @ is of trace class we
almost recover the deterministic order O(At) in time (cf. Remark 4).

Remark 4. For the deterministic form of the model problem (1.1), i.e., with W =
0, the rate is therefore O(At + )\;,11)), as expected. Indeed, recalling (3.9) and
Remark 2, we have

I < (IS(Em) [ 2| A77 (I = Pa) ATuo || < O lluoll2y-
We also recall (3.10), for which we have, in this case,
Iy < CAL (1 uol)-

Remark 5. To avoid the restrictive assumption that one has access to the eigen-
values and eigenfunctions of A, in theory, one may discretize (1.1) in space by other
means, such as the finite element method. Indeed, when A is minus the Dirichlet
Laplacian in Ly(D), then one has nonsmooth data error estimates for the finite ele-
ment method, at least for the main example (1.3) (see [15]), and the error analysis in
the present paper can be performed with a slight increase in technicality using these
nonsmooth data estimates. However, the corresponding algorithm would be difficult
to implement in practice. Indeed, if Sj denotes the finite element approximation of
S, where h is the finite element mesh size, one would have to simulate a Gaussian
random variable with covariance operator

tn
/ i (t)PaQPnSi(t) dt
0

which, even in the simplest case @ = I, is not practically feasible unless one has
access to the eigenvalues and eigenfunctions of the discrete Laplacian Aj. Therefore,
we have chosen to analyze the spectral Galerkin method for which the scheme is easily
implementable, but even in this case, this is true only when A and ) commute.

Remark 6. The feasibility of the proposed numerical scheme relies heavily on
whether one knows the scalar functions s from (2.6). This is the case for the Riesz
kernel (see section 4) or for the tempered Riesz kernel, but in general this leads to the
additional difficulty of solving (2.6), for example, by numerically inverting a Laplace
transform.

4. Numerical implementation. In this section we present the explicit form of
the solution of (2.6) in terms of the Mittag—Leffler functions. Then, we illustrate the
temporal strong order of convergence, to confirm the proposed rate in Theorem 1.

4.1. Explicit representation of the solution. First, we derive an explicit
representation of the resolvent family in terms of the Mittag—Lefler functions when b
is the Riesz kernel.

Recall that the one parameter Mittag-Leffler function F,(2), a > 0, is defined as

o0 k
z
E = _—
al2) kZ:O rak+1) “€©

where obviously Ej(z) = exp(z). By taking the Laplace transform of (2.6), when
b(t) =tP=2/T(p — 1), we have b(z) = 2! 7* and

1 2Pl

Sk(z) = 2+ Agzl=r - 2P+ N\
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which implies
Sk(t) = Ep(—Aktp).

Thus, the resolvent family is given by
(o]
=Y E (= Mt”) (0, 01)
k=1

To explain the computer implementation of the fully discrete method (3.7), we
note that

N
= E,(—t5,\) (v, 08) @k
k=1

Suppose that @ has the same eigenfunctions as A, so that Qu = > 7~ | k (v, pk)@rk-
Then, for each time step m = 1,..., M, the approximation U} defined by (3.7) is

given by UN = Zk 1 Un, N Ok, where for k=1,...,N,

J+1
Umk*E ( )\kt UOk+Z/ —U)p)dd Fk(UJN)

(4.1)
[ B At ok k(o)
0

and where ugr = (uo,¢x), Fr(-) = (F(-),¢x), and By, k = 1,..., N, are mutually
independent standard Brownian motions.

We note that the integrals of the Mittag—LefHler functions are computable, e.g.,
by means of a simple quadrature, say the trapezoidal method. For evaluating the
Mittag—Leffler function we use m1f.m from [19]. What one has to be careful with is
how to simulate, for fixed k, the random variables

tm 1
O(tm) ::/0 E,(=Xi(tm — 0)?)uE dBi(o), m=1,..., M.

Observe that the RM-valued random variable
N = (0(t1),...,0(tn))

is a 0-mean Gaussian random variable with covariance matrix
min(t;,t;)
(0= [ B Malti = ) B~ Malty — 0) o
0

Thus N' = L¢, where LLT = M, and ¢ is an RM-valued random variable with
independent standard Gaussian coordinates. This difficulty does not arise in the
memoryless case as there one can exploit the semigroup property of the solution
operator. In that case one only has to simulate the independent Gaussian random

variables & := ft exp(—~A(ti — 0))uf dBu(0), i = 1,..., M, and then take O(t,,) =
Zz:lexp( /\k( ))&,m:l,,,,7]\/[_
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4.2. Numerical experiments. Since the main contribution of this paper is
the temporal approximation, we only present a simplified numerical experiment with
uncoupled eigenmodes. More precisely, let u = >~ urpx and define the nonlinear
operator

(4.2) F(u) =Y f(ur)ps.

k=1

We simulate various coordinates of the numerical approximation; that is, we simulate
the random variables Uﬁ,k in (4.1) for various values of k, with y = 1 and A\, = k?7?
being the eigenvalues of the Dirichlet Laplacian in one dimension on D = [0, 1].

Since we are simulating scalar problems, the noise is trace class and we expect
the rate of convergence of the MLEI to be almost 1 according to the theory. We
also compare the performance of the MLEI to the backward Euler based convolution
quadrature (BE) proposed and analyzed in [11, 12] in the linear case and in [1] in
the semilinear setting. For BE the theory in [1] predicts a strong rate of almost 0.5
for trace class noise, although the conditions on f there are somewhat different to
the present setting and hence the rate could be higher for smooth additive noise. In
fact, in the scalar case we have ||A'QY?||us = A, < oo for any ¢ so that we have
smoothness of any order. But when )\ is large, this quantity is also large, making the
error constant large, and then we do not expect to see a higher rate than corresponding
to t = 0; that is, the trace class noise case (this is seen in Figure 1). This also explains
why, for smaller A\, we might occasionally observe a better rate than 0.5 for BE (see
Figure 2 with A2). Nevertheless, in all experiments the MLEI outperforms BE by far
and we experimentally see rate 1 for MLEI in all experiments.

We use 100 sample paths in all experiments. The computed solution is compared
to a reference solution with much smaller mesh size. We use the functions f(u) =
sin(u) and f(u) = 5(1 — u)/(1 + u?) and different values p = 1.2 and p = 1.75 (and
for Figure 3 also p = 1.5); the first being closer to the heat equation with solutions
dying out quickly (Figure 4), while the latter produces a more pronounced wave
phenomenon (Figure 5). For functions with larger Lipschitz constant, such as f(u) =
100(1 — u)/(1 + u?), we still get similar convergence behavior as shown in Figure 3.

The figure legends and captions explain the settings for the various experiments.

log, (error)

R e —©— MLELp=12
—O— MLEL p=1.75
-0 - BE, p=12
-16 - - -BE, p=1.75
— — = = Theoretical order 1
- ) ) ) ) ) i Theoretical order 0.5
-9.5 -9 -8.5 -8 -7.5 -7 -6.5 -6
log, (At)

Fic. 1. Comparison of BE and MLEI temporal rate of convergence with f(u) = sin(u), p = 1.2
and p = 1.75, and A3p = 90072,
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10 F

--©--BE. ),
-9--BE

—o— MLEL),
—O— MLELA,
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--------- Theoretical order 0.5

—o—MLEL),
—O—MLELA,
--©--BE,,

—&— BE.A
oretical order 1
ore

10

etical order 0.5

lngr,(At!

35 3

Fia. 2. Comparison of BE and MLEI temporal rate of convergence with f(u) = sin(u) and
Ao = 472, respectively, \10 = 10072, Left: with p = 1.2. Right: p = 1.75.

— - - MLEILp=12

=" -5 - MLEI p=15
& —&A— MLEIL p=1.75
) ) ) ) ) ssssnssn Theoretical order 1
7 -6.5 -6 -5.5 -5 4.5 -3.5 -3
log, (At)

F1G. 3. Temporal rate of convergence for MLEI with f(u)

1.75, and Ao = 472,

=5(1-u)/(1+u?), p=1.2,15, and

0.8

A

Mean(u)

=+ Realization 2

— — — - Realization 1 ||

0.6 1
-
=
= 0.4 B
0.2 *
e e
0r (s, ‘\ v < o e ‘.“.
oA ’
{74 Y,
0.2 1 1 1 1 1 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
t

Fic. 4. Solution behavior

with f(u) = sin(u), p = 1.2, and Ao = 10072.
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I
Mean(u)
—rmee Realization 1

Realization 2 | |

-0.5

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Fia. 5. Solution behavior with f(u) = sin(u), p = 1.75, and 19 = 10072.
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