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NUMERICAL APPROXIMATION OF STOCHASTIC TIME-FRACTIONAL
DIFFUSION

BaNcTI JINY*, YUBIN YAN? AND ZHI ZHOU®

Abstract. We develop and analyze a numerical method for stochastic time-fractional diffusion driven
by additive fractionally integrated Gaussian noise. The model involves two nonlocal terms in time,
i.e., a Caputo fractional derivative of order a@ € (0,1), and fractionally integrated Gaussian noise
(with a Riemann-Liouville fractional integral of order v € [0,1] in the front). The numerical scheme
approximates the model in space by the standard Galerkin method with continuous piecewise linear
finite elements and in time by the classical Griinwald-Letnikov method (for both Caputo fractional
derivative and Riemann-Liouville fractional integral), and the noise by the L?-projection. Sharp strong
and weak convergence rates are established, using suitable nonsmooth data error estimates for the
discrete solution operators for the deterministic inhomogeneous problem. One- and two-dimensional
numerical results are presented to support the theoretical findings.
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1. INTRODUCTION

In this work, we consider numerical methods for solving the following time-fractional diffusion equation driven
by fractionally integrated additive Gaussian noise, with 0 < a < 1,0 <~ < 1:

Ofu(t) + Au(t) = oI; W(t), Y0 <t <T, with u(0) = uo, (1.1)

where the notation ¢I;v(¢) denotes the Riemann-Liouville fractional integral of order v > 0 of a function
v:[0,T] — R defined by
1 t
IJo(t) = —/ (t — )7 to(s)ds
0 )
' L'(y) Jo
where T'(-) denotes the Gamma function defined by I'(z) = [;° s*"*e~*ds (for Rz > 0), with the convention
olpv(t) = v(t). For v € (—1,0), oI;/v denotes the Riemann-Liouville fractional derivative of order —y € (0, 1),
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defined by oI;v := (oI; T v(t))’. The notation d2v(t), 0 < o < 1, denotes the Caputo fractional derivative of
order « defined by [27], page 91.
v (t) = oI}~/ (1).

In the model (1.1), the operator A denotes the negative Laplacian —A with a zero Dirichlet boundary
condition in a convex polygonal domain D C RY(d = 1,2,3), with its domain D(A) = H}(D) N H?(D).
The noise W(t) is given by a Wiener process with a covariance operator ) on a filtered probability space
(Q, F,P,{Fi}1>0), with {F;}+>0 being an increasing filtration of o-fields F; C F, each of which contains all
(F,P)-null sets. Let E denote the expectation (with respect to P). The function ug is an Fp-measurable random
variable, and belongs to L?(D) or its subspace. In order to ensure the well-posedness of problem (1.1) ([12],
pp. 1473-1474), we assume the following condition:

ae(0,1), y€l0,1] and o+~ >1/2. (1.2)

The deterministic counterpart of the model (1.1), commonly known as subdiffusion, has been extensively
studied in the literature over the last few decades [25], due to its numerous applications in engineering, physics
and biology [37]. The term oI} W (t) in the model (1.1) is to describe random effects on transport of particles
in medium with memory or particles subject to sticking and trapping [12]. The fractionally integrated noise
ol W(t) reflects the fact that the internal energy depends also on the past random effects. In recent years,
stochastic fractional diffusion, e.g., the model (1.1), has been very actively researched [5,10-12,32]. Chen et al.
[12] studied the L? theory of (1.1) in both divergence and non-divergence forms. Anh et al. [5] discussed sufficient
conditions for a Gaussian solution (in the mean-square sense) and derived temporal, spatial and spatiotemporal
Holder continuity of the solution. Chen [10] analyzed moments, Holder continuity and intermittency of the
solution for 1D nonlinear stochastic subdiffusion. Liu et al. [32] analyzed the existence and uniqueness of the
solution to (1.1) with fairly general quasi-linear elliptic operators; see also [17,33] for further analytic results.

To the best of our knowledge, there seems no work on the numerical analysis of the stochastic time-fractional
PDEs driven by fractionally integrated Gaussian noise, except in a few special cases (to be described below). Tt is
precisely this gap that we aim at filling in the present work. Specifically, we develop a numerical scheme for problem
(1.1), based on the standard Galerkin finite element method (FEM) with continuous linear finite elements in space,
the classical Griinwald-Letnikov method (i.e., backward Euler convolution quadrature [24,34,35]) in time (for both
Caputo fractional derivative and Riemann-Liouville fractional integral) and the L2-projection of the noise, cf. (3.3).
The scheme combines discretization techniques for subdiffusion [24] and stochastic heat equation [39], and it is easy
to implement. We prove nearly sharp strong and weak convergence rates for the fully discrete approximation in
Theorems 5.1 and 5.2, respectively, which represent the main theoretical contributions of the work.

The proofs employ well established stochastic error analysis tools from the SPDE community. The strong
convergence analysis employs an operator theoretic approach, which was first developed in the work [39] for the
stochastic heat equation and subsequently used in many works. In the analysis, one crucial ingredient is certain
nonsmooth data error estimates for the solution operators associated with the deterministic inhomogeneous
problem, i.e., the semi-discrete and fully solution operators; see Ej(t) in (4.4) and B; in (4.5) in Section 4.1.
Due to the presence of the fractional integral operator oI, such estimates differ greatly from that for standard
subdiffusion, and are still unavailable. We employ Laplace transform and generating function [35] to derive the
requisite nonsmooth data estimates, which represents the main technical novelty of this work. We refer interested
readers to [13,23, 24,26, 36] for related works on nonsmooth data estimates for deterministic subdiffusion; see
also the survey [25] and the references therein. For the weak convergence, we employ a powerful tool, Malliavin
calculus, recently developed in [3]. This approach is more involved than the Kolmogorov’s equation based
approach [4], but it can be generalized to the weak convergence analysis of semilinear equations [3] (see Rem. 5.4
for further details). The technique in [3] relies on a new family of Sobolev-Malliavin spaces that capture the
temporal integrability of the Malliavin derivative, and a new Burkholder type inequality in the dual norm of
these Sobolev-Malliavin spaces. The challenge lies in deriving the error estimate in the dual norm of refined
Sobolev-Malliavin spaces.
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TABLE 1. Strong and weak convergence rates for the numerical scheme (3.3) with up = 0 and
trace class noise, and compared with the standard stochastic heat equation.

(a,7) Strong (o, 7) Weak

(1,0)  O(h+727¢) [39] (1,0) O(h? +7'°)

v < 1/2 O(hQ,I*a?’Y,e + Tmin(l,a+’yf%75)) v < 1—Ta O(h4iwie + Tmin(l,aJr’ny))
> 1/2 O(h2 + Tmin(l,chr'yf%fe)) v > 1—Ta O(h2 + Tmil’l(l,OéJﬁ’Y*E))

Theorems 5.1 and 5.2 indicate that the fractionally integrated Gaussian noise oI, W(t) induces convergence
behaviors substantially different from that of stochastic diffusion. In particular, the fractional order v can exert
strong influence on both strong and weak convergence rates: dependent of the v value, with h and 7 being the
mesh size and time step size, respectively, the spatial convergence rate may reach O(h?) and thus the temporal
convergence rate O(7) in both strong and weak sense, and the usual dichotomy of the weak temporal rate
being twice the strong one is generally not valid; See Table 1 for convergence rates when the Wiener process
W (t) belongs to trace class, where the results for stochastic diffusion (i.e., (o, ) = (1,0)) are also given for the
purpose of comparison. In the table, € is an arbitrarily small positive constant. Further, the results for stochastic
diffusion are recovered upon letting o — 1~ and v — 0F. These theoretical findings are fully supported by the
extensive numerical experiments in one- and two-dimensions in Section 6.

To the best of our knowledge, there is no work on the numerical analysis of the general model (1.1), except
some special cases, which we describe next. First, the model (1.1) represents the fractional analogue of the
classical heat equation (but with a nonstandard noise term), and recovers the latter model for the special choice
(o« = 1,7 = 0). Thus, naturally our results generalize that for the stochastic heat equation; see Table 1 for
the case of trace class noise. The literature on the stochastic heat equation is vast. See, e.g., [1,16,39] for
strong convergence, and, e.g., [4,9,15], for weak convergence, and interested readers are also referred to the
surveys [22,30] and references therein for further pointers to the vast literature. Our overall proof strategies
are inspired by the works [39] and [3], respectively for the strong and weak convergence analysis. Second, the
stochastic fractional model (1.1) was studied earlier for the case v = 1 — « [31], where the strong convergence
of a discontinuous Galerkin method in time was analyzed; see also [21] for a related fractional-order model with
white noise. We also refer interested readers to [2,28,29] for strong and weak convergence rates for numerical
approximations of (linear/semilinear) stochastic Volterra equations, which involve more general kernels, but
their smoothing properties differ from that for the model (1.1).

The rest of the paper is organized as follows. In Section 2, we give preliminaries on Wiener process and
Malliavin calculus. In Section 3, we describe the numerical scheme, and in Section 4, we derive crucial nonsmooth
data error estimates for deterministic subdiffusion. The strong and weak error estimates are given in Section 5.
In Section 6, we discuss the implementation of the noise, and present numerical results to support the theoretical
analysis. In Appendix A, we present some regularity results. Throughout, the notation ¢, with or without a
subscript, denotes a generic constant, which may differ at each occurrence, but it is always independent of the
mesh size h and the time step size 7. Further, € > 0 is always a small positive constant.

2. PRELIMINARIES
In this section, we collect preliminary facts on Wiener process and Malliavin calculus.

2.1. Wiener process

Let (U, || lu, (,-)v) and (V, || |lv, (-, -)v) be separable Hilbert spaces. Let L(U; V') be the Banach space of all
bounded linear operators U — V', and we denote L(U) = L(U;U). L2(U; V) C L(U; V) denotes the subspace



1248 B. JIN ET AL.

of all Hilbert-Schmidt operators, with norms and inner products respectively given by

1Tz, w0y = D NTusller (S,T) =D (Suy, Tug)v.

jEN JEN

Both are independent of the specific choice of orthonormal basis {u;};en.

Let H = L?(D) with the norm || - || and the inner product (-,-). A Wiener process W (t) with covariance Q
may be characterized as follows. Let Q be a bounded, linear, selfadjoint, positive definite operator on H, with
the pairs of eigenvalue and eigenfunction denoted by {(ve¢, e¢)}9°,. Let Hy = Q% H be the Hilbert space endowed
with the inner product (u,v)y, = (Q~2u, Q™ 2v). Let {Be(t)}32, be a sequence of real-valued independently
and identically distributed (i.i.d.) Brownian motions. Then the series

W(t) =3 i edBilt), (2.1)
=1

is a Wiener process with covariance operator Q. If @ is of trace class, i.e., Y ,0 7 < oo, then W(t) is an
H-valued process. If @ is not of trace class, e.g., @ = I, then W (t) does not belong to H, in which case W (t)
is called a cylindrical Wiener process ([14], Chap. 4).

The notation £3 = Lo(Hp; H) denotes the space of Hilbert-Schmidt operators from Hy to H, i.e.,

L9 = {cp € L(H): Y |[2Qb e < oo},
=1

with the norm || - || ;o defined by
o0 1
I@leg = (Y lo@ied?)”,
=1

where {e/}72, is an orthonormal basis of H. This definition is independent of the choice of the basis. For any
® € L?(0,T; LY), f(f O (s)dW (s) is well defined in the sense of stochastic integral ([14], p. 95).
For any p > 1, we define the space of H-valued p-integrable random variables by

(@ H) = {o: o] = /Q Jo(w)I” dP(w) < oo},

with norm ||v[| s (o) = (E||v||p)%. Similarly, we define the space LP(; V) for a Banach space V.

2.2. Malliavin calculus

In this part, we recall some concepts related to Malliavin derivatives of H-valued random variables, which
will be employed for deriving weak convergence rates. More details can be found in [3,30]. Let G7°(R"; R) be the
space of all infinitely many times Gateaux differentiable mappings ¢:R™ — R such that ¢ and all its derivatives
satisfy a polynomial bound. Let B(H;R) denote the Banach space of all bilinear mappings b:H x H — R
equipped with the norm

b (u1,uo
[blls(rrir) =  sup b, va)],
0tur,useH  |[ur]l|uzl|

For any £ > 2, let ® € Qg’é(H;R), with

193 ()| gz }
= WlswHR)

GHH;R)={®: H — R, |®| 2e p -
: { o en (L4 [uly?)

HR) = 5
u
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where ®(2) (u) € B(H;R) denotes the second-order Gateaux derivative of ® € gg’f(H; R) at u € H.
For ¢q € [2,00], S4(R) denotes the class of smooth cylindrical random variables of the form

Ff/gbldW /andW)

where f € G°(R™R) and {¢p}r_, C L9(0,T;L2(H;R)), n € N. (Recall that the space Lo(H;R) is defined
by Lo(H;R) = {® € L(H;R): Y2, |®Qz e, < o0}, where L(H;R) denotes the Hilbert space of all bounded
operators from H to R and | - |g denotes the Euclidean norm in R.) For F € S?(R), we define the Malliavin
derivative by

Zaf ([ 0w [ ouame) ao0) o e

Note that DF(0) is an Hyp-valued stochastic process.

Next, we recall the Malliavin derivative for H-valued random variables. Let S?(H) be the space of all H-
valued random variables of the form Y = 7" | v; ® F; with {v;}, C H, {F;}I, C SY(R), m € N, where ®
denotes the tensor product. Then the Malliavin derivative of Y € S9(H) is defined by

= v ® DF(0)
i=1

Since DF;(0) is an Hp-valued stochastic process, DY (o) is an H @ Hy = L3-valued process.
For p € [2,00),q € [2,0¢], SU(H) C LP(Q%; H) is dense ([3], Lem. 3.1). Further, the operator D:S(H) —
LP(Q, L9(0,T; £9)) is closable ([3], Lem. 3.2). Let M1?9(H) be the closure of S%(H) with respect to the norm

S =

”Y”MLP’Q(H) = (HY”Lp O H) + ||DYH€/P(Q;L(1(O7T;[:3)))

Then MYP4(H) are Banach spaces, densely embedded into L2?(Q2; H), and M“P4(H) C L*(Q;H) C
MYP9(H)* is a Gel'fand triple. Further, we denote M1P(H) = MYPP(H) and M'P(H)* = M1PP(H)*

We shall use frequently Burkholder’s inequality ([14], Lem. 7.2 and [3], Lem. 3.5). For any exponent p > 1,
p’ > 1 denotes its conjugate exponent, i.e., p’1 +p o,

Lemma 2.1. For p > 2, let (®(t))icpor) be a predictable and L-valued stochastic process such that
HCI)HLP(Q;LZ(O,T;LEJ)) < 00. Then there hold

|| / Ol sty < Bl poanzeorc0): (2.3)

R (2.4
Last, we recall one result on the chain rule for Malliavin derivative ([3], Lem. 3.3).
Lemma 2.2. Let U,V be two separable Hilbert spaces and v € CH(U; V) satisfy for u € U
Iy@llv < e+ [lullg™)  and ' (@)llwy < e+ [lullg),
for some r > 0. Then for u € MHI+MP9(U) with p > 1 and q > 2, y(u) € M*P4(V) and

Iy @llareaqy < e+l aimmew,)  and  Diy(w)](o) =+'(w)D[u)(0), o € [0,T].
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3. NUMERICAL SCHEME

Now we develop a numerical scheme for problem (1.1) based on the Galerkin FEM with conforming piecewise
linear FEM in space, Griinwald-Letnikov formula in time, and L?-projection of the noise W (t). Let 7}, be a shape
regular quasi-uniform triangulation of the domain D, and X;, C H}(D) be the space of continuous piecewise
linear functions on 7;,. On the FEM space X}, we define the L?(D)-projection P,:H — X}, by

(PhUaX):(va)a VUGH,XGXh
Further, let Ap:X;, — X be the discrete analogue of the negative Laplacian A, defined by
(Ahvv X) = a(”aX)a VUaX € th

where a(v, x) = (Vv, V) is the bilinear form associated with A. Then the semidiscrete Galerkin FEM scheme
reads: Given up(0) = Phug, find up(t) € X} such that

O%up (t) + Apup(t) = oI] PLW(t), YO <t <T. (3.1)
For the time discretization, let ¢, = n7, n = 0,..., N, be a uniform partition of the interval [0,7] and

7 = T/N the time step size. We approxunate the Rlemann—Llouvﬂle fractional integral/derivative oI v(t,) by
Griinwald-Letnikov formula (with v* = v(t))

ol v( HZb‘ Dok, (3.2)

where the weights b;f”') are generated by power series expansion (with §({) =1 —():

_ Z b§f’7) Cj .
=0

The coefficients bgfﬁf) can be computed efficiently via a recursion formula. Since d¢u = oI, *(u — u(0)) ([27],
p. 91), upon letting f© = 0 and

fk :7’71]:’;LAVV]€7 with AWk :W(ﬁk)*w(tk—l)y k= 172a-~~7N7

the numerical scheme for problem (1.1) reads: find U™ € X}, such that
77N B (UF —U0) + AU = Y 0T n=1,2,. N, (3.3)

with the initial data U® = up,(0). We refer to Section 6.1 below for further implementation details of the term
f*. Note that at the time step n, the scheme employs all preceding numerical solutions U* and source terms
f*. and thus the computational complexity per time step grows linearly, resulting a quadratic growth of the
overall complexity.

4. NONSMOOTH DATA ESTIMATES

In this part we prove certain nonsmooth data error estimates.
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4.1. Solution representations

First we give the solution representations, which are useful for nonsmooth error analysis below. Problem (1.1)
admits a unique mild solution of the form

t
u(t) = E(t)ug Jr/ E(t—s)dW(s), (4.1)
0
where the solution operators E and E are respectively defined by

1 _ 1
E(t)=— / 27 (2 + A)7ldz and E(t) = — / (2% + A)7ldz. (4.2)
2mi T 2mi T

Here the contour I is a line in the complex plane C with £z = a > 0 for some a > 0. One can deform I" to
Tos:={z€Cz=ret? r>5lU{z € Cz=de"% |p <0} for some § > 7/2, oriented with an increasing
imaginary part. The representation (4.1) can be derived from Laplace transform as follows. Let g:R; — H be
subexponential, i.e., for any € > 0, the function ¢t — g(t)e ¢ belongs to L' (R, H). We define Laplace transform
9:Cy — H by g(z) = fooo g(t)e *tdt, where C, = {z € C, Rz > 0}. Then by applying Laplace transform to the
following deterministic problem

O u(t) + Au(t) = ol/ f(1),

~

with u(0) = ug, and using the identities (‘3/?\11(2) = 2°U — 2% L ([27], p. 98, Lem. 2.24) and O/I;’\f(z) =z"7f(2)
(for v > 0) ([27], p. 84, Lem. 2.14), we obtain

290(2) — 22 g + Aii(z) = 277 (),
pe., U(z) = (2% + A)7 120 lyy + (=% + Al A(z) Then by inverse Laplace transform, we obtain (4.1). It
is worth noting that the operator E(¢) differs from that for standard subdiffusion, due to the presence of the

fractional integral operator oI, .
The analysis below relies on smoothing properties of E(t) and E(t) in the space H"(D). For any r € R, let

r

the space HTQD) = D(A?) with the norm given by |v|, = [|A2v||. We use extensively the following estimates
on E(t) and E(t) below.

Lemma 4.1. For p,q € R with 0 < p —q < 2, there hold
B, <t~ lol, and |E@t)el, + 8B (¢, < ct=o " Hor Dy
Proof. Recall the resolvent estimate ([6], Example 3.7.5 and Thm. 3.7.11)
I(z+ A)TH < eglel ™, ¥z € Ty ={0# 2 € Clarg(2)| < ¢}, Vo € (0,7). (4.3)

Then simple computation gives [|A" (2% + A) Y| < ¢|z["*=* for z € Xy and r € [0, 1]. Thus, taking § = ¢!
in the contour I'p s leads to

|E(t)vl, < / e[ AT (2 + A)|l|dz][| A% )|
Tos

0 0
< c|v\q(/ ) et”cosgp%a_ldp—i—ct_%a/ed(b) < et~ =,
t— —_

This shows the desired estimate on E(t), and the other follows similarly. O
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Likewise, the semidiscrete solution up(t) € X, to problem (3.1) is represented by
t
uh(t) = Eh(t)PhUQ + / Eh(t - S)Pde(S),
0

with the discrete analogues of E(t) and E(t), defined by

1

En(t) = Gy

1
/ 222" + Ap) Mz and  En(t) = — / ez (2 + Ap) "tz (4.4)
To.s 27 Jr, 5

Next, we give a representation of the fully discrete solution U™ to the scheme (3.3). For a given sequence
{f™}52, the generating function is given by f((), i.e., f({) = Yo"y f™¢". Next we introduce operators B; by

(Q) =D Bi¢? with B(Q) = 1+¢(7*6(Q)" + Ax) 7 715(0) . (4.5)
j=0

Proposition 4.1. The solution U™ to the scheme (3.3) is given by
=Ul+7Y _ Bu_gnf*, withn=1,2,..., (4.6)

where UJ? is the fully discrete solution to the homogeneous problem of (3.3).

Proof. We split U" into U™ = U}* + U, where U]’ and U;* are the solutions to the homogeneous and inhomo-
geneous problems of (3.3), respectively, where U satisfies

n n
TN O UE AU =Y R n=12,
= k=0
with U? = 0. Multiplying both sides with £ and summing over n from 1 to co yield

Z (an“>kUk)c“+Z (AU )" _Tvz (Zb( V)fk)cn.
n=1

n=1

Since UP = 0 and f° = 0, by discrete convolution rule and the definitions of [Z(C ) and f(( ),

> (Z HOU8) ¢ = 50 T¢) and Y (Z b ) ¢ =60 F(Q),
n=1 n=1
from which it directly follows _ N
U:(¢) = (r8(0)" + An) " 778(0) 7 F(0):
By the defining relation (4.5) of B and noting f° = 0, we have

ﬁxozr%f(oﬂi(TSB W) = fj(znjBn A I
k=0 k=1

n=1

which implies directly the desired relation. O

The next result holds for the solution U]’ to the homogeneous problem ([24], Thm. 3.5).

Lemma 4.2. Let u(t,) and U]} be the solution of homogeneous problem and its fully discrete approzimation by
the scheme (3.3), respectively. Then there holds for 0 < g <2

_ q q—2
U7 = u(ta)ll < e(rtn 2% 4+ 2t “)|uolq-
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4.2. Nonsmooth data estimates

Now we derive some important error estimates for Fj and Bj, which are crucial for the error analysis of
the scheme (3.3). First, we give spatial discretization errors. On the space X}, for any r € R, we define the

norm |||x|||» = ”A}%X”LQ(D)a which is the discrete analogue of the norm |- |,.. Clearly, ||| - |||o coincides the usual
L?(D)-norm. Further, on quasiuniform triangulations 7y,, for g € H"(D) with 0 < r < 1, there holds

I[Prglllr < clglr-

In fact, the case r = 0 follows by the L?(D)-stability of P, and the case r = 1 by the H'(D)-stability of Pj,.
The case r € (0,1) follows by interpolation. Further, the following bound holds

14, 2P A3 <e, 0<s<L. (4.7)

Indeed, the case s = 0 is trivial. Meanwhile, by Thomée [38], (3.15) ||A;%th|| < |v|_y for all v € H-Y(D).
Hence, \\A,:l/?PhAl/zH < 1, and by interpolation, the bound (4.7) follows.

The operator Ej,(t) satisfies a smoothing property similar to Lemma 4.1. The proof follows from the resolvent
estimate for Ay ([38], p. 93):

(2 + An) 7Y < eglz|™, Vze D, Voe (0,m).

Lemma 4.3. For p,q € R with 0 < p—q < 2, there holds
NER @)y < et ZHEPD x|l Vx € Sh

The next lemma gives an error estimate on Ej,.

Lemma 4.4. Let 0 <s<1and0<r <2 withr+ s <2. Then there holds
A5 (B(t) = En())Py)] < ct3o+1=1p2==,

Proof. Fix g € L*(D). In the case s = 0, by (4.2) and (4.4), there holds

I(E(t) — En(t)Pn)gll < /F (2% + A) = (2 + Ap) T Pa)gll2] 77| dzl.

Since [|((z® 4+ A)7t — (2% + Ap) 71 Py)g|| < ch?|g| for all z € Xy (cf. [19], p. 820 or [8], Lem. 3.4), we have
I(E(t) = En(t)Pr)gll < ct”~ 12| g]l.
Meanwhile, by Lemmas 4.1 and 4.3 and the triangle inequality,
I(E(t) = En(t)Pu)gll < ct*™7Hg]].
Similarly, for s = 1, there hold
|A%(E(t) = En(t)Pu)g|l < et 'hllgll and || A% (E(t) — En(t)Pa)gl| < et 7 gl].
Now the desired assertion follows by interpolation. (]

Now we analyze the temporal error of the approximation B,, P,. We begin with an integral representation of
B, Py.
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Lemma 4.5. For g € H, the function V" = B, Pyg is given by (with I'y s = {2 € 'y 5:[Sz| < 7})

1
V= — et (175 (e7*T)* + Ap) M 8(e7*T) T Pg dz.
2mi Iy s

Proof. Direct computation gives (with V° = 0)

O =3V =3 BuPagl" = (3 BaC") Pag.
n=0 n=1 n=1
The defining relation (4.5) for B(¢) and B, leads to

V(¢) = (B(Q) = DPug = (T~ 6() + An) 777 16(¢) ¢ Prg.

By Cauchy integral formula, we have, for small p > 0:

¢TMTIV(C) de.

V" = B, P,
" o I¢|=p

zZT

The assertion follows by changing variables ¢ = e™*” and then deforming [(| = p into I'j ;. |

With Lemma 4.5 and the resolvent estimate on Ay, the following smoothing property and error estimate on
B,, follow easily (see, e.g., [24]).

Lemma 4.6. For any s € [0, 1], there hold

JAZ B, < 60527 and ||AZ(En(tn) — Ba)Pal| < ertl 2072,

For any s € [0, 1], we define an index s* = s*(«,7) by

. {oo7 if (1-5)a+~y—-12>0,
s =

2 .
W 5 otherwise.

For s* > 2, s should satisfy the condition s < 2 — % Then the following property holds for B,,.

Lemma 4.7. For any s € [0,1] with s < 2 — =2% and p € [2, 5*), there hold

n
™3 1B Pallly < cll A7 2

Proof. By Lemma 4.6, we deduce

n n
7Y NBaiPully <73 1A BuojllP[l A, P A |P| A5 7,

j*l
(AI=5)aty—Lp) 4—=
<c¢Ztn T IATE Iy < oo
where the second line follows from (4.7) and the choice of the exponent p. O

Last, we give an important error estimate. It is the main result of this section, and crucial to both strong
and weak convergence. Recall that p’ is the conjugate exponent of p > 1.
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Theorem 4.1. For any 0 < s <1, p € [1,s*), there holds

1 ptin . 1/p ra g 1
(Z/ ||A5(E(tn7t)an_jPh)”pdS) e e Rt O

withn = (1 — 5)a+v — —, and the exponents r and p given respectively by
(%(p,_l _7)72_5]7p/7< 17 7, n < 1>
re < (0,2 — s, py=1, and p=<{1l—en=1,
[072_8]7 p/’7> 17 17 77> 1

Proof. By the triangle inequality, we split the left hand side (LHS) into

nol et . _ 1/
was < (3 [ AR B -0 - Bult, - 0Pl ar)
j=0 "t
n—l et . _ 1/p
(X [ 14 Butta — 0P~ Bult ~ )P0
j=0 "t

1 i _
Z/ | A3(B(tn —t,) — Bu_yPp) \pdt) le/”
=07t

It suffices to bound the three terms I;. By the choice of the exponent r, (5 +v — 1)p > —1, and thus, by
Lemma 4.4,

tn
I < Ch(2—s—T)P/ (tn _t)(%-i-’v—l)zldt
0
B

For the second term Is, simple interpolation between s = 0,1 allows replacing A with A, and thus
I < Z/ A2 (B (tn — 1) — En(tn — 1)) PulPdt

+/ ||A (E}L( n ) Eh(T))Pthdt = 1271 + 12,2.
tn—1

For the summation I5 1, by Holder inequality and the smoothing property of E;L(s),

S

n— tit1
I zz/t y AR B (b — ) PadtPds

tJ 1
/ ||A Bl (tn — )PP dtds
t

t

< CTP/ ||A2Eh( )IPdt < CTP/ t(A=2)atr=2)pqy,

By the definition of 1, p((1 — §)a 4+~ —2) = p(n — 1) — 1, and then direct computation leads to

TP, n <1,
12’1 <c TPL,, n=1,
Tptﬁ(nfl), n>1,
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with ¢,, = In(1 +¢,,/7). For the term I5 5, by the triangle inequality and Lemmas 4.3 and 4.6, we deduce
Iy < C/OT |A,§Eh(t)||pdt+c/0T |AZ By (r)|Pdt
< C/T t(A=3)atr=Dpqs 4 op((A=F)aty—Dp+l < erP,
0

where the last step is due to the choice of the exponent p € [1, s*). For the last term I3, by Lemma 4.6,

noloeti _
=X [ AR B 1) - Ba
j=0"t

n—1 7—1777, n< 17
< CTp+1 Z(tn+1 — tj)((l—%)a—i—'y—Q)p <c szna n= 1,
j=0 B A n> 1.
Combining the preceding estimates on I;s completes the proof of the theorem. (I

Remark 4.1. Note that for p € [1,5*), n > 0 and %(p’*1 — ) < 2—s, and thus the condition on r makes
sense. The fractional orders «,y, the noise regularity index s, and the integrability index p all enter into the
final error estimate, and their properly balancing gives the best possible rate.

5. STRONG AND WEAK CONVERGENCE
This part gives the strong and weak error estimates of the numerical approximation by the scheme (3.3).

5.1. Strong convergence

Now we can state a strong convergence result in LP(Q; H) with p > 2.
Theorem 5.1. Let u(t,) and U™ be the solutions of problems (1.1) and (3.
for some s € [0,1] with s <2 — =2 then for any p € [2,s*) and up € LP(;

3), respectively. If ||A~ 2||Lz < 00
s H9(Q)), 0 < q <2, there holds

ra _ 1
laltn) = U™l o osrny <elrtn 3%+ h207 Yol o ooy + C(tid T ER277 4 gmax(n=1.0)71e)

withn = (1 — 5)a+v — 5 and the exponents r and p given respectively by

(%(%_7>72_8] ’y<l m, 77<1a
req (0,2 —s, 'yf%, and p=< l—¢n=1,
[0,2 — g], v > 35, 1, n> 1.

Proof. By the triangle inequality, we have
lu(tn) — U™ or:my < 1E(n)uo — Up'llLe:m)

j+1
+||Z/ (E(t — By i P)AW () || Lo (o) o= I + I1.

By Lemma 4.2, it suffices to bound II. By Burkholder’s inequality (2.3), since |A~3 || c2 < oo, there holds
2 AR 2
12 < CZ/ —t) = By P 2odt

, R
<A S / |43 (B(t, — ) — By P)dt
j=0 "t

Then the desired assertion follows from Theorem 4.1 with p = 2. O
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Remark 5.1. The condition s < 2 — % requests that the noise W(¢) should not be too rough, and the
condition always holds for trace class noise, since o+~ > 1/2, ¢f. (1.2). This restriction stems from the limited
smoothing property of the solution operator E(t), c¢f. Lemma A.1. For ug = 0 and trace class noise, i.e., s = 0,
the following statements hold:

— The spatial convergence rate is O(h2~ =" —) for v < 1/2, and O(h?) for > 1/2. The former is due to the
limited smoothing property of E(t), and it may be enhanced to O(h?) for smoother noise.

— The temporal convergence rate is O(Tmin(l’“"”y_%_e)). When v = 1 — a, it is O(72 ), which coincides with
that for the stochastic heat equation [39], but the spatial convergence rate is O(h?) only if o < 1/2 or the

noise has extra regularity.

These convergence rates agree with the regularity results in Theorems A.1 and A.2 in Appendix A.

5.2. Weak convergence
For the weak convergence, first we give a Malliavin regularity of the solution to problem (1.1).

Proposition 5.1. If [|[A~2 0,1] with s < 2 — =2 then for any p > 2 and q €

[2,s*), and for any ug € LP(Q, Hq(Q)), 0 < q <2, up to modification, there exists a unique stochastic process
u:[0,T] x Q — H satisfying (4.1) such that u € C([0,T); MYP9(H)).

Proof. The proof is similar to ([2], Prop. 4.4), and thus we only give a sketch. First, we show u €
L?(0,T; M*2(H)). This can be done by first proving [U"||ar1.2¢sy + |U™ | ar1e2 < 00, by straightforward cal-
culation of the term D[U"](o) (see [2], Prop. 4.3), and then proving the error estimate of ||u(t,) — U™ | 12 (0;m)
by the argument of ([2], Thm. 4.2). Then a limiting procedure gives u € L?(0,T; M?(H)).

Since u € L2(0,T; MY2(H)), we may apply ([18], Prop. 3.5 (ii) or [3], (3.8)) to obtain the Malliavin derivative
of the solution w: for any ¢ € [0, 7],

D[u(t))(c) = {()D’[E(t)uo](g) + D[y E(t —s)dW(s)](0), gfffg}

_[E(t—-o0), 0<t<T,
10, 0<t<o.

Then the smoothing property of E(t) in Lemma 4.1 implies
||D[u(t)]||%p(Q;Lq(07T;Lg)) = ”D[ ( )]HLp(Q L‘I(O t; 50

= 1Bt = L 0ic) / 1Bt = )[4y ds
SCIIA_SII‘]LO/ s(A=3)atr=1aqg « o
2Jo

where the last inequality is due to the choice of the exponent g. O

The next result gives a similar bound on the discrete solution U™.

Proposition 5.2. If ||A’%||Lg < oo for some s € [0,1] with s < 2 — %, then for any p > 2 and q € [2,s%),
and ug € LP(; HY(2)), 0 < ¢ < 2, the solution U™ to (3.3) satisfies NU™ | armaay < c.

Proof. By the representation (4.6), we have

T n—1

||U"||LP(Q;H) S ||U}?||LP(Q7H) + H/ ZX[t 7 +1) Bn ]Pde( )‘ = _[1 +I2
0

Lr(;H)
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In view of Lemma 4.2, it suffices to bound the second term I». By Burkholder’s inequality (2.3) and Lemma
4.7 with p = 2, we get

n—1 n—1
1
I, < ¢ Z X[tj,tj+1)(S)Bn—jPhHLZ(O,T;L'g) = C(T Z HBn—jPh”%:g) ? < oo
— =

This directly implies ||U"||1r.m) < ¢. Next we bound the Malliavin derivative D[U"](c) of U™, o €

[0,7]. By applying the Malliavin derivative to the representation (4.6) termwise and noting the identity
D[f"*" BujPhdW ())(0) = X1, 1,1)(@) By P ([3], Prop. 3.16), we obtain

ZX[t],t +1) o) B iPn, o€ [0, T7.

Hence, by Lemma 4.7, there holds

||D[U7LH|LP (Q;L9(0,T;L£9)) H ZX[t t3+1 Bn JPhHLP(Q L1(0,T;L9))
n—1 n—1
:H Z X[tthj-f—l)(S)BnijPhH%q(OvT;Lg) =T Z ”Bn*J‘PthLg < 00.
j=0 j=0
This completes the proof of the proposition. O

Last, we can give the weak convergence of the approximation U™.

Theorem 5.2. Let u(t,) and U™ be the solutions of (L1) and (3.3), respectively, and ® € G2*(H;R). If

|A=2 |2 < oo for some s € [0, 1] with s < 2— =2, then for any p € [2,s*) and ug € LP(Q; HY(D)),0< ¢ <2,
there holds

ra

44 -2 Toepy—L o, —
|E[<I>(u(tn))—<l>(U")]\ SC(Tt;1+§ + h2t,? )||u0||LP(Q;HQ(D))+C(tn2 + P2 r_|_t£:1ax(77 1,0)7-#)’

withn = (1 — 5)a+v — % and the exponents r and pu given respectively by

(2 =725, <1, n,  n<l,
re (0,2—5], p =1, and p=<1-—¢n=1,
[072_8]7 ’Yp>1, 1a 77>1

Proof. In view of the Gel'fand triple M1P(H) C L*(Q;H) € MY (H)* and the definitions of the norms
|- llarve ey and || - [[ar1.0 ()=, there holds

1
[E[®(u(tn)) — 2(U")]] = IIE[(/O ' (pu(ty) + (1 — p)U") dp, u(ts) — U]
< II/ O (pu(tn) + (1 = p)U") dpllarrs(mllutn) — U™ |[aro oy«

Now we claim for any p € [2, s*), || fo )+ (L= p)U™)dp||pr1.p () < 00. Actually, by Lemma 2.2 with
y=® andr=1and ¢ =p, p € [2,5%), Weget
19 (pu(tn) + (L = P)U™)larvsrr)
< (U +[lpultn) + (1= p)U" | ar1r(m))
< (L ultn)larzee iy + U™ a1 200 (1))
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Thus the claim follows from Propositions 5.1 and 5.2. It remains to bound ||u(t,) — U"||ar1.e(m)+- By the
triangle inequality,

lu(tn) — U™ arrw ey SI(E(tn) — BnPr)uollarie ()

tn n—1 ;i
+ H/ E(t, —t)dW(t) — Z/ B PodW ()| aro (- == I + 1.
0 —o/t;
Jj=0""%
In view of Lemma 4.2, it suffices to bound the term II. By Burkholder inequality (2.4), we have
i+l

n—1 t
. SC]ZO/@. | E(tn — 1) = Ba Pal[ydt

<cllAT3

, n—1 tit1 o ,
1S [ IR -0 - BRI s
j=0 "1

Then Theorem 4.1 with p’ € (1,2) completes the proof. |

Remark 5.2. The condition s < 2 — % ensures that s* > 2 so that the choice p € [2,s*) is valid. We
specialize Theorem 5.2 to ug = 0 and trace class noise W (t), i.e., s = 0, and distinguish two cases for the weak
error estimates: (a) a +v > 1 and (b) a+v < 1:

(1) The exponent p can be arbitrarily large. Thus, the spatial convergence rate is O(h?) for any v > 1 — «, and
the temporal one O(7™*(1,2+7=€)) 'When v = 1 — «, the temporal rate is O(7'~¢), which coincides with that
for the stochastic heat equation, but the spatial rate is O(h?) only if o < 1/2 or W (¢) has extra regularity.

(2) The largest possible exponent p is p = L_ _ ¢ > 2. Hence, the spatial rate is O(h?) for v > L=a and

l—a—y 2
O(h‘FW*E) for v < 152 (note that 4 — 2(1 — 2v) € (0,2] under the designated conditions (1.2) and
v < 152). The temporal rate is always O(7%"77¢).

2

Remark 5.3. Note that our analysis relies only on Laplace transform and resolvent estimate. Hence, it applies
also to slightly more general positive kernels, for which however we are not aware of any physical modeling with
fractionally integrated Gaussian noise.

Remark 5.4. Since both analytical and numerical solutions can be represented explicitly via a variation of
constants formula (¢f. (4.1) and (4.6)), alternatively one may employ a (more classical) approach based on
Kolmogorov’s equation to derive weak convergence rates. In Theorem 4.3 of [29], an error representation formula
comparing functionals of prescribed time evaluations of such processes (weak convergence) is given for parabolic
problems with a positive memory, and upon suitable modifications, it may be combined with the nonsmooth
deterministic error estimates in Section 4 to obtain weak convergence rates. However, this approach works only
in the linear case and is nontrivial to extend to semilinear stochastic time-fractional PDEs, to which, in contrast,
the duality approach can be extended naturally (see, e.g., [2] for stochastic Volterra equations).

6. NUMERICAL EXPERIMENTS AND DISCUSSIONS
Now we present numerical results for the model (1.1) with 0 < o < 1 and 0 < v < 1 to support the analysis.

6.1. Implementation details

First, we describe the implementation of the noise term W (), following [39]. We consider only the case the
covariance operator () shares the eigenfunctions with the operator A. Recall the Fourier expansion of the Wiener
process W (t) in (2.1):

W(t) =377 eult),
/=1
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where 8y, £ =1,2,..., are i.i.d. Brownian motions, and -y, and e, are the eigenvalues (ordered nondecreasingly,
with multiplicity counted) and eigenfunctions of Q. Thus the L?(D)-projection P,W (t) € X, is given by (with
L term truncation)

L
(PaW () ZW Be(t)(ee, x) = Y ¢ Be(t) (e, x),  Vx € X

Since (¢(t)s are i.i.d. Brownian motions, the increments Aﬁf are given by
Aﬁéc :ﬂl(tk)_ﬂf(tkfl) N\/’T—N(Ovl)a k= ]-72a"'7N7

where A(0,1) denotes the standard Gaussian distribution. Further, the fractionally integrated noise Pj,W (t;,)
is approximated by backward difference
. P — P —
PV (1)) ~ WW (k) — PuW (tr 1)’

T

and with P,W (o) = 0. Using Griinwald-Letnikov formula (3.2), the term oI, P, W (t,,) is approximated by

ﬁé“}

It is well known that for a quasi-uniform triangulation 75, it is sufficient to take L > Nj in the truncation
[39], with N}, being the FEM degree of freedom, in order to preserve the desired convergence. The truncation
number L = N}, is employed in our numerical experiments.

Below we present numerical results separately for one- and two-dimensional examples, and with ug = 0. In
the 1D case, the domain D is the unit interval D = (0,1). The eigenfunctions e,(z) are given by v/2sin(¢7z),
¢=1,2,..., and let v = =™, m > 0 (The borderline for trace class noise is m = 1, and m = 0 corresponds
roughly to s = —1). In the 2D case, the domain D is the unit square (0,1)?. The eigenfunctions e; ;(z) are
given by 2sin(irx) sin(jmy), i,j = 1,2,..., let 75 ; = (i + j2)~ %, m > 0 (The borderline for trace class noise is

=1). In the 1D case, the domain D = (0, 1) is divided into M subintervals of length h = 1/M, and similarly,
for the 2D, each side (0,1) is divided into M subintervals of length h = 1/M, and the diagonals are connected
to obtain a uniform triangulation. The time step size 7 is fixed at 7 = t/N, where ¢ is the time of interest To
check the convergence rate, we choose the L?(Q2; H) norm for strong convergence, and ®(u =[pu t)2dz for
weak convergence. All the expected values are computed with 100 trajectories.

L N A
oI} P W (t, NTWZﬁ( 719){2732})}#36
=1

6.2. Numerical results for temporal convergence in 1D

In this set of experiments, we fix the final time ¢ at ¢t = 0.01 and M = 100. The reference solution is computed
with a much finer temporal mesh with NV = 3200. The numerical results for various fractional orders v and ~y
and trace class noise (with m = 2) are given in Table 2. In the table, the numbers in the bracket in the last
column denote the theoretical rates predicted by Theorems 5.1 and 5.2 (and Rems. 5.1 and 5.2), and for each «
value, the first and second rows give the strong and weak errors, respectively. When s = 0, the theoretical rate is
nearly O(r™(@+7=2:1) and O(r™n(@+1:1)) (up to possibly a logarithmic factor) in the strong and weak sense,
respectively. Overall, the empirical rates agree well with the theoretical ones. The convergence rate improves
steadily as the fractional orders o and « increase, due to the improved temporal solution regularity. Further,
the weak rate is generally not twice the strong one, unlike the case for the stochastic heat equation.

By Theorems 5.1 and 5.2, the regularity of W (t) also affects the temporal convergence via the term ||A~2 || 2
it is slower for white noise than trace class noise, c¢f. Table 3. By the asymptotics O(£?) of the 1D negative
Laplacian A, m = 0 corresponds to roughly s = 1, and thus Theorems 5.1 and 5.2 yield the theoretical rates
O(rmin(5+7=3.1)) and O(r™n(e+27=1.1)) in the strong and weak convergence, respectively; see Table 3. The
empirical rates are slightly higher than the theoretical one. Further, noise regularity (indicated by m) beyond
trace class affects very little the temporal convergence; see the results for m = 2,3 in Table 3.
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TABLE 2. The L?(2; H)-error for trace class noise (m = 2) at t = 0.01.

a\N 40 80 160 320 640 Rate

03 0.2 6.68¢-1 6.38¢e-1 6.07e-1  5.55e-1  4.98e-1  0.10 (—
3.82e-1 3.70e-1  3.26e-1 2.79e-1 2.23e-1 0.19 (—
0.4 1.19e-1  9.85e-2 8.14e-2 6.86e-2 5.83e-2  0.25 (0
1.76e-2  1.37e-2 7.58e-3 6.30e-3 3.37e-3  0.60 (0
0.6 1.05e-2  7.53e-3  5.13e-3  3.80e-3  2.58e-3  0.50 (
2.65e-4  2.22e-4 3.7le-5 1.05e-5 1.49e-5 1.03 (
0.8 1.22e-3  8.46e-4 5.6le-4 3.67e-4 2.36e-4  0.59 (
2.64e-5 1.56e-5 7.95e-6 3.49e-6 3.3le-7 1.40 (
0.5 0.2 5.86e-2 5.10e-2 4.16e-2  3.34e-2  2.78e-2  0.26 (
4.23e-3  3.36e-3  2.65e-3 1.48e-3 7.26e-4 0.63 (
0.4 9.96e-3 7.16e-3 4.98e-3 3.81e-3 2.64e-3  0.47 (
3.90e-4 2.33e-4 1.13e-4 5.75e-5 1.64e-5 1.14 (
0.6 9.97e-4  6.73e-4 4.43e-4 2.97e-4 1.85e-4 0.60 (
2.79e-5 1.33e-5 4.59e-6 3.19e-6 1.67e-6 1.01 (1.00)
0.8 6.00e-4  3.90e-4 2.30e-4 1.37e-4 8.29e-5 0.71 (0.80
2.41e-6  1.64e-6 8.49e-7 2.74e-7 2.16e-7 0.87 (1.00
0.7 0.2 4.95e-3  4.17e-3  3.21e-3  2.33e-3  1.75e-3  0.37 (0.40
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(

)
)
20
0.70
0.4
0.90

0.60

)
0)
0)
)
)
1.00)
)
)
)
)
)

0.20
0.70
0.40
0.90
0.60

0.4 4.39e-4  2.98e-4 2.15e-4 1.5le-4 1.08e-4 0.50 (0.60
5.50e-6 2.81e-6 1.32e-6 7.69e-7 4.36e-7  0.91 (1.00
0.6 4.39e-4  3.12e-4 2.06e-4 1.31le-4 7.20e-5 0.65 (0.80
1.90e-6  1.56e-6 5.88e-7 3.78¢-7 2.03e-7  0.80 (1.00)
1.00

)
)
)
5.45e-5 4.27Te-5  2.53e-5 1.68e-5 2.1le-5  0.34 (0.90)
)
)
)

0.8 2.44e-4  1.40e-4 6.75e-5 3.67e-5 1.93e-5 0.91
4.36e-7 1.37e-7 1.16e-7 5.97e-8 1.83e-8 1.14

09 0.2 1.38e-4  7.94e-5 4.83e-5 2.69e-5 1.56e-5 0.78
1.67e-6  8.28e-7 4.38e-7 2.35e-7 1.28e-7 0.92

0.4 2.90e-4  2.00e-4 1.31e-4 8.44e-5 5.50e-5 0.59
8.79e-7 2.83e-7 1.50e-7 3.12e-9 6.37e-8 0.94 (1.00

0.6 1.85e-4 1.03e-4 5.35e-5 3.07e-5 1.76e-5 0.84 (1.00
3.57e-7 1.53e-7 7.42e-8 4.94e-8 2.46e-8 0.96 (1.00)

0.8 9.94e-5 5.28¢-5 2.50e-5 1.28e-5 5.72e-6 1.02 (1.00)
1.76e-7  1.12e-7 4.05e-8 1.50e-8 8.36e-9 1.09 (1.00)

1.00

)
)
0.60)
1.00)
0.80)

)

)

6.3. Numerical results for spatial convergence in 1D

Next we examine the spatial convergence. Here, we fix the number M of time steps at M = 200 and the final
time ¢ at ¢ = 1, and compute the reference solution at N = 480. The numerical results are given in Table 4 for
trace class noise (with m = 2) with various a and « values. A convergence rate O(h?) is consistently observed
for all combinations, concurring Theorems 5.1 and 5.2.

The influence of the noise regularity (indicated by m) on the convergence rates is shown in Table 5. It is
observed that for m = 2, the weak and strong rates saturate at O(h?), due to the use of linear finite elements,
despite the improved noise regularity. However, it deteriorates when the noise regularity is lowered to the border-
line of trace class (i.e., m = 1) or white noise (i.e., m = 0): for m = 1, the strong and weak rates are predicted to
be O(hQ_%) and O(h?), respectively; and for m = 0, they are O(h!'~ 17@%) and O(h!~™in(1=27=5.0)) respec-
tively. The empirical rates are much higher than the theoretical ones when m = 0, indicating an interesting
superconvergence phenomenon, whose precise mechanism remains to be ascertained.
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TABLE 3. The L?(Q; H)-error at t = 0.01 with v = 0.4 and noise regularity index m.

m a\N 40 80 160 320 640 Rate

0 03 113el 1021 89le2 T7.33e-2 6.06e-2 0.22 (0.05)
8.12e-3 6.36e-3 6.7le-3 4.74e-3 5.50e-3  0.14 (0.10)

0.5  22le2 1.83e2 148e-2 1.15e-2 8.4le-3 0.34 (0.15)
1.09e-3 7.45e-4 4.78e-4 3.18¢-4 1.94e-4  0.62 (0.30)

0.7  4.47e-3 3.30e-3 2.36e-3 1.67e-3 1.11e-3  0.50 (0.25)
8.24e-5 4.78¢-5 3.19¢-5 1.90e-5 8.09¢-6  0.83 (0.50)

0.9  1.66e-3 1.1le-3 T7.17e-d 4.53e-4 2.75e-4  0.64 (0.30)
7.49¢-6  6.08¢-6  2.11e-6 1.25e6  6.04e-7  0.90 (0.70)

I 03 976e2 8.46e2 7.08¢2 6.23¢2 5.06e-2 0.23 (0.20)
9.32¢-3 7.89e-3 6.72e-3 4.52e-3 2.74e-3  0.44 (0.70)

0.5  137e2 1.03e-2 T7.82-3 5.79%-3 4.08e-3 0.43 (0.40)
5.50e-4  3.66e-4 1.33e-4 T.44e-5 4.19e-5  0.92 (0.90)

0.7  184e-3 1.23¢-3 828e-4 5.4ded 3.4led 0.60 (0.60)
4.09¢-5 1.90e-5 6.90e-6 2.82e-6 2.68¢-6  0.98 (1.00)

0.9  9.0led 5.50e-4 3.29e-4 2.03e-4 1.18e-4 0.73 (0.80)
5.54e-6  2.37e-6  1.55e-6  5.69e-7 1.95e-7 1.20 (1.00)

2 03 0.04e2 7.83c2 6.85e2 5822 4482 0.25(0.20)
(0.70)

(0.40)

(0.90)

(0.60)

(1.00)

(0.80)

(1.00)

(0.20)

(0.70)

(0.40)

(0.90)

(0.60)

(1.00)

(0.80)

(1.00)

0.05
0.10
0.15
0.30
0.25
0.50
0.30
0.70
0.20
0.70
0.40
0.90
0.60
1.00

7.91e-3 5.70e-3 2.47e-3 6.43e-4 7.08e-4 0.87 (0.70

0.5 1.10e-2  8.10e-3 5.76e-3  4.07e-3  2.82e-3  0.49 (0.40
2.70e-4 1.93e-4 1.02e-4 5.61le-5 1.82e-5 0.97 (0.90

0.7 1.03e-3  7.44e-4 5.11le-4 3.27e-4 2.0le-4 0.59 (0.60
1.49e-5 2.73e-6 1.70e-6 1.25e-6 8.04e-7 1.05 (1.00

0.9 7.15e-4 4.22e-4 2.60e-4 1.48e-4 8.82e-5 0.75 (0.80
4.34e-6  2.50e-6 1.34e-6 3.97e-7 2.89e-7 0.97 (1.00

3 03 9.22e-2 7.53e-2 6.14e-2 5.44e-2 4.05e-2  0.29 (0.20
9.75e-3  6.80e-3 4.67e-3 2.39e-3 1.47e-3  0.68 (0.70

0.5 1.00e-2  6.86e-3 5.06e-3 3.26e-3 2.07e-3  0.57 (0.40
2.92e-4 1.17e-4 4.47e-5 2.53e-5 2.61le-5 0.87 (0.90

0.7 9.06e-4 6.16e-4 4.21e-4 2.85e-4 1.8le-4 0.57 (0.60
1.81e-5 1.04e-5 3.52e-6 2.28e-6 6.66e-7 1.19 (1.00

0.9 6.59e-4  3.99e-4 2.23e-4 1.38e-4 7.36e-5 0.79 (0.80
3.13e-6  1.08e-6 6.53e-7 5.00e-7 1.46e-7 1.10 (1.00

6.4. Numerical results in 2D

Now we present numerical results for the two-dimensional case. Since the computation in the 2D is far more
expensive (one convergence rate in the tables below can take about one hour, in MATLAB 2018a on a laptop with
2.5 GHz CPU and 8.00 GB RAM), we only present two sets of numerical results, one for temporal convergence
and the other for spatial convergence; see Tables 6 and 7.

For temporal convergence, we fix the final time ¢t at ¢ = 0.01 and M = 40. The reference solution is com-
puted with a finer temporal mesh with N = 1280. The numerical results for various (a,<) pairs are given in
Table 6, where the choice m = 1 corresponds to the borderline case of trace class noise. The theoretical rate is
nearly O(Tmi“(o‘*‘"y_%’l)) and O(r™n(@+7:1)) (up to possibly a logarithmic factor) in the strong and weak sense,
respectively. Overall, the empirical rates agree excellently with the theoretical ones from Theorems 5.1 and 5.2,
although the weak convergence rate suffers from a slight loss when the fractional order « is small, whose precise
mechanism is to be ascertained. Like before, the convergence rate improves steadily as the fractional orders «
and ~y increase, due to the improved temporal solution regularity. For spatial convergence, we fix M at M = 200
and the final time ¢ at ¢t = 1, and compute the reference solution at N = 201. The numerical results are given
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TABLE 4. The L?(Q; H)-error with trace class noise (m = 2) at t = 1.
o\M 10 20 40 80 160 Rate
02 03 7.65e-3 2.0le-3  5.15e-4  1.27e-4  2.96e-5 2.00 (—)
4.60e-3 1.17e-3  2.92e-4 7.17e-5 1.64e-5 2.03 (—)
0.5 6.07e-3  1.63e-3 4.21le-4 1.05e-4 2.44e-5 1.98 (2.00)
2.48¢-3 6.33e-4 1.58e-4 3.88e-5 8.87e-6 2.03 (2.00)
0.7 4.82¢-3 1.32e-3 3.46e-4 8.74e-5 2.03e-5 1.97 (2.00)
1.30e-3  3.35e-4 8.40e-5 2.06e-5 4.7le-6  2.02 (2.00)
0.9 4.05e-3 1.12e-3  2.96e-4 7.52e-5 1.76e-5 1.96 (2.00)
8.79e-4 2.25e-4 5.65e-5 1.38e-5 3.17e-6 2.02 (2.00)
0.6 0.3 2.39e-3  6.25e-4  1.59e-4 3.93e-5 9.09e-6 2.01 (2.00)
4.68¢e-4 1.19e-4 2.97e-5 7.29e-6 1.66e-6 2.03 (2.00)
0.5 2.30e-3  6.02e-4 1.53e-4 3.80e-5 8.78e-6 2.00 (2.00)
4.22e-4 1.07e-4  2.68e-5 6.58e-6 1.50e-6 2.03 (2.00)
0.7 2.26e-3  5.92e-4 1.50e-4 3.73e-5 8.64e-6 2.00 (2.00)
4.02e-4 1.02e-4 2.56e-5 6.27e-6 1.43e-6 2.03 (2.00)
0.9 2.27e-3  5.94e-4 1.5le-4 3.75e-5 8.67e-6 2.00 (2.00)
4.09e-4 1.04e-4 2.60e-5 6.37e-6 1.45e-6 2.03 (2.00)

TABLE 5. The L2(Q2; H)-error at t = 1 with v = 0.4, and noise regularity index m.

m o\M 10 20 40 80 160 Rate
0 0.3 9.58e-3  3.48e-3 1.25e-3 4.36e-4 1.38¢-4 1.52 (0.33)
1.62e-3 4.44e-4 1.15e-4 2.89¢-5 6.69e-6  1.98 (0.95)
0.5 9.20e-3  3.40e-3 1.23e-3 4.33e-4 1.37e-4 1.51 (0.60)
1.26e-3  3.5le-4  9.22e-5 2.32e-5 5.37e-6  1.96 (1.00)
0.7 8.75e-3  3.30e-3 1.21e-3 4.29e-4 1.36e-4 1.49 (0.72)
1.02e-3  2.87e-4  7.60e-5 1.92e-5 4.46e-6 1.95 (1.00)
0.9 8.27¢-3 3.17e-3 1.19¢-3 4.24e-4 1.36e-4 1.48 (0.78)
9.13e-4  2.56e-4 6.8le-5 1.72e-5 4.0le-6 1.95 (1.00)
1 0.3 5.11e-3  1.48e-3 4.16e-4 1.12e-4 2.79e-5 1.87 (1.33)
1.20e-3  3.1le-4 7.83e-5 1.92e-5 4.40e-6 2.02 (2.00)
0.5 4.70e-3 1.38¢-3 3.95e-4 1.07e-4 2.69e-5 1.86 (1.60)
8.84e-4 2.29e-4 5.77e-5 1.4le-5 3.24e-6 2.02 (2.00)
0.7 4.34e-3  1.30e-3 3.75e-4 1.03e-4 2.59e-5 1.84 (1.72)
6.90e-4 1.79e-4 4.53e-5 1.1le-5 2.55e-6  2.01 (2.00)
0.9 4.09¢-3  1.23e-3  3.59¢-4  9.95e-5 2.5le-5 1.83 (1.78)
6.27e-4 1.63e-4 4.11e-5 1.0le-5 2.3le-6 2.02 (2.00)
2 0.3 3.62e-3  9.49e-4 2.4le-4 6.00e-5 1.38e-5 2.00 (2.00)
1.06e-3 2.7le-4 6.79e-5 1.66e-5 3.80e-6 2.03 (2.00)
0.5 3.17e-3  8.39e-4 2.15e-4 5.35e-5 1.23e-5  2.00 (2.00)
7.59e-4 1.93e-4 4.83e-5 1.18e-5 2.70e-6  2.03 (2.00)
0.7 2.87e-3  7.63e-4 1.96e-4 4.89e-5 1.13e-5 1.99 (2.00)
5.83e-4 1.48e-4 3.72e-5 9.12e-6 2.08¢-6  2.03 (2.00)
0.9 2.74e-3 7.28e-4 1.87e-4 4.67e-5 1.08e-5 1.99 (2.00)
5.35e-4  1.36e-4 3.41e-5 8.36e-6 1.91e-6 2.03 (2.00)

1263
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TABLE 6. The L?(2; H)-error for noise with (m = 1) at t = 0.01.

a\N 20 40 80 160 320 Rate

04 03 2.96e-2  2.63e-2  2.40e-2 1.95e-2 1.43e-2 0.26 (0.20)
1.25e-3  1.18e-3 9.32e-4 7.07e-4 5.0le-4 0.33 (0.70)

0.5 6.13e-3  4.72e-3 3.65e-3 2.6le-3 1.72e-3 0.45 (0.40)
8.38e-5 6.82e-5 4.12e-5 2.57e-5 1.41e-5 0.64 (0.90)

0.7 9.12e-4  5.96e-4 3.88e-4 2.39e-4 1.38e-4 0.68 (0.60)
7.96e-6 3.56e-6 1.98e-6  9.20e-7  3.92e-7 1.08 (1.00)

0.9 3.73e-4  2.36e-4 1.48e-4 8.8le-5 4.78e-5 0.74 (0.80)
1.09e-6  3.56e-7 2.24e-7  1.05e-7  5.29e-8 1.09 (1.00)

0.8 0.3 1.55e-4 1.05e-4 7.29e-5 4.70e-5 2.70e-5 0.63 (0.60)
)
)
)
)
)
)
)

0.5 1.12e-4 7.92e-5 5.35e-5 3.3le-5 1.97e-5 0.62 (0.80
1.96e-7 1.05e-7 4.43e-8 2.01e-8 1.56e-9 1.74 (1.00
0.7 7.97e-5 4.78e-5 2.80e-5 1.58e-5 7.99e-6 0.82 (1.00
2.28e-9 1.73e-8 5.20e-9 2.11e-9 1.27e-10 1.04 (1.00
0.9 4.57e-5 2.45e-5 1.23e-5 6.16e-6  2.88e-6 0.99 (1.00
2.85e-8 1.77e-8 9.14e-9 4.12e-9 1.49e-9 1.06 (1.00

(

(
2.43e-7  2.15e-7 9.49e-8 5.2le-8 2.06e-8  0.89 (1.00

(

(

TABLE 7. The L?(Q; H)-error with noise (m = 2) at t = 1.

v o\M 10 20 40 80 160 Rate

04 03  550e-3 1.57e-3 4.12e-4 1.03e-4 2.44e-5 1.95 (2.00)
1.13e-3  3.29e-4 8.57e-5 2.14e-5 4.85e-6 1.96 (2.00)

05  4.09e-3 1.17e-3 3.1de-4 8.03e-5 1.84e-5 1.94 (2.00)
5.38e-4 156e-4 4.04e-5 1.06e-5 2.26e-6 1.97 (2.00)

07  295e-3 8.T74e-d 2.40e-4 6.00e-5 1.38¢-5 1.93 (2.00)
243e-4  T.15e-5 1.95e-5 4.70e-6 1.00e-6 1.98 (2.00)

09 2583 T.59-4 2.00e-4 5.16e-5 1.21e-5 1.93 (2.00)
2.13e-4  6.12e-5  1.55e-5  3.99e-6  8.65e-7  1.98 (2.00)

08 03  1.20e3 3.43c4 8094e5 2.16e5 5.37e-6 1.95 (2.00)
(2.00)
(2.00)
(2.00)
(2.00)
(2.00)
(2.00)
(2.00)

2.00
2.00
2.00
2.00
2.00
2.00

5.05e-5 1.49e-5 3.86e-6 9.04e-7 2.21e-7 1.95 (2.00
0.5 1.03e-3  3.04e-4 7.95e-5 2.0le-5 4.55e-6 1.95 (2.00
3.75e-5 1.1le-5 2.90e-6 7.40e-7 1.53e-7 1.98 (2.00
0.7 1.02e-3  2.87e-4 7.72e-5 1.95e-5 4.53e-6 1.95 (2.00
3.71le-5 1.02e-5 2.76e-6 7.07e-7 1.52e-7 1.98 (2.00
0.9 8.34e-4  2.54e-4 6.55e-5 1.65e-5 3.91le-6 1.93 (2.00
2.32e-5 7.22e-6 1.83e-6 4.67e-7 1.02e-7 1.95 (2.00

in Table 4 for trace class noise (with m = 2) with various « and « values. Due to the good spatial regularity of
the noise, a convergence rate O(h?) is consistently observed in both strong and weak norms for all pairs («, ),
agreeing well with the theoretical predictions from Theorems 5.1 and 5.2.

In summary, all the numerical results in one- and two-dimensional domains indicate that the convergence
rates in Theorems 5.1 and 5.2 are nearly sharp. However, the rate in either strong or weak norm is limited to
O(h?) and O(), due to the use of low-order FEM and backward Euler convolution quadrature.
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7. CONCLUDING REMARKS

In this work, we have developed a numerical scheme for approximating the stochastic time-fractional diffusion
problem driven by fractionally integrated Gaussian noise. The scheme employs the Galerkin finite element
method in space, Griinwald-Letnikov formula in time (for both Caputo fractional derivative and Riemann-
Liouville fractional integral) and L2-projection for the noise. We have presented a thorough error analysis of the
scheme in both strong and weak sense, using novel nonsmooth data error estimates. Our extensive numerical
results in one and two spatial dimensions indicate that the convergence rates are nearly sharp.

There are several avenues for further research. First, the computational complexity of the discrete scheme
is fairly high, due to nonlocal nature of the fractional-order derivative/integral and the approximation of the
expectation. The former may be alleviated by sum of exponential approximations [7], and the latter partly
by multilevel Monte Carlo type techniques [20]. It is important to study these computational techniques both
numerically and theoretically for stochastic fractional diffusion. Second, this work focuses exclusively on linear
stochastic fractional PDEs. It is of much interest to extend the analysis to more complex situations, e.g.,
semilinear or quasi-linear problems. Third and last, it is important to develop temporally high-order schemes
with optimal strong and weak convergence rates. This is conjectured for a certain regime of « + -y, for which
the solution has good temporal regularity.

APPENDIX A. REGULARITY THEORY
In this appendix, we describe some regularity results for problem (1.1). First, we state a result on F(t).

Lemma A.1. Let condition (1.2) hold, and let (with € > 0 small)

2, if1/2<y<1,
k=< 2—k, ify=1/2, (A1)
2- L2 ifo<y<1/2

Then there holds

||E(3)||L2(O,t;HN(D)) < t®mmEt

K

Proof. By Lemma 4.1, for any & € [0, 2], there holds ||A% E(t)|| < ct('=5)*+7=1 and consequently

t t
/ 1A B(s)|[2ds < c / s2-Rat2y=2q
0 0

Under Assumption 1.2 and the choice of the exponent x in (A.1), (2—x)a+2y—2 > —1 (except for the case
0<y<1l/2and Kk =2— %)), thus we obtain the desired result upon integration. In the exceptional case,
(2 — K)a+ 2y —2 = —1, and the assertion follows from direct computation. (]

Remark A.1. For v € (1/2,1], E(t) has a maximum order two smoothing in space. However, for v € [0,1/2),
K is restricted to [0,2— %] This again reflects a certain limited smoothing property of E(t), and also restricts
the best possible strong and weak spatial convergence rates.

Now we can state the spatial regularity of the mild solution (4.1).

Theorem A.1. Let condition (1.2) hold, and r be defined by (A.1), and r,q € R with 0 < r —q < 2. For
ug € LP(Q2; HY(D)), let u(t) be the mild solution of problem (1.1) defined in (4.1). Then there holds

rT—K

(I=5)aty=3 | 43

P s §
Hu(t)HLp(Q;H"(D)) St ||u0||Lp(Q;H<1(D)) t+ect ||£g~
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Proof. By Lemma 4.1, it suffices to bound the stochastic integral. By Burkholder’s inequality (2.3),

t - 2/p t o= r—r t K o=
(B [ B¢ sy aw () <o [ 1aEE@Egds < 145 ey [ 145 E)as

Then Lemma A.1, the representation (4.1) and the triangle inequality complete the proof. O
To study the temporal regularity of the mild solution in (4.1), we need an elementary inequality.

Lemma A.2. For 0 <t <ty and 6 € (1/2,3/2), then with ¢ = (3 — 20)~2 (0 — 1)1, there holds :12 ( Otl (t —
5)2(0*2)ds)%dt <ty — )02,

Proof. Since 0 € (1/2,3/2), i.e., 3 — 20 > 0, straightforward computation gives for ¢ > 1 (;51 (t —5)20=2ds <

(3 —20)"1(t —t,)?~3. Thus simple computation gives fttf ( Otl (t— 5)2(9*2)(15) At < e(ty — )"~ %, completing

the proof. (I

Now we can state the temporal Holder regularity of the mild solution in (4.1).

Theorem A.2. Let condition (1.2) hold, and k be defined in (A.1). Let u(t) be defined in (4.1). Let q,r € [0, 2]
with 0 <r—q <2, and s € [0,1] withmax(O,W—f—e) <r+s< k. Then for any 0 < t; <ty < T and
p>2 and ug € LP(Q;H‘?(D)), there holds

(1+ozr2;q)(

— _rtsyaqy—1 —£
lu(t2) = w(t)ll Lo i (py) < ¢t ta _tl)”uO”Lp(Q;Hq(D)) +olty— )T AT £y

Proof. By the representation (4.1), we have the splitting

u(tg) — U(tl) :(E(tz)U() — E(tl)uo) +/0 1(E(t2 - 8) - E(tl — S))dW(S)

to
+ E(ty — s)dW (s) := I + I + III.

t1

Next we bound the three terms separately. The first term can be bounded directly by Lemma 4.1. Next, for
a+ v # 1 (the case aw + v =1 is similar), by stochastic Fubini theorem ([14], Thm. 4.33),

I = /O I(E‘(tg—s)—E(tl—s))dW(s) = /t ’ /0 IE’(t—s)dW(s)dt-

Thus by Burkholder’s inequality (2.3) and Lemma 4.1, we have (with 6 = o+~ — %)

t1

to _
IIUHLP<Q;HT(D))§/t | . A2 E'(t — )dW (s) e (0mdt
1
to ty 2 1
r+s — S 2
< "(t— ~2
<o [C([ 1T A ey) as) e

12 t1 3 N
=c/ (/ (1 — 5702 "t A3 oy
t 0

1

For 1/2 < a+ v < 3/2, the condition on r + s ensures 6 € (1/2,3/2). Similarly, for o + v > 3/2 and
e (2973 9] we have also 6 € (1/2,3/2). Thus, Lemma A.2 implies

_1 _s
| o (v (pyy < €tz = t1)° 72| A7F | g
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Last, by Burkholder’s inequality (2.3) and Lemma 4.1 with p = r + s and ¢ = 0, we deduce

T+

E Bty - 5)AE|24ds

ta
2
1T i < 14
1

X t2 .
<l ATE 2y [t - 9202 ds = clta 0" ATE Ry,

ty

Combining these estimates together completes the proof of the theorem. (I

Remark A.2. The condition max(0, % +e¢) <r+s < kisonly for a +v > 3/2 and restricts the
discussion to Holder continuity in time. For ug = 0 and trace class noise, i.e., s =0, r =0,

u(ts) — u(t)|| L2y < c(ta — t1)*T7"3|Q2 || us-

The case of a = 1 and v = 0 recovers the well known regularity result of the stochastic heat equation.
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