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Spatial Besov Regularity for
Semilinear Stochastic Partial Differential Equations
on Bounded Lipschitz Domains

PETRU A. C101CA, STEPHAN DAHLKE

Abstract

We study the spatial regularity of semilinear parabolic stochastic partial dif-
ferential equations on bounded Lipschitz domains @ C R? in the scale By (0),
1/7 = a/d +1/p, p > 2 fixed. The Besov smoothness in this scale determines the
order of convergence that can be achieved by adaptive numerical algorithms and
other nonlinear approximation schemes. The proofs are performed by establishing
weighted Sobolev estimates and combining them with wavelet characterizations of
Besov spaces.

Keywords: Semilinear stochastic partial differential equation, Besov space, weighted
Sobolev space, nonlinear approximation, wavelet expansions
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1 Introduction

This paper is concerned with the spatial regularity of the solutions to semilinear stochastic
partial differential equations (semilinear SPDEs, for short) measured in specific scales of
Besov spaces. The motivation for these studies can be explained as follows.

In recent years, the numerical treatment of operator equations by adaptive numerical
algorithms has become a field of increasing importance, with many applications in science
and engineering. Especially, adaptive finite element schemes have been very successfully
developed and implemented, and innumerable numercial experiments impressively confine
their excellent performance. Complementary to this, also adaptive algorithms based on
wavelets have become more and more in the center of attention during the last years, for
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the following reason. The strong analytical properties of wavelets can be used to derive
adaptive strategies which are guaranteed to converge for a huge class of elliptic operator
equations, involving operators of negative order [4, 11]. Moreover, these algorithms are
optimal in the sense that they asymptotically realize the convergence order of the optimal
(but not directly implementable) approximation scheme, i.e. the order of best N-term
wavelet approximation. Moreover, the number of arithmetic operations that is needed stays
proportional to the number of degrees of freedom [4]. By now, various generalizations to
non-elliptic equations [5], saddle point problems [12] and also nonlinear operator equations
[6] exist. For finite element schemes, rigorous statements of these forms have been rather
rare, even though, inspired by the results for wavelet schemes, the situation has changed
during the last years [1, 18].

Although the above mentioned results are quite impressive, in the realm of adaptivity
one is always faced with the following question: does adaptivity really pay for the problem
under consideration, i.e. does our favourite adaptive scheme really provide a substantial
gain of efficiency compared to more conventional nonadaptive schemes which are usually
much easier to implement? At least for the case of adaptive wavelet schemes, it is pos-
sible to give a quite rigorous answer. A reasonable comparison would be to compare the
performance of wavelet algorithms with classical, nonadaptive schemes which consist of
approximations by linear spaces that are generated by uniform grid refinements. It is well-
known that, under natural assumptions, the approximation order that can be achieved by
such a uniform method depends on the smoothness of the exact solution measured in the
classical L,-Sobolev scale. More precisely, let ey (f) denote the uniform approximation
error, then

FEWSO) — enx(f)<C-N-

On the other hand, as already outlined above, for adaptive wavelet methods the best
N-term approximation serves as the benchmark scheme. It is well-known that the con-
vergence order that can be achieved by best N-term approximations also depends on the
smoothness of the object we want to approximate. But, in contrast to the case of non-
adaptive schemes, the smoothness has now to be measured in specific Besov spaces, usually
corresponding to L,-spaces with 0 < 7 < 2. Indeed, let on(f) denote the error of best
N-term approximation, then
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For a detailed description of these relationships, we refer, e.g. to [10] and [16], see also
[3, Chapters 3 and 4]. Consequently, we can make the following statement: the use of
adaptive wavelet schemes is completely justified if the spatial Besov smoothness a of the

—a

unknown solution of our SPDE in the scale % =24 % is higher compared to its regularity

= O'N<f)§C'N7a/d.

d
in the Sobolev scale. The situation is illustrated in Figure 1, where each point (1/7,s)

represents the smoothness spaces of functions with “s derivatives in L.(O)”.
For deterministic elliptic partial differential equations, many positive results in this di-
rection already exist, see e.g. [7], [8], [9], [13], [14]. In contrast, little is known concerning
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Figure 1: Linear vs. nonlinear approximation
illustrated in a DeVore-Triebel diagram.

SPDEs. To our knowledge, the first results were obtained in [2]. In that paper, linear
stochastic partial differential equations are considered and sufficiently high Besov smooth-
ness to justify the use of adaptive schemes is established. The aim of this paper is to
generalize these basic results to semilinear equations.

The stochastic setting is as follows. Let O C R? be a bounded Lipschitz domain.
Fix T € (0,00) and let (F¢),c(o7) be a normal filtration on a complete probability space

(Q, F,P). Furthermore, let (wf)te[o oL
standard Brownian motions w.r.t. (F;),co 4. For arbitrary e = (ey,¢4) € [0,00) x [0, 00)
we consider the model equation

k € IN, be a sequence of independent R-valued

du = (Au +ey F(u))dt + i (Eg G(u)k + gk(t))dwf, u(0, +) = up, (x.)

for t € [0,7] on the domain O. Here du is It6’s stochastic differential with respect to ¢, A
denotes the Laplacian and the coefficients ¢, k € IN, are random functions depending on
t € [0,7) and x € O. The functions F' and G are Lipschitz continuous on certain classes
of stochastic processes taking values in weighted Sobolev spaces. For details see Section 2,
especially Assumptions 5.

Equation (x.) is understood in a weak or distributional sense, i.e. u} is a solution of
(xc), if for all smooth and compactly supported test functions ¢ € 65°(O) the equality

(Wt ), ) = (o, ) + / (Awi(s, ) + e F(u?)(s, ), p)ds



DY [ st + s phaut

holds for all ¢ € [0, T] P-almost surely. Here and throughout the paper we write (u, ¢) for
the application of a distribution u € D'(O) to a test function ¢ € €5°(0). We refer again
to Section 2 for details.

Let us assume that the solution u} = u(t,w, z), (t,w,z) € [0,T]xQ2x O, vanishes on the
boundary 00, satisfying a zero Dirichlet boundary condition. It is clear that the smooth-
ness of  + u*(t,w, x) depends on the smoothness of the mappings = +— ¢*(t,w, z), k € IV,
as well as on the properties of the nonlinearities F' and G. However, even if F' and G vanish,
and the spatial smoothness of the g* is high, the Sobolev smoothness of z + u’(t,w, z)
can be additionally limited by singularities of the spatial derivatives of u} at the boundary
of O, due to the zero Dirichlet boundary condition. Such corner singularities are a typical
example that the spatial L,-Sobolev regularity of u> is exceeded by the regularity in the
scale of Besov spaces Bﬁ"T((’)), % =g+ %. In this paper, we present a result on the spatial
Besov regularity of the solution u} to equation (*.) which has the following structure: If

ut € Ly([0,T] x Q, Zp, A@ P; W:(O))

and if £7,&, > 0 are small enough and the functions g*, k € IN, are sufficiently regular,
then
ul € L ([0,T] x Q, Zp, A®@P; B _(0))

for certain o > s and % =3+ %. Here &7 is the predictable o-algebra w.r.t. the filtration
(Ft)tepor) and A denotes Lebesgue measure on [0,7]. This result becomes even more
important in the light of the following recently proven result, see [27]. Roughly speaking,
the following has been shown: Consider the two-dimensional case and assume that the
domain O C R? has a polygonal boundary 0O such that O lies on one side of 0. Denote
by Ymax the largest interior angle at any corner of the boundary d0O. Consider equation
(x.) with e = 0 and ¢ being sufficiently smooth (see Section 2 for the concrete setting).
Then, the regularity of the solution uj in the scale Lo(Q2p; W5 (O)), s > 0, is limited
by s* = 1 4 7/Ymax, Which is strictly less than 2 if 7., > m. However, at the same
time ug € L (Qr; B2 (0)), 1/7 = /2 + 1/2, for each o < 2. With the explanations from
above in mind, this result is important for the theoretical foundation of adaptive numerical
methods for the approximation of u}.

The proofs of our results heavily rely on regularity estimates in weighted Sobolev spaces.
For linear SPDEs, estimates of this form have already been derived, see [23], as well as
[24]. In this paper, we generalize these results to the semilinear case. By following the
lines of [2], these new weighted Sobolov estimates can then be used to derive the desired
Besov results.

There exists an extensive literature on the Besov regularity of SPDEs, although most
of the results are obtained for linear equations. Recently, semilinear evolution equations
gained center stage. In general, however, the assumptions on the domain and the scale
of parameters considered do not fit into our setting. To mention an example, in [32]
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non-autonomous semilinear evolution equations in UMD Banach spaces with M-type 2
have been studied (see also [29] for the autonomous case). As an application, it has been
shown that, if the boundary of the domain is smooth enough and certain conditions on
the coefficients are fulfilled, the solutions of these equations take values in the Besov space
B3 (O) with p > 2 and some s € [0,2]. One of the main purposes in these works is to gain
better Holder regularity results. Hence, due to the Sobolev embedding theorem, the main
interest is on spaces with summability parameter p as large as possible. However, our focus
is different. Firstly, we are explicitly interested in domains with non-smooth boundary. In
this situation, one of the main ingredients for the application mentioned above, namely
the equality W2(O) N WL(O) = D(A), where D(A) := {u € WHO) : Au € L,(O)}, A =
A = ZZ:1 %, does not hold any more (see [19], [20], as well as [22]). Secondly, we are
interested in the scale By (O), 1/7 = a/d + 1/p, p > 2 fixed, including spaces which are
no Banach spaces but quasi-Banach spaces. The parameter 7 decreases if « increases and
B2 (O) fails to be a Banach space for 7 < 1. While our methods work in this setting,
any direct approach requires (at least!) a fully-fledged theory of stochastic integration in
quasi-Banach spaces which is not yet available.

Let us emphasize that our result can be extended to more general semilinear equations
of the type

d d \
du = <Z 0 Uy + szum +cu+erF(u) + f) dt

ij=1 i=1
o) d

+ Z (Z oFug, +n'u+ g,G(u)* + gk> dw?,
k=1 \i=1

U(O, ) = Uop. y,

Here the coefficients a¥, b', ¢, o'*, n* and the free terms f and g¢* are random functions
depending on ¢ and x, while F' and G are as in equation (*.). This extension is possible
because our result in Theorem 8 as well as Corollary 10 can be extended to this wider class.
Therefore, additionally assumptions on the coefficients, as presented in [23] and [24], have
to be fulfilled. Since this mainly adds notational complications, we will focus on equation
(%) and give a short account of how to treat equations of type (e.) in the last section.

The paper is organized as follows: In Section 2 we extend the result from [24] concerning
the solvability of linear SPDEs in weighted Sobolev spaces to a class of semilinear SPDEs.
Furthermore, we will prove a weighted Sobolev estimate for this unique solution. Section
3 contains the Besov regularity result (Theorem 11), its proof and an example for an
application of this theorem. General equations of type (e.) will be treated in Section 4.
In the appendix the reader can find the definition of Besov spaces B, (O) as well as some
details on wavelet characterizations of B;vq(Rd) for particular parameter constellations.

Before we start let us fix some Conventions and Notations (see [2]). If not otherwise
stated, throughout this paper, © C R? denotes a bounded Lipschitz domain. A domain is



called Lipschitz if each point on the boundary 0O has a neighbourhood whose intersection
with the boundary—after relabeling and reorienting the coordinate axes if necessary—is
the graph of a Lipschitz function.

By D'(O) we denote the space of Schwartz distributions on O. If not explicitly stated
otherwise, all function spaces or spaces of distributions are meant to be spaces of real-valued

functions or distributions. If f € D'(O) is a generalized function and a = (aq,...,a4) €
olely

axi‘l...axjd

x = (v1,...,2q4) € O, where |a| = a1 + ... + ag. For m € Ny, D"f = {D*f : |a] =
d+m—1

m} is the set of all m-th order derivatives of f which is identified with an R( m )-

valued distribution. Given p € [1,00) and m € INg, W;*(O) denotes the classical Sobolev
space consisting of all (equivalence classes of) measurable functions f : @ — R such that
1wy o) = £, + | flwgo) = (o If @)P dz) P+ 3 (fo D2 £ (@) [P d2) 17 is finite.
For p € (1,00) and s € (m,m + 1), m € Ny, we define the fractional order Sobolev space
W3(O) to be the Besov space B, ,(O) introduced in the appendix. (This scale of fractional
order Sobolev spaces can also be obtained by real interpolation of W;‘((’)), n € INg. One can
show that W3(O) = B3 ,(O) for all n € N and W}(O) C By (O) for alln € N, p > 2, see,
e.g. [31, Remark 2.3.3/4 and Theorem 4.6.1.(b)] together with [17].) Given any countable
index set J, the space of p-summable sequences indexed by J is denoted by ¢, = (,(J)
and | - |, is the respective norm. Usually we have £, = ¢,(IN) but, for instance we may
also use the notation D™ f(z)[; =3 =, |D*f(2)[P for f € W;*(O).

Given a distribution f € D'(O) and a smooth and compactly supported test function
v € 65°(0), we write (f,¢) for the application of f to . If H is a Hilbert space, then
(-, - )u denotes the inner product in H. M%C(H , (F¢)) is the space of continuous, square
integrable, H-valued martingales with respect to the filtration (F;).cjo,77- For [0, 7] x Q we
use the shorthand notation 2y and

IN¢ is a multi-index, we write D®f = for the corresponding derivative w.r.t.

@T::a({(s,t]sz 0<s<t<T, F,e F,}U{{0} x F} : FOGJ:O})

is the predictable g-algebra. A ® P is the product measure of Lebesgue measure A on
([0,77,B(]0,T])), where B([0, T]) denotes the Borel g-algebra on [0, T, and the probability
measure P on (€2, F). Given any measure space (4,4, m), any (quasi-)normed space B
with (quasi-)norm || - || and any summability index p > 0, we denote by L,(A, A, m; B)
the space of all strongly measurable, i.e. Bochner measurable, functions v : A — B whose
(quasi-)norm [|ul| 1, a,4msm) == ([, [|u(z)|% m(dz))l/p is finite.

All equalities of random variables or random (generalized) functions appearing in this
paper are meant to be P-almost sure equalities. Throughout the paper, C' denotes a positive
constant which may change its value from line to line.

2 Existence Results in Weighted Sobolev Spaces

In this chapter we extend the L,-theory of linear SPDEs on Lipshitz domains from [24] to
semilinear SPDEs of the form (x.).



If we assume that our solution u} = u*(t,w,z), (t,w,x) € [0,T] x Q x O, vanishes at
the boundary 00, satisfying a zero Dirichlet boundary condition, we are facing the same
problem as in the linear case: Nonsmooth domains O induce singularities of the (spatial)
derivatives at the boundary 0O, so that our solution fails to have high regularity in the
Sobolev scale W;(0), s > 0. A general way to deal with smoothness regardless of certain
singularities at the boundary is to use weighted Sobolev spaces, where the weight function
is a power of the distance to the boundary. The L,-theory in [23, 24] is based on spaces of
this type, namely the weighted Sobolev spaces H),(O), p € (1,00), 0, v € R, introduced
in [28]. For the convenience of the reader we give here a short presentation of these spaces,
which can also be found in [2]. They are defined in terms of the Bessel-potential spaces

H)(RY) = {u e S'(RY) : [[ullgyme) = I(1 = A)"?ullp,mey < 00}

Here, S'(RY) € D'(R?) is the space of (real valued) tempered distributions and (1 —A)?/2 :
S'(RY) — S'(RY) is the pseudo-differential operator with symbol R? 3 ¢ +— (1 + [£]?)/2,
ie. (1 — A2y = F1((1+[¢*)/2Fu), where F denotes the Fourier transform on the
(complex valued) tempered distributions.

For x € O we write p(z) := dist(x,00) for the distance between = and the boundary
of the domain O. Fix ¢ > 1, kg > 0 and for n € Z consider the subsets O,, of O given by

O, ={x€0:c" < px) <t}

Let ¢,, n € Z, be non-negative functions satisfying ¢, € 65°(On), > ,cz Cn(z) = 1 and
|D™C(z)| < C - ™ for allm € Z, m € Ny, x € O, and a constant C' > 0 that does not
depend on n, m and z. The functions (, can be constructed by mollifying the indicator
functions of the sets O, see, e.g. [21, Section 1.4]. If O,, is empty we set (, = 0. For
u € D'(O) (yu is a distribution on @ with compact support which can be extended by zero
to R?. This extension is a tempered distribution, i.e. (,u € &'(R%).

Definition 1. Let (,, n € Z, be as above and p € (1,00), 0, v € R. Then
H15(0) = {u e D(O) : ully o) = D lCnle" Jule" )| oy < o0 }-
nez

According to [28] this definition is independent of the specific choice of ¢, ko and
Cn, n € Np, in the sense that one gets equivalent norms. If v = m € INy then the spaces
can be characterized as

Hpo(0) = Lyp(0) = Ly(O, plw)’~*da),
H7(0) = {u : p*'D% € L,5(0) for all & € N§ with |a| < m},

and one has the norm equivalence

C Ml o) < D / [p(@) I D%u(2)[" p()" " dz < Cllullfpm o).

a€Ng, |a|<m



Analogous notations are used for fo = f5(IN)-valued functions g = (¢*)ren. For p €
(1,00), 0, v € R and (,, n € Z, as above

HI(RY 6) = {g e (S (RN : (1— A)2gk € L(RY) for all k € N and

ol mny = 11 (1= 8Y726%), Ll sy < 20}
Hy(0; ) = {gE (DONN < N9lliy 0y = D € 1=l )a(e" i gaey <oo}-
neZ

Remark 2 (see Remark 7.(a) in [2]). One can consider the spaces H) ,(O) as generaliza-
tions of the classical Sobolev spaces on O with zero Dirichlet boundary conditions. For
v =m € Ny we have the identity

Hm

p,d—mp

(0) = W,;"(0),

and the norms in both spaces are equivalent, see Theorem 9.7 in [26]. Here VT/;”(O) is the
closure of €3°(O) in the classical Sobolev space W"(O).

We can now define spaces of stochastic processes and random functions in terms of the
weighted Sobolev spaces introduced above.

Definition 3. For 7, # € R and p € (1,00) we set
10(0,T) := L, (Qp, P10, A®@ P; H},(0)),
p,e(O,T, l3) =Ly (Qp, P, A @ P; H) 0(0:02))
UY,(0) = L,(Q, Fo, Py HI 22 (0)),

p,0+2— p

and for p € [2,00),

(O,T) : u(0, -) € U)y(O) and du = fdt+ngdwf

k=1

(0,7), g€ HI (O, T; fz)},

p,0—p

for some f € ]Hp 9+p

equipped with the norm
o)+ ”fHH;;,ErP(O,T) + Hg”mg;l(omb) + [|(0, ')”U;Q(O)-

lullsy o = Il

The equality du = fdt + Y -, g¥ dw} above is a shorthand for

(ult, -),¢) = (u(0, -), ¥) +/0 (f(s,-), ) d8+Z/O (g"(s, ), ) dwy (1)

for all p € 65°(0), t € [0,T].



Remark 4 (see Remark 9 in [2]). (a) If p € [2,00), then the sum of stochastic integrals
in (1) converges in the space M=(R, (F;)) of continuous, square integrable, R-valued
martingales w.r.t (F;)cjo,r7- A proof can be found in [2, Appendix A].

(b) Using the arguments from [25, Remark 3.3, we get the uniqueness (up to indis-
tinguishability) of the pair (f,g) € H;,;?i-p<07 T) x H;;1(07T;€2) which fulfils (1). Conse-
quently, the norm in $) ,(O, T') is well defined.

We are now ready to get more concrete on our model equation (*.). In the sequel we
will fix

pE2,00),ye€Nand § € R
and assume that the following conditions are fulfilled.

Assumptions 5. The differential operator A, the noise term (gk) keI the nonlinearity
F', the initial condition ug, and the nonlinearity G' in equation (k) fulfil the following
conditions:

[A1] The operator

A:HYy (0) = H)G2,(0)
u— Au

is the unique linear and continuous extension of the linear operator

A:62(0) — H,2 (0)

pO+p
d
92
ur— Au = U
= Ox;
on H),  (O). We will make abuse of notation and denote A by A as well.

[A2] The free noise term has the following regularity: g = (gk) e € ]H;’;l(o, T;05).
[A3] The function

-1

p,0—p

(0, T) = H,2 (0,T)

p,0+p

is Lipschitz continuous with Lipschitz constant Cr € (0, 00), i.e.
|F(u) = F@) =2 0.2y < Cr = olliy, o @)
for arbitrary u,v € H) , (O, T).

[A4] The function F' is zero at the origin, i.e. F'(0) = 0.

9



[A5] The initial value has the following regularity: uo € U] 4(O).

[A6] The function
G:H!

p,0—p

(0,T) = H, (0, T; )
ur Gu) = (Gw)")

is Lipschitz continuous with Lipschitz constant C € (0, 00), i.e.

kelN

G — G0) ey < Celu = vl 3
for arbitrary u,v € H), (O, T).

[A7] The function G is zero at the origin, i.e. G(0) = 0.

Remark 6. (a) To keep notation simple, we restrict ourself in this section to the case
A = A, see [Al]. In Section 4 we allow more general operators A, including for example
positive definite second order elliptic differential operators.

(b) By making slightly abuse of notation we will also denote by A the operator

AW, (0,T)—H,> (OT)

p,0—p e
u— Au,
where Au(t,w) := Au(t,w,-) for all (t,w) € [0,T] x Q.
Let us now recall what is meant by a solution of equation (x.) in the class §) , (O, T).
Definition 7. A solution of equation (x.) in the class )], (O, T) is a stochastic process

ureH ), (O,T), which fulfils the following equality for all p € €;°(O) and all ¢t € [0, 7]

p,0—p

P-a.s.

wxu»¢>=@m¢»+A<A@@fw+qu9@fxwds

#3 [ EG)  o) ghaut

We can now prove the following result concerning the existence and uniqueness of a
solution to equation (x.).

Theorem 8. Fiz p € [2,00) and v € N. There exists a constant k = k(d,p, O) € (0,1),
such that the following holds: If assumptions [A1]-[A7] are satisfied for some 0 € (d+p —
2—k,d+p—2+k), there exist two constants a > 0 and b > 0 depending on d, p, v, 0, T,
O, Cr and Cg, so that for each
e = (ef,e4) € B = B(a,b) := {(x,y) € [0,00) X [0,00) |y < a— bz},

equation (*.) has a unique solution u} in the class $),(0,T). Moreover, the following
inequality holds

HU:HH;QW(QT) < C(HgHHg;l(o,T;zg) + HUOHU;”Q(O))v (4)
where the constant C' € (0,00) depends only on d, p, v, 0, T, O, €, Cr and Cg.

10



Remark 9. (a) The existence of a constant x = k(d,p, O) € (0,1), such that the state-
ments of Theorem 8 are true for the special case of linear equations, i.e. ¢ = (g7,¢,) =
(0,0), has been proven in [24]. The constant x in Theorem 8 is the same as the con-
stant By in Theorem 2.12 in [24], see also Remark 2.13 therein, while the constant C' =
C(d,p,v,0,T,0,e4,¢4,Cr,Cg) in (4) is given by

Co

C:
1— C() (Cpéff + CGgg)’

with Cy = C'(d, p,~,0,T,O) from [24, Theorem 2.12].

(b) Because Theorem 2.12 in [24] holds true for fractional and negative parameters 7,
see Remark 2.13 therein, the statement of Theorem 8 holds true for arbitrary v € R.

(c) If the nonlinearity in the noise part of equation (*.) vanishes, i.e. G = 0, we can
choose the Lipschitz constant Cg € (0, 00) from assumption [A6] to be as small as we want.
Therefore, instead of the set B in Theorem 8, we get the existence of a constant a > 0
depending on d, p, v, 0, T';, O and Cp, such that the rest of the statement is true for each
e €10,a) x [0,00).

Proof of Theorem 8. Fix p € [2,00) and v € IN. Set k = fy(d,p,O) € (0,1) as in [24,
Theorem 2.12] and choose 6 € (d+p —2 — k,d+ p — 2 + k). First we prove the existence
and uniqueness of the solution. To achieve this goal, we use an appropriate version of the
Banach fixed point theorem. For ¢ = (ef,¢,) € [0,00) X [0,00), let us define the following
operator:

N.:H, (0, T)— H!

p,0—p

u = Ne(u),

(O, T)

p9p

where N_(u) is the unique solution of the equation
dv = (Av + e,F(u) dt + (g,G(w)* + ¢*) dwy, v(0,-) = ug

in the class $3) ,(O0,T) C H)

p0—p
rem 2.12 in [24] see also Remark 2.13 therein. Let us fix two processes u,v € H'

Then, we know that, if we fix p € 65°(0), for all t € [0,T], P-a.s.

(O, T). Note that this operator is well defined due to Theo-
(0, 7).

p,0—p

N(u)(t, ), ) = (uo, ) + / (ANC(u)(s, ") +erF(u)(s, -), p)ds
+Z/ G (s, ) + g*(5,), @)dut,
as well as

Ne()(t, ), ) = (uo, @) + /0 (ANC(v)(s, ) + £ F(v)(s, ), ) ds

11
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Substracting the two equations gives us
L)) = Ne) 1)) = [ (N5, = AN-(0) 5., 1
+ / e F(u)(s, ) — £/ F(0)(s, ), 9)ds
" Z / e — £ G)(s, ), ) dut
for all ¢t € [0, T] P-a.s. Because the Laplacian is a linear operator, we get
N = Ne)(8):9) = [ (N5 ) = N5 ). s

n / (esF(u)(s,-) — e;F(0)(5, ), 0)ds

£ 3 [0 6. - 2,60 s,
Consequently, this means that N (u) — N:(v) € H), (O, T) is the unique solution in the

class 93] o(O,T) of the linear (stochastic) partial differential equation
Ao = (AT + e F(u) — 4 F(v))dt + (e,G(u)* — e,G(v)*)dwf, (0,-) =0,
and the inequality
[Nz (u) — M(U)HIH;”Q?F(QT)
< Co (erIF(w) = FO) 2 o) + 0l G) = GOl o)

holds with some constant Cy € (0, 00) depending only on d, p, 7, 8, T and O. This follows
from Theorem 2.12 in [24], see also Remark 2.13 therein for the case 7 = 1. The main point
is that the constant C' there does not depend on the free terms f and g, meaning that the
constant Cj in our situation does not depend on F', GG, u or v. Now, using assumptions

[A3] and [A6], we get
IV () = No@) o) < Co (Crey lu=vlley, o)+ Careyllu= vl o)
< Co(Cres+Cagy) lu—vllw, o)

It follows that, for

_ _ 1 O
8—(5f,5g)€B._{(az,y)e[(),oo)x[o,oo)‘ y<COCG CGSL’},

12



the operator N, is a contraction from H), (O, T) to H), (O,T). Because the space
]H; o p(O, T') of stochastic processes is a Banach space, the well-known Banach fixed point
theorem gives us the existence of a unique fixed point of V.. Regarding the fact that any
solution of the equation (x.) in §),(O,T) is a fixed point of the operator N, and vice
versa, we have just proven that for each ¢ € B C [0,00) x [0,00), equation (*.) has a
unique solution u in the class ) ,(0,T).

Now, let us prove inequality (4). Therefore, fix ¢ € B and denote by ¢. € (0,1) the
contraction number of N.. That is,

[Nz (u) — 'Me(U)HHZ,e,p(O,T) < g lu— U”lm _,(o1) for all u,v € ]Hpe p<O7T)'

(O, T) and set w1 := A (u¥))

Let us start our fixed point iteration with vY = 0 € H?
for all 5 € IN. We know

(*) that the sequence (u))

p,0—p
jen converges to the solution u? in H), ,(O,T), and
(x) that

IV (ul )HIH;’O L0 = Co ("9|’Hg;l(o,T;zg) + ”UOHU;e(O))-
This follows from Theorem 2.12 in [24] and assumptions [A4] and [AT7]. See also
Remark 2.13 therein for the case v = 1.

The a-priori estimate from the Banach fixed point theorem leads to

[zl

1
o0 = g (HgHH;?((’),T;Zz)+HUOHU;”@(O))-

The proof is finished. H

The following result is a straightforward consequence from Theorem 8. We will need it
in the next section where we want to establish Besov regularity of the solution.

Corollary 10. In the situation of Theorem 8, the following inequality holds for every e € B
and T € [0, p|.

[ 1m0l 4P < € (llhgom + ol o)
Proof. Just replace u by u? in the proof of Corollary 12 in [2] and use Theorem 8 instead
of Theorem 11 in [2]. O

3 Besov Regularity of the Solution

In this section we state and prove the main result of this paper. It is formulated in terms
of the L.-spaces

L (QT7BS (O)) = LT(QTa t@T))\(81137373'77'((9))7 T E (07 OO)? s € (0700)7

and the spaces introduced in the last section. We use the convention “1/0 := 00”.

13



Theorem 11. Given the situation from Theorem 8, fir € € B and let u be the unique
solution of equation (*.) in the class §) ,(O,T). Assume furthermore that

d—
ul € Ly(Qr; B, (O0))  for some 0<s<yA (1 + T) .

Then, we have

1 d
ul € L(Qr; B} (0)), - = % +—, forall 0<a<~yA ST

and the following equation holds

20z, rsoe 00 < C (gl .z + Iollo o + I Nnyiarim on)
Here the constant C' > 0 depends only on d, p, v, 8, T, O, ¢, Cr, Cg and «.

Remark 12. Since for p € (1,00) and s € R\INg we have W;(O) = B;(0), and since
d%‘ll > 1, Theorem 11 implies that the Besov regularity of the solution to (x.) is usually
higher than the Sobolev regularity, see also Example 13 below. Consequently, the use of
adaptive schemes for the numerical treatment of (x.) is completely justified.

Proof of Theorem 11. We fix ¢ € B and follow the lines of the proof of Theorem 15 in
[2]. T.e. we establish Besov regularity by first using extension operators from B; (0) to
B;p(]Rd) as described in [30], and then employing the wavelet characterization according to
Theorem 19 in the appendix. The estimation of the wavelet coefficients, which correspond
to the wavelets with support inside of the domain O is performed by the weighted Sobolev
results from the previous section. O

Example 13. Let p = 2 and v = 2 and choose § = d € (d — ¢,d + ¢) for all ¢ € (0,1).
Furthermore, let G = 0 and set

F: Hg,d72 0,T) — Hg,d+2 (0,T)
u— F(u),

where for each v € H3 ;_,(O,T) we set

Fu) : 0,T] x © = HY4,5(0)
(t,w) = F(u)(t,w) = p 2 sin(u(t,w,-)).
Then obviously, F'(0) = 0 and F is Lipschitz continuous with Lipschitz constant Cp = 1.

Now, Theorem 8 gives us the existence of an oy > 0, such that for any e; € (0,g0s) the
equation

du = (Au+e; F(u))dt+ Y gF(t)dwf, u(0,-) = uo
k=1

14



has a unique solution u} in the class 3 ;,(O,T). This implies that our solution also has the
following spatial regularity

ul € Ly(Qp, Pr, X@ P; Hy 4 5(0)) C Ly(Qr, Pr, A @ Py Hy g 5(O))

= Ly(Qr, Pr, A @ P;WL(0))
g L2<QT7 ’@T7 )\ ® IP? 821,2(0>>

Hence, we can apply Theorem 11 and get

. o d L a1
Ua € LT(QT7 @T,)\ ®IP,BT’T(O)) fOI' all A (O, ﬁ) Wlth ; = d —+ 2
In the two-dimensional setting (d = 2) we conclude for our solution, that
* .1 a+1
ul € L ([0,T] x Q, P, A@ P; BS (0)) for all « € (0,2) with — = 5
’ T

4 A Wider Class of Equations

In the introduction we have indicated that our main result can be extended to equation
(e.). The major reason is, that with the same techniques used in the proof of Theorem 8 we
can prove existence and uniqueness of a solution to equation (e.), provided the coefficients
a’, b, ¢, o'* and n*, the free terms f and ¢* and the initial value u, fulfil certain conditions.
This is done by using the general result from [24, Theorem 2.12] and employing again
the Banach fixed point theorem. A similar estimate to the one from Corollary 10 follows
immediately. We can use this fact to extend our regularity result to such equations. In this
section we want to sketch the basic steps.

For the convenience of the reader we begin by presenting the assumptions on the co-
efficients used in [24, Theorem 2.12]. Therefore, we need some additional notations. For
x,y € O we shall write p(z,y) := p(z) A p(y). For a € R, 6 € (0,1] and m € Ny we set:

D7 f(x) — Df(y)]

(A1 = sup g ()| D™ f(z)]  and  [f])s = sup p" T (,y) P
z€® z,ycO |3j - y‘
|B]|=m
A9 =31 and A= A+ [,
j=0

whenever it makes sense. We shall use the same notations for ¢;-valued functions (just
replace the absolute values in the above definitions by the ¢s-norms). Furthermore, let’s fix
an arbitrary function

o : [0,00) = [0, 00),

vanishing only on the set of nonnegative integers, i.e. po(m) = 0 if and only if m € INy. We
set

by =1+ po(t).

15



Now we are able to present the assumptions on the coefficients of equation (e.) (see
23, Assumptions 2.5 and 2.6] as well as [24, Assumptions 2.10]).

[K'1] For any fixed = € O, the coefficients
a? (L .,x) b (L), e ), 0L x) (L, x) [0,T] x Q= R
are predictable processes with respect to the given normal filtration (Ft>t€[O,T]'

[K2] (Stochastic parabolicity) There are constants dg, K > 0, such that for all (t,w,z) €
0,7] x 2 x O and A € R%:
So| A2 < @l (t,w, )N\ < K|AP,
where aii := a7 — (o', 0%),, fori,j € {1,...,d}.
[K3] For all (t,w) € [0,T] x Q:
ja (t,w, O+ [t w, )0, + et w, )2,

1o (6w, IO+ Inttw, I, < K
[K4] The coefficients a* and ¢ are uniformly continuous in z € O, i.e. for any € > 0 there
isa d = d(e) > 0, such that
la” (t,w, z) — a” (t,w,y)| + o' (t,w, z) — o' (t,w,y)|e, < €
for all (t,w) € [0,T] x €2, whenever z,y € O with |z —y| < 4.

[K5] The behaviour of the coefficients b’, ¢ and 7 can be controlled near the boundary of
O in the following way:

lim sup {p(x)[b’(t,w, z)| + p*(x)]c(t,w, 2)| + p(x)|In(t,w, z)|e,} = 0.
p(x)=0 weO
€O €[0T

Here is the result concerning the solvability of equation (e.) in the classes £ ,(O,T).

Theorem 14. Fiz p € [2,00) and v € IN. Furthermore, let assumptions [K1]-[{K5] be
satisfied for some K > 0 and 6y > 0. Then there exists a constant k = k(d, p,, 6o, K, O) €
(0,1), such that the following holds: If assumptions [A1]-[AT| are satisfied for some 0 €
(d+p—2—kK,d+p—2+K), there exist two constants a > 0 and b > 0 depending on d,
v, p, 0,0, K, T, O, Cr and Cg, so that for each

e=(gf,e4) € B= B(a,b) :={(z,y) € [0,00) x [0,00) |y < a— bz},

equation (e.) has a unique solution u? in the class $3) o(O,T). Moreover, for this solution
we have

w2l , 0m) <C (”f”]HZ;ip((’),T) Hll9llir 0 + HUOHU;9(0)> ) (5)

where C' is a constant depending only on d, ~, p, 0, 6y, K, T, Cr, Cq, € and O.
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Remark 15. The statements of Remark 9 (a) and (b) also carry over to Theorem 14.
An immediate consequence of Theorem 14 is the following estimate.

Corollary 16. In the situation of Theorem 14, the following inequality holds for every
e € B and T € [0,p].

/ / 1005 Dt w, g [ o) At P(dw)
< C (2 oy + N9l o) + lollog o))

Proof. Just repeat the arguments of the proof of Corollary 10 and use estimate (5) instead
of (4) at the beginning. O

Now we can present our result concerning the Besov regularity of the solution in the
generalized setting.

Theorem 17. Given the situation from Theorem 14, fir € € B and let u? be the unique
solution to equation (e.) in the class ) ,(O,T). Furthermore, assume that

u? € Ly(Qr; B, (0))  for some 0<s§7/\<1+d—9)
p

Then, we have

1
u? € L (Qr; By, (0)), —=at forall 0<a<vyAs

@
d d—1

and the following inequality holds

||u;||LT(QT;B$,T((9)) <C (Hf”m;;ip(oy) + ||g||1H;;)1((9,T;52) + ||u0||U;”9(O) + ||u;||Lp(QT§Bf77p(O))) .

Proof. We can argue like we did in the proof of Theorem 11. We just have to use Corollary
16 where we used Corollary 10. O

A Appendix

In this appendix we give a definition of Besov spaces and present a well-known result
concerning the wavelet characterization of these function spaces. Our standard reference
in this context is the monograph [3].

The most common way to define Besov spaces is by making use of differences. For a
function f : O — R and a natural number n € IN let

n n

Apfta) =TT tote 4 i) 3 (1) -0 fta+ )

i=0 Jj=0
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be the n-th difference of f with step h € R%. For p € (0, 00) the modulus of smoothness is
given by
W )y i=swp | ALf ooy 0.

|h|<t

One approach to introduce Besov spaces is the following (see, e.g. [16, p.91]).

Definition 18. Let s,p,q € (0,00) and n € IN with n > s. Then B} (O) is the collection
of all functions f € L,(O) such that

* adt
B; ,(0) = (/0 |:tis w"(t, f)pi| 7) < 0.

These classes are equipped with a (quasi-)norm by taking

| f

1133 0 = I f llpi0) + 1 f 1B 4000

For certain constellations of the parameters p, ¢ and s, Besov spaces B;q(Rd) can be
characterized by the decay properties of wavelet coefficients. To this end, fix an arbitrary
r € N, and let ¢ € €"(RY) be a compactly supported scaling function as constructed by
I. Daubechies, see [15]. We denote by 1; € €"(R?), i = 1,...,2¢ — 1, the corresponding
multivariate Daubechies mother wavelets having compact support and vanishing moments
up to order r. Furthermore, assume that

{Solmwi,j,k : <i7j7 k) € {17 .. -72d - 1} X IN x Zd}

is an orthogonal wavelet basis of Ly(IR?). (We used the standard abbreviations for dyadic
shifts and dilations of functions, see e.g. [2, p.8].) Such a basis can be used for the charac-
terization of Besov spaces as follows.

Theorem 19. Let p,q € (0,00) and s > max{0,d(1/p—1)}. Choose r € N withr > s and
a corresponding Daubechies orthonormal wavelet basis. Then a locally integrable function
f:R? — R is in the Besov space B;,q(]Rd) if, and only if,

241

F=Y (foent+ DD > (it

kezd i=1 jeNo kezd
(convergence in D'(R?)) with

2d_1

(Z I(f, gpkﬂp)l/p + (Z Z 94sq97d(1/2=1/p)q Z (f )| q/p) /4 <0, (6)

kezd =1 jelNp kezd

and (6) is an equivalent (quasi-)norm for By (R?).
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