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Abstract

We study the Cauchy problem for an abstract quasilinear stochastic parabolic evolution equa-
tion on a Banach space driven by a cylindrical Brownian motion. We prove existence and
uniqueness of a local strong solution up to a maximal stopping time, that is characterised by
a blow-up alternative. The key idea is an iterative application of the theory about maximal
LP- regularity for semilinear stochastic evolution equations by Van Neerven, Veraar and Weis.
We apply our local well-posedness result to a convection-diffusion equation on a bounded do-
main with Dirichlet, Neumann or mixed boudary conditions and to a generalized Navier-Stokes
equation describing non-Newtonian fluids. In the first example, we can even show that the so-
lution exists globally.

Mathematics Subject Classification (2010): 60H15, 60H30, 35K59, 65]J08, 58D25, 60H15, 76A05,
35Q35, 35K57

Keywords: quasilinear stochastic equations, stochastic maximal L?-regularity, stochastic evo-
lution equations in Banach spaces, blow-up alternative, functional calculus, stochastic reaction
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1 Introduction

In this article, we develop an abstract framework to deal with quasilinear stochastic evolution

equations driven by a cylindrical Brownian motion, like the convection-diffusion equation

{du(t) = [div(a(u(t))Vu(t)) — div(G(w))]dt + 307 By (u(t))dBna(t),t € (0,T] (L.1)
u(0) = wo, )

on a domain D C R? with Dirichlet, Neumann or even mixed boundary conditions, a uniformly
positive definite diffusion matrix a and a sequence of independent Brownian motions (3, )nen-
describes certain phenomena where particles, energy, or other physical quantities are trans-
ferred inside a physical system due to diffusion and convection. Here the stochastic perturbation
represents random external perturbation or a lack of knowledge of certain parameters.

We consider the abstract quasilinear stochastic evolution equations

du(t) = [ — A(u(t))u(t) + F(u(t))]dt + B(u(t))dW (t), t € (0,T],

(QSEE) {u(O) s

on a Banach space E in a setting that covers (1.1) and we aim to establish existence and unique-
ness of local strong solutions of (QSEE) up to a maximal stopping time 7.
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In a deterministic setting, these equations have been studied for more than 30 years using strong
linearisation techniques relying on the solvability of non-autonomous equations under certain
Holder continuity assumptions (see e.g. [43], [61]) or relying on maximal LP-regularity (see e.g.
[2], 3], [13], [50]). In a stochastic setting, concrete quasilinear equations have been extensively
studied in the literature in case of monotone coefficients (see e.g. [39], [48], [27] and [7] and the
references therein). In the same spirit is [42], where the authors extend the known results to the
case of locally monotone coefficients. Existence and uniqueness of on the torus T¢ with a
globally Lipschitz continuous quasilinearity a was proven in [32] by approximating a and G with
locally monotone coefficients, deriving uniform estimates for the solutions of the approximating
problem and passing to the limit afterwards. However, as far as we know, there are no abstract
results comparable to the state of knowledge in the deterministic case. One reason might be, that
the theory of maximal regularity for the stochastic integral in Banach spaces has not been devel-
oped until 2012. Then, Van Neerven, Veraar and Weis found out (see [58]), that if E = LY(O, u)
for some ¢ > 2 (or more general, F is a UMD Banach space of type 2) and the operator B has a
bounded H > (Xg)-calculus on a sector ¥y with 6 € (0,7/2), one has

0 ot
Ht — Z/o 31/26_3(’5_‘9)91@(8)6%5HLP(QX]RM;LQ(O)) < CMRS||g||LP(Q><]R20;Lq(O;l2))-
k=1 B
for p > 2. Together with the well-known deterministic maximal regularity result

t
—B(t—s
Ht — /0 Be (¢ )f(s) ds HLP(RZO;L‘Z(O)) < CMRDHfHLT’(Rzo;LQ(O))v
this led to a new theory for semilinear stochastic evolution equations of the form

du(t) = [ = Bu(t) + G(u(t))]dt + B(u(t))dW (t), t € (0,7},

(SEE) {u(o) e

where nonlinearites G : [0, T] x D(B) — L(0O) and B : [0,T] x D(B) — D(B'/?) were allowed,
as long as they were Lipschitz continuous with a small Lipschitz constant (see [57]).

Now, we briefly describe our main assumptions and our strategy. We also work on UMD Banach
spaces E of type 2, e.g. E = L9(O; p) for ¢ > 2 and we choose p > 2. We assume, that the domain
of the operators A(z) is constant, i.e. there exists a Banach space E' such that D(A(z)) = E* for
every z € (E, El)l_1 o and we demand A to be at least locally Lipschitz continuous, i.e. for

every R > 0 there exists L(R) > 0 such that

1A(z) = AWl s,y < LRz = yll(B.51)1 1),

for every y, z with Hy||(E,E1)171/P'p, ||z\|(E7E1)171/p7p < R. As a first step, we consider

Fy(u(t) = 0x( sup [fu(s) —uoll(s.51), 4, + lullzeosn ) (Alu(®))u(t) = A(uo)u(®)),

s€[0,t]
where 6y : R>o — [0,1] is a Lipschitz continuous cut-off function, that equals one on [0, A] and
vanishes on [2), 00). This means, that as long as u(t) is close enough to ug and |u| 1r(o ;51 is
small, we have A(u(t))u(t) = A(uo)u(t) + Fi(u(t)). We prove that F has a Lipschitz constant

proportional to A and thus, choosing A small enough, satisfies the assumptions needed to solve
(SEE) with B = A(ug) and G(u(t)) = —F1(u(t)) + F(u(t)). A solution of (SEE) exists on [0, T,
but it just solves (QSEE) on the random interval [0, 1], where 7, is a stopping time given by

71 = inf {t € [O,T] : ||u(t) - UOH(E7E1)171/pm + HU||Lp(0)t;E1) > )\}.
Then, we iterate this procedure with the new initial value u(7) and set

By(u(t)) = 0x( sup luls) = w(mi)ll(m,m0), 4, , + [0l o)) (Au())ut) = Alur, u(t))

SE[T1,1]



for t € [r,T] and get a stopping time 72 and a solution of (QSEE) on |11, 72]. Inductively, we
construct a sequence of stopping times (7, ),, such that u solves (QSEE) on [0, 7;,] for every n € N.
Finally, we define 7 = sup,,cy 7, and show that the solution of (QSEE) is unique and satisfies

]P’{T < T, |ullzo(rm1) < 00 u: [0,7) = (E, E')_1/,, is uniformly continuous} =0.

This means, that if one wants to prove that a local solution exists in the whole interval [0, 77, it
is sufficient to show uniform continuity with values in (E, E*);_1,, and to control the quantity
||u||LP(O’T;E1) pathwise.

All in all, the main advantage of our abstract operator theoretic approach is, that we can cover a
wide range of applications. For example, our assumption on the H*°-calculus is satisfied in many
situations. As a rule of thumb, one might say, that almost all elliptic differential operators of even
order have such a calculus (see e.g. [4], [16], [17], [20], [211, [22], [23], [34], [36], [40] and [44]).

The full power of our setting can be seen in our examples. First, we discuss a quasilinear
elliptic equation on R? of the form

{du(t) = [ijzl aij (-, u(t), Vu(t)9;0;u(t) + f(t)]dt + B(t, u(t))dW (t),
u(0) = up.

As far as we know, this equation has not been studied in a stochastic setting, since the usual
monotonicity methods are not available and it is difficult to derive energy estimates.

Next, we give an application to fluid dynamics. The example of a generalized Navier-Stokes
equation for non-Newtonian fluids is inspired by the deterministic work of Bothe and Priiss in
[9]. The stochastic noise perturbation occur in the context of turbulences, for example in the
Kreichnan model.

Last but not least, we discuss the above mentioned convection-diffusion equation (1.1) with
mixed boundary conditions. We prove existence and uniqueness of local weak solutions in the
sense of partial differential equations, i.e. we consider it as an equation in W~14(D). In this ap-
plication, we make use of the great progress within the last years concerning mixed boundary
problems in W~14(D) for ¢ > 2. Exemplary, we need the square-root-property of operators in
divergence form in L(D) (see [6], [25] and the references therein) and the so called isomorphism
property between W14(D) and W~19(D) (see [18], [26]). Afterwards, we restrict us to Dirichlet
boundary conditions and show that under a global Lipschitz assumption on the diffusion matrix,
the solution does not explode and exists on the whole interval [0, T]. This generalises the work
of Hofmanova and Zhang ([32]]) from the torus to arbitrary bounded C'-domains. Moreover, our
method does not need initial data in the space C'**(D), but only ug € (W~"9(D), Wy"*(D))1_1/pp»

which seems to be natural, if one expects solutions that are pathwise in L?(0, T; W, %(D)).

2 Preliminaries

The purpose of this section is to provide a short overview over the basic tools used in this paper.
For most of the proofs and further details, we give references to the literature.

Throughout this paper, let (2, §,F = (F;)i>0,P) be a filtered probability space, that satisfies
the usual conditions, i.e. Fy contains all P-null sets and the filtration is right-continuous. More-
over, given normed spaces X and Y, B(X,Y') denotes the set of all linear and bounded operators
from X to Y. Last but not least, we write C(a, b; X) for the space of uniformly continuous func-
tions on [a, b] with values in X equipped with its usual norm.

2.1 Stopping times and the o-algebra of 7-past

It will be necessary to stop a stochastic process when it leaves certain balls around the initial
value. However, this time will differ from path to path and therefore we introduce stopping times.



7 : Q — [0,7T] is called F-stopping time, if {7 < t} € F; for all ¢ € [0, T]. By the right-continuity,
this is equivalent to {7 < t} € F;. The o-algebra

Fr={AecF: An{t <7} e RVt [0,T]}

is called o-algebra of T-past and can be interpreted as the knowledge of an observer at the random
moment 7.

The following well-known results will be used frequently. The proof can be found e.g. in [3§],
Lemma 9.21 and Lemma 9.23.

Proposition 2.1. F is a o-algebra and satisfies the following properties.
a) If T = t almost surely for some t € [0, T], we have F, = F;.

b) Given another F-stopping time o, we have Frno = Fr N F,. In particular, if T < o almost surely,
we have the inclusion F, C F,.

c) If (X(-,1))tefo,1) is a progressively measurable process with respect to I, then the random variable
X (w) := X (w, 7(w)) is Fr-measurable.

Throughout this article, we will use the notation
Axrp)i={(w,t) € Qx[0,T]: t € [r(w),n(w))}

for some A C ) and stopping times 7, with 7 < p. Closed and open random intervals are
defined similarly. If we call a process u defined on [ x [7, u] strongly measurable or adapted, we
mean that ulqy|r,,) is strongly measurable or adapted.

Since we did not find any reference in the literature for the following Lemma, we give a short
proof.

Lemma 2.2. Let X, : Qx[0,T] — Rxq, t € [0, T}, be an F-adapted process with almost surely continuous
paths, o an F-stopping time with values in [0, T] and X > 0. If we define

o= ll’lf{t S [O,T—U] IXt+o- > )\} /\T,
then o + ¢ is also an F-stopping time.

Proof. Since F is right-continuous, it is sufficient to prove {o + 7 < t} € F; for givent € [0, T]. We
start with

{o+5<t}= U {0 <q.7 < g} 2.1)

q1,92€Q>0,q1+g92<t

and prove that the sets {0 < ¢1,7 < g2} are contained in F;. For fixed ¢1, g2 € Q>0 with g1 +¢2 < ¢,
the definition of ¢ and the pathwise continuity of ¢ — X, yield

{o <q2} = U {Xops > AL = U {Xotq > A}
56[07‘12) qe[O’QZ)mQ
Thus, we have
{e<ani<el= | ({J<q1}ﬁ{XU+q>)\}).
q€[0,92)NQ

Moreover, Proposition 2.1]implies {X,1, > A} € F,4, and since {0 < q1} € F, in any case by
definition of stopping times, we conclude
{U < CIlag < Q2} € U (-7:q1 N ]:T+q> - ]:q1+q2 N ]:UJrqz C fmin(q1+q2,a+q2) - ]:<h+q2~

q€[0,92)NQ

Hence the claimed result follows by 2.1). O



2.2 ~vy-radonifying operators and stochastic integration

Let H a separable Hilbert space with orthonormal basis (hy,)ren, E a Banach space and (v, )nen
a sequence of independent standard-Gaussian distributed random variables. The Banach space
~(H;E) of ~-radonifying operators is the closure of {T : H — F linear and of finite rank} with
respect to the norm

ITI 1y = (BILS 7 Thal3)
'Y( 5 )

n=1
Here, the norm is independent of the choice of the orthonormal basis.
In the special case, that E = L9(O, ) for some ¢ € (1,00), v(H; E) is isomorph to L(O; H)
via the isomorphism L?(O; H) 3 f + Ty € v(H; E), where T is defined by

Ty(h)(x) := (f(x), h)u
for h € H and z € O. The equivalence of ||TfH7(ﬁ-E) o~ ||f||Lq(o-,ﬁ) can be shown easily by the
1/
Kahane-Khintchine inequality (IE|| > fn||qE) ! ~q E|| 307 YnfullE for ¢ € [1, 00). For fur-

ther details about v-radonifying operators, we refer to the survey paper of Van Neerven (see [55]).

We now sketch the construction of the stochastic integral with respect to an L?(0,T; H)-cylin-
drical Brownian motion, that is a bounded linear operator W : L2(0,T; H) — L*(Q) with the
following properties.

a) Forall f € L?(0,T; H), the random variable W (f) is centred Gaussian.

b) Forallt € [0,T]and f € L?(0,T; H) supported in [0, t], W(f) is F;-measurable.

c) Forallt € [0,7]and f € L?(0,T; H) supported in (¢, T], W(f) is independent of F;.
d) We have E(W(f)-W(g)) = (f,9)r2(0,7;m) forall f,g € L*(0,T; H).

An example for an L?(0,T; H)-cylindrical Brownian motion is a family (3, )nen of independent
real valued Brownian motions together with H = (?(N) and W uniquely determined by the for-
mula W (1 en) = Bn(t), n € N, where (e,), is the sequence of the standard unit vectors in
I2(N).

For a stochastic processes G : 2 x R>¢ x H — E of the form

G =1 xB(HY)a

for B € F5,y € H and « € E, we can define the stochastic integral via
T
I1(G) = / GdW :==1gW (1l gh)r € E
0

and we can extend it to F-adapted step processes, that are finite linear combinations of such
processes. Van Nerven, Veraar and Weis proved in [59] the following two sided estimate for this
stochastic integral.

Theorem 2.3. Let E be a UMD Banach space and G be an F-adapted step processes in v(H; X). Then,
forall p € (1, 00) one has the Ito-isomorphism

E[[1(G)lLr ;) ~=p |Gl Lr @iy (L2(0,7:1):B))-
In particular, the stochastic integral can be continued to a linear and bounded operator

I:LP(Q;v(L%(0,T; H); E)) — LP(Q; B).



In this article, we focus on integrands in LP(Q x [0, T]; v(H; E)) for p > 2. Therefore, we restrict
ourselves to UMD Banach spaces of type 2 (details about type and cotype of Banach spaces can
be found in [47]), for which the embeddings

LP(0,T;v(H; E)) < L*(0,T;y(H; E)) < v(L*(0,T; H); E)

are bounded. Consequently, the stochastic integral I(G) is also defined for functions G € L?(Q) x
[0,T];v(H; E)). Note, that Hilbert spaces or Banach spaces that are isomorph to closed subspaces
of L4(O; ), ¢ > 2, are of type 2 and have the UMD property.

2.3 R-Boundedness and H*>°-calculus

Let (7, )nen be a sequence of Rademacher random variables on a probability space (§~2, A, ﬁ’), ie.

P(r, = 1) = P(r, = —1) = 4. Given the Banach spaces X and Y, a family 7 C B(X,Y) is called
R-bounded, if there exists C' > 0, such that

N N
1Y s Tiailly < CIDYriallx
j=1 j=1

for all (Tj)ﬁ-v:l C 7and (J:j)f[:l C X. The least possible constant C' will be called R-bound of 7.
Note, that every R-bounded family is uniformly bounded in B(X,Y"), whereas the converse holds
only if X, Y are Hilbert spaces. For details, we refer to [12], [17] and [40].

An operator (A4, D(A)) is called sectorial on a Banach space F of angle 6 € (0,7/2), if it is
closed, densely defined, injective and it has a dense range. Moreover, we require, that its spectrum
is contained in the sector ¥y = {z € C : |arg(z)| < 0} and that the set

{AR(N,A) : XN ¢ 34} (2.2)

isforall ¢ € (8, 7) bounded in B(FE) and the bound only depends on ¢. In this case, —A generates
a holomorphic semigroup on E. If the set in is even R-bounded, one says that A is R-sectorial.

|21°

For any holomorphic function f on ¥4, ¢ > 6, satisfying the growth estimate | f(2)| < C T

for some ¢ > 0, the integral
1
I =5 [, QR A
exists. This integral defines a functional calculus for functions with the above growth estimate.
We say that A has a bounded H*°(X4)-calculus, if there exists C' > 0 such that

1f D e) < Cllfllo (2.3)

is satisfied for all these functions. The least constant C' > 0 will be called bound of the H*°-
calculus. In this case, the functional calculus f — f(A) can be extended to any bounded holomor-
phic function on 34 and remains true. Details on sectorial operators, R-sectorial operators
and the functional calculus can be found in [40]], [30] and in the references we mentioned in the
introduction. Note, that the boundedness of the H>-calculus of A particularly implies that A is
R-sectorial, if £ is UMD. A nice list of operators having such a functional calculus can be found
in [57], Example 3.2.

3 Maximal L’-regularity for stochastic evolution equations

In this section, we present results on semilinear parabolic stochastic evolution equations based on
the work of Van Neerven, Veraar and Weis on maximal LP-regularity in [58] and [57]. Throughout
this section, 7 denotes an F-stopping time with 0 < 7 < T almost surely. We give conditions, that
guarantee the existence and uniqueness of strong solutions of

du(t) = [ — Au(t) + F(u(t)) + f(t)]dt + [B(u(t)) + b(t)|dW (t), t € (7,T],

u(T) = ur.

(SEE) {



Before we specify our assumptions, we point out that they contain slight generalizations of the
above papers. Firstly, as described in the introduction, we will need to start the equation not only
at time zero, but at an F-stopping time 7 with an F.-measurable initial value u,. Moreover, in
[57], the authors demanded the following Lipschitz condition on the deterministic nonlinearity.

They assumed the existence of L, IA/;, Cr > 0 such that
I1F(w,z)|e < Cr (14 [lz]e)
and
IF(t,w,z) = F(t,w,2)| 5 < Lele = yllm + Lele - ylle

forallt € [0,7],z € E' and almost all w € Q and L was demanded to be small enough. It turns
out, that this assumption is not suitable to deal with quasilinear equation. We need a weaker
analogue that is not pointwise in time, but with respect to || - || »(o,7;r). Therefore, we replaced
the above assumption by [S4] and [S5]. However, the maximal LP-regularity technique allows this
generalization and the proofs are essentially unchanged. We make the following hypothesis.

[S1] Letp € (2,00) and E, E* be UMD Banach spaces with type 2 or alternatively p = 2 and E, E!
Hilbert spaces. We assume the embedding E' < F to be dense and write E'/2 for the com-
plex interpolation space [E, E'];» and E, for the real interpolation space (E, E');_1 /.
Moreover, let the family

{J5:6>0} C B(LP(Q2 % (0,00);v(H; E)), LP(Q x (0, 0); E))
defined by

t

gty =07 [ g

be R-bounded.

[S2] The mapping A : Q@ — B(E',E) is such that w — A(w)z is for all z € E' strongly F,-
measurable and such that D(A(w)) = E?, i.e we have

[A(w)z] 5 =[] g

for almost all w € Q and all z € E' with estimates independent of w € Q. Moreover,
we assume 0 € p(A(w)) and that for almost all w € (2 the operator A(w) has a bounded
H*-calculus of angle 7 € [0, 7/2) with

12 (AW)lsE) < MY (s,
for all ¥ € H*>(X,)) with constants M, 7 independent of w.
[S3] The initial value u, : Q — E, is a strongly F,-measurable random variable.

[S4] The mapping F : LY%(Q; LP(r,T; E*) N C(1,T; E,)) — L%(Q; LP(7,T; E)) is such that for a
given [F-stopping time 7 with 7 < 7 < T almost surely, we have F(u)lj. 7 = F(v)lj 7

almost surely, whenever ul; 71 = v1[, 7. Moreover, there exist Lg), ZF, Cg) >0,1=1,2,
such that F is for almost all w € € of linear growth, i.e.

IF (w0l orrimy < CW (1 161l oirrimn) + C2 (1 + |61llorriz,))

and Lipschitz continuous, i.e.

IF(w, ¢1) = F(,w, $2) | Lo (r,1:E)
< L1 — dollio(rrimy + Lellér — b2l 1oir rimy + LY g1 — d2llc(r,1:E,)

for all ¢, ¢ € LP(1,T; E*) N C(1,T; E,) with constants independent of w.



[S5] The mapping B : LY(Q; LP(1,T; EV)NC(0,T; E,)) — L2(; LP(1, T;v(H; E'/?))) is such that
for a given F-stopping time 7 with 7 < 7 < T almost surely, we have B(u)1[. 7 = B(v)1(- 7

almost surely, whenever ul(; 71 = v1}; 7. Moreover, there exist Lg), L B, C’g) >0,1=1,2,

such that B is for almost all w € € of linear growth, i.e.

1 2
IBCow, $0lloririncaszrray < C) (L4 161lls i) + 5 (L+ 61 llo¢rm,)
and Lipschitz, i.e.
1B(-,w, 1) = B(-,w, 02) | Lo (r, 15y (11 E1/2))
< LS)Ilqbl — ol Lo (1 EY) + Lpllér — b2l Lo (r, 1) + Lg)||¢1 = ®2lle(r,r:E,)
forall ¢1, ¢ € LP(7,T; E*) N C(7,T}; E,) with constants independent of w.

[S6] The functions f : Q x [0,T] — Eand b : Q x [0,T] — ~v(H; E'/?) are strongly measurable
and adapted to IF. Moreover, we assume f1j, 7] € LP(Q x [0,T]; E) and b1, 7} € LP(Q x
[0, Ty (H; EY/?)).

Before we proceed, we want to refer to the very helpful comments on these assumptions by
Van Neerven, Veraar and Weis in [57], Remark 4.1. Additionally, we point out, that every Banach
space E isomorphic to L?(O, i) with g > 2 satisfies [S1]. In particular, this is true for all Sobolev
and Besov spaces with integrability index g. Last but not least, we want to mention that the con-

stants L;}), Lg) and Lg), L(g) in [S4] and [S5] have to be small enough. To be precise, they depend
on the constants appearing in the maximal LP-regularity estimates

t
|‘t'_>/0 e—A(t—s)g(s)dW(s)HLp(QXRZO;EI)HLP(Q;C(&T;E?)SCMRSHg”LP(QXRZO;y(H;El/z)) (3.1)

t
—A(t—s
||t = /) e Al )f(S) ds ||Lp(QXRZO;El)mLP(Q;C(O’T;EP)) < OMRDH.]C”LP(QXREO;E) (3.2)
and have to satisfy the analogue of the condition in Theorem 4.5 in [57].

[S7] Let the constants in [S4] and [S5] be small enough to ensure
Owrp (LY + L) + Cums (LY + LY) < 1.

Before we state the main result about solutions of (SEE), we recall the concept of strong solutions.

Definition 3.1. Let p be another F-stopping time with = < p < T almost surely. A process u : 0 X
[7, ] = E is called a strong solution of (SEE), if it is strongly measurable, adapted and

a) u € L'(7,pu; EY), F(-,u) € L*(7,p; E) almost surely and the stochastic process B(-,u)1; )
O x [0,T) — v(H; E) is stochastically integrable.

b) The identity
t t t
u(t) — ur = —/ Au(s) ds+/ F(s,u(s)) + f(s) ds+/ B(s,u(s)) + b(s)dW (s)
holds almost surely for all t € [T, u] in E.

Note, that any strong solution is also a mild solution in the sense of evolution equations (see
[57], Proposition 4.4). We now present the main results of this section. The proof is almost the
same as the proof of Theorem 4.5. in [57] and and we just discuss the differences. For sake of
clearness, we split the statements into a Theorem and some Corollaries.



Theorem 3.2. Additionally to [S1] — [S7], we assume u, € LP(Q, E,) for some p € (2,00). Then, there
exists a unique strong solution v of (SEE) on |1, T| and u has almost surely continuous paths on [, T] in
E,,. Moreover, we have the estimates

1/p
(Bl o rmn) < COFurlinr,) 63
and
1/p
Oi?%ﬂwm%J < C(1+ lurllisons,)- (34)
te|r,

for some C' > 0 independent of u..

Proof. The main idea is to apply the contraction mapping theorem to prove existence and unique-
ness on small intervals and to put these solutions together to a solution on [7,T]. Let & > 0. We
consider the operator

t

Kwﬂw*HMw+/@*HMW@MW+ﬂW%

+/O e~ =)A(B(s,4(s)) + b(5))L(r 71 (5)AW (5) (3.5)

on the metric space

Ep(rok) ={u: Qx [, (T + K) ANT] = Ep| uis adapted , ulj; (;1.a7) € LP(Q x [0,T]; E'),

uwisas. cont. on 1, (7 + k) AT| withu(7) = u, as.,,E  sup lu(®)|f < oo},
te[r,(t+rK)AT] P

endowed with the metric induced by the norm
lulle, (rmys =l UL pr, rmyaty HLP(Qx[O,T];El)) + pl[edfr, (rampamy HLP(QX[O,T];E))

1/p
+ (B nrisy)

where 1 > 0 will be chosen later on. We have to show that the stochastic integrand in is
adapted and thus the integral is well-defined. We have (0,00) C p(—A(w)) for almost all w € 2
and the identity

e AWy — lim (ZR(2,—Aw)))" z

9
n—0o0 t

holds true. Thus, w — e 4@z isforallz € Eandt > 0 strongly F,-measurable as pointwise

limit of strongly measurable functions.
As a consequence, for fixed s < t, the mapping w — e (=941 is strongly F,-
measurable. Indeed, for every Borel set B C E and « € E we have

{e =421, eBY={0eB,s<7t}u{e 9% e B s>7}.

Since the filtration F is right-continuous, we both have {s < 7} € F,; and {s > 7} € F;. Thus we
obtain {0 € B,s < 7} € F; and

{e=9% e Bis>7} € F N Fy=Frns C Fs
which yields the desired result. We conclude, that
w = e*(tfs)A(w) (B(wv ¢(S)) + b(w, s))13>7'(w)

is strongly F,-measurable as composition of strongly F,-measurable functions.

In the same way as Van Neerven, Veraar and Weis, we check that K is a contraction if  is small
enough and p(x) large enough. This yields the existence and uniqueness of a strong solution on
[7, (T + k) A T1]. Tterating this procedure yields the claimed result. O



If two different initial values coincide on some subset of €2 of positive measure, the corre-
sponding solutions of (SEE) also coincide on this subset. The proof is a slight variation of step 7
in the proof of Theorem 4.5 in [57].

Lemma 3.3. We assume the conditions [S1] — [S7] to be fulfilled. Let w and v be the strong solutions
of (SEE) corresponding to the strongly F.-measurabe initial values u,,v, € L?(Q, E,). Then, we have
u(w, t) = v(w, t) for almost all w € {u,; = v, }and all t € [7(w), T].

As an easy application of this Lemma, one can prove existence and uniqueness of strong solu-
tions of (SEE) with initial data u,, that is only measurable with respect to F,. The strategy of the
proof was already used in [56], Theorem 7.1 and [51]], Proposition 5.4, in a nonmaximal regularity
situation. In step 3 and 4 of the proof of Theorem 4.5 in [57], there is a version that fits to our
situation.

Corollary 3.4. We assume the conditions [S1] — [S7] to be fulfilled. If we do not demand anything on
u, but to be a strongly F,-measurable, E,-valued random variable, then (SEE) still has a unique strong
solution w on [r,T) with uw € LP(7,T; E') N C(7,T; E,) almost surely, but u has not necessarily any
integrability properties with respect to w.

Finally, we give an analogous result to Lemma [3.3]in case that the initial values v, and v, are
not in L?(Q2, E,), but only F,-measurable. The statement is a direct consequence of Lemma

and Corollary

Corollary 3.5. We assume the conditions [S1] — [S7] to be fulfilled. Let v and v be the strong solutions of
(SEE) to the strongly F.-measurabe initial random variables u,,v, : Q — E,. Then we have u(w,t) =
v(w,t) foralmost all w € {u, = v, }andall t € [7(w),T.

4 Abstract quasilinear evolution equations

In this chapter, we consider a quasilinear stochastic evolution equation of the form

du(t) = [—A(u®)u(t)+ F(t,u(t)) + f(&)]dt +[B(t, u(t)) + b(t)]dW (),

u(0) =g

asem |

for ¢t € [0,T]. Our main result will be the existence and uniqueness of strong solutions of this
equation. At first, we assume z — A(z) : (E,E')1_1/,, — B(E',E) to be globally Lipschitz
continuous. This assumption will be dropped later on.

4.1 Globally Lipschitz continuous quasilinearity
Before, we start, present our setting in detail. We assume

[Q1] Let p € (2,00) and E, E* be UMD Banach spaces with type 2 or p = 2 and E, E' Hilbert
spaces. We assume the embedding E! < E to be dense and write £'/2 for the complex
interpolation space [E, E']; /2 and E,, for the real interpolation space (F, EY_, /p,p- More-
over, let the family

{J5:6>0} C B(LP(Q2 % (0,00);v(H; E)), LP(Q x (0, 00); E))
defined by

t
Tsb(t) = 6112 / b(s)dIW (s)
(t—5)V0
be R-bounded.

[Q2] The initial value ug : Q@ — E, is strongly Fy-measurable.
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[Q3] The mapping 4 : Q x E, — B(E',E) is such that (y,w) — A(w,y)z is for every z €
E' strongly measurable and w +— A(w,y)x is for fixed y € E, and z € E' strongly Fo-
measurable.

[Q4] Forall y € E, and almost all w € , the operators A(w, y) are sectorial with 0 € p(A(w,y))
and have a bounded H*(%,))-calculus of angle € (0,7/2), i.e.

¢(Alw, Y)llBe) < Cllllr=(s,)

with a constant C' > 0 independent of w and y.

[Q5] There exists Cg > 0, such that for all z,y € E, and almost all w € €2, we have
[A(w, 2) = A(w, 9) BBy < Callz —ylle,-

[Q6] The mapping F : L(Q; LP(0,T; EY) N C(0,T; E,)) — LY(Q; LP(0,T; E)) is such that for a
given F-stopping time 7 with 0 < 7 < T almost surely, we have F(u)1lj07 = F(v)1lj 7

almost surely, whenever uljy 7 = vl 7. Moreover, there exist Lg), L Jai C}i) >0,i=12,
such that F is for almost all w € € of linear growth, i.e.

IF w60 |roriey < O (L4 91l oo.risn) +CF (1+ lénllcwris,)
and Lipschitz continuous, i.e.
||F('7W»¢1) - F('awa¢2)”LT’(O,T;E)
< L;“l)H(bl — ¢2llzr(o,1;E1) + Lrll¢1 - b2l ooy + Lg)Hﬁbl = ¢2llc(o,1:E,)
for all ¢, ¢o € LP(0,T; E*) N C(0,T; E,) with constants independent of w.

[Q7] The mapping B : LY(Q; L?(0,T; EY)NC(0,T; E,)) — LX(; LP(0,T;~v(H; E'/?))) is such that
for a given F-stopping time 7 with 0 < 7 < T" almost surely, we have B(u)1jy 7 = B(v)1jp 7

almost surely, whenever uljy 7 = vl 7. Moreover, there exist L%), L B, Og) >0,i=1,2,
such that B is for almost all w € 2 of linear growth, i.e.

1 2
1B, $0)llo oz iz < C) (L4 61 lloo.rien) + €5 (1 + lonlleor:s,)
and Lipschitz, i.e.
[B(+;w, ¢1) — B(-,w, ®2)l e 0,13y (15E1/2))
< LS’H@ — @2l Lr 0,1, 51y + Lgl|l¢1 — b2l L 0,1 E) + L§§)H¢1 = ¢2llco,1;:E,)
for all ¢1, ¢2 € LP(0,T; EY) N C(0,T; E,) with constants independent of w.

[Q8] Let the constants of [Q6] and [Q7] be small enough to ensure
CMRD (Lg;l) + Lg)) + CMRS(L(Bl) + L(BQ)) <1,

where Cyrp and Cyrs are the constants we introduced in (3.1) and (3.2).

[Q9] The functions f : Qx [0,7] — Eand b: Qx [0, T] — ~(H; E'/?) are strongly measurable and
adapted to F. Moreover, we assume f € LP(Q x [0, T]; E) and b € LP(Q x [0, T];v(H; E'/?)).

We define strong solutions of (QSEE) in the same way as in the corresponding chapter for the
linear stochastic evolution equation (SEE). The only difference is, that we replace the autonomous
operator by A(w, u(t)).

Definition 4.1. Let y be another F-stopping times with T < p almost surely. w : Q X [, u] — E is called
a strong solution of (QSEE), if it is strongly measurable, adapted and we have

11



a) uw € L'(r,pu; EY), F(-,u) € LY(7,;~v(H; E)) almost surely and B(-,u)1(, ) is stochastically
integrable.

b) The identity
u(t) —ur = — / A(u(s))u(s) ds+/ F(s,u(s)) + f(s)ds

+/ B(s,u(s)) + b(s)dW (s)

holds almost surely for all t € |7, u] in E.

Even in the deterministic case, quasilinear evolution equations do not have global solutions
without further structural assumptions. Therefore, we now explain the concept of local solutions.
The following definition adapts the terms Van Neerven, Veraar and Weis introduced in [56] to our
situation.

Definition 4.2. Let 0,0, n € N, be F-stopping times with 0 < o,0, < T almost surely for all n € N
and let u : Q x [0,0) — E be a stochastic process.

a) We say that (u, (0y)n,0) is a local solution of (QSEE), if (0,)nen is an increasing sequence with
lim,,_, o 0y, = o pointwise almost surely, such that

u(w,) € LP(0,0,(w); EY) N C(0, 0, (w); E,)
for almost all w € Q2 and w is for all n € N a strong solution of (QSEE) on [0, o,,].

b) We call a local solution (u, (o), o) of (QSEE) unique, if every local solution (u, (0,,)n, &) satisfies
U(w,t) = u(w,t) for almost all w € Q and for all t € [0,0 A 7).

¢) We call a local solution (u, (0 )n,0) of (QSEE) a maximal unique local solution, if for any other
local solution (ﬁ, (Tn)n,s 5), we almost surely have & < o and u(w,t) = u(w,t) for almost all w € Q
andallt € [0,0).

If the approximating sequence 7, is not important for a result, we shortly write (u, 7). In the
following we establish a well-posedness result for the quasilinear evolution equation (QSEE) up
to a maximal stopping time. The next theorem is the main result of this section and will be proved
later on.

Theorem 4.3. If the assumptions [Q1] — [Q9] are satisfied, the quasilinear stochastic evolution equation
(QSEE) has a maximal unique local solution (u, (7, )n, 7). Moreover, we have

P{T < T, |JullLe(o,781) < 00,u: [0,7) = E, is uniformly continuous} =0.

If we additionally assume uog € LP(S); E,), the estimate

1/p
(Bl o my) < €000+ uolrcas)

1/p
<1E s[gp]IIU(t)%p> < O (1 4+ uollr(.z,))
tel0, 7

holds true for all n € N and for some C™) > 0 independent of u.

At first, we prove existence of a strong solution in small balls around the initial value up
to a stopping time 7. Then, iterating this procedure, we construct a local solution (u, (7;,),7)
of (QSEE). Afterwards we derive a suitable blow-up alternative, which helps us to prove that
(u, (Tn)n,T) is indeed a maximal unique solution.

12



We begin with the definition of a cut-off function 6, that helps us to enclose the processes in
a suitable ball around the initial value. Let

1 fort € [0,1]
(t)=¢—-t+2 fortell,2]
0 fort € [2,00)

and define ®,(¢) := ®(£) which gives us a monotonously decreasing function bounded by 1, that
equals 1 on [0, A] and that vanishes on [2), c0). Moreover, @) is Lipschitz continuous with

[Da(t) = Pa(s)] < ATt — 5]

forallt,s > 0. Now we can define the desired cut-off function. For given u, € E,, u € C(a,b; E,)N
LP(a,b; EY) and t € [a, b] let

GA(a,taua ua) =d, <||U|Lp(a,t;E1) + sup HU(S) - uﬂ”Ep)

s€la,t

Clearly, we have 6 (a,t,u, uq) = 0 if ||| Lo (a,t;51) + sup |Ju(s) —uallE, > 2X and if |ul| 1o (q,51) +
s€la,t]
sup [|u(s) — uallg, < A, we have
s€la,t]

Au(t))u(t) = A(ua)u(t) + Ox(a, t, u, uq) (A(u(t)) — Auq))u(t).

With this fact in mind, it is quite natural to start with the stochastic evolution equation

{du(t) = [~ Alug)u(t) + F(t,u() + F(O)] dt+B(t,u()) + b)) () )

u(o) =u,
where F), is given by

ﬁ,\(t,u(t)) =0x(0,t,u,uy) (A(uo) — A(u(t)))u(t) + F(t,u(t)).

Since we want to sustain local solutions to a maximal time interval, it will be necessary to consider
not only the initial time zero but also, as in the previous chapter, an initial F-stopping time o. First
we prove existence and uniqueness of a strong solution of using the methods described in
the previous chapter and in a second step, we then restrict the solution to an interval [0, 0 + V],
on which we have 0, (o, t,u(t),u,) = 1. Again v is not a fixed number, but an F-stopping time,
because stochastic processes behave differently from path to path.

The following Lemma makes sure that the nonlinearity F satisfies the assumptions of Theo-
rem 3.2} if one chooses A small enough.

Lemma 4.4. Let o be a F-stopping time with 0 < o < T almost surely and let u, : Q@ — E, be strongly
F,-measurable. For t € [0,T], A > 0, w € Qand y € E* we define

{0A<a<w>,t,y7ug<w>> (A(w, s (W) — Alw,y)y it > o(w),

Q)\,U(w7t7ya UU(OJ)) = 0 ,l:ft < O'(W).

If we additionally assume [Q1] — [Q5], Qx ., is strongly measurable and w — Qx o (w,t, Yy, us(w)) is
strongly Fi-measurable. Moreover, Q) » is of linear growth, i.e

”Q)\,U (W’ H Uy Ug (W)) HLP(U,T;E) < 4CQ)‘2
and Lipschitz, i.e

HQA,O'((’U) 5 U, UO-(LU)) - Q)\,G’(w7 U, uo’(w))HLl’(U,T;E)
< 6OQ/\ (”U - U||L7’(0'7T;E1) + Hu - UHC(U,T;EP))
for almost all w € Q and for all u,v € LP (0, T; EY) N C(0,T; E,).

13



Proof. The claimed measurability properties of @) , are immediate, since the random variable
W Qxo(W, b, Y, U )10 is by [Q3] strongly F,-measurable.

To prove the Lipschitz and the growth estimate we argue pathwise for fixed w € Q with
o(w) < T. In order to keep the notation simple, we suppress the explicit dependence on w. Let
u,v € LP(0,T; E') N C(0,T; E,) and define

ou =inf {s € [0,T] : ||ull Lo (o, 5;1) + [Ju — Uo || c(o,558,) = 2A} AT
and similarly
oy =inf {s € [0,T] : 0|l 1r(0,561) + |V = tollc(o,58,) = 22} AT.

Note, that the definition of 0, (o, t, u, u, ) ensures Qx » (¢, u(t), uy) = 0fort > o, and Qx » (¢, v(t), uy) =
0 for t > o,. In the following we assume without restriction that ¢, > o,. First we prove the
growth estimate. 6, < 1, [Q5] and the definition of o, yield

||Q)\,0'('; u, uo’)”LP(U,T;E) = ||Q)\,0'('7 u, uo’)HLT’((r,au;E)

< Cq o lu(t) = o, lull Lo (o0, 51) < ACQA*.

For the Lipschitz estimate, we start with
HQX,U('vuvuo’) - Q/\,O’('vvvua)HLp(a,T;E)
< ” (0)\(0" 5 U, UU) - 9)\(07 5, U'U)) (A(u) - A(ua))u”LP(mau;E)
+ ||0>\(07 ~,v,u0)(A(u) - A(U))UHLP(U,UU;E)
+ ||0)\(07 55U, UU)(A(U) - A(ud)) (U - ,U)HLP(UMT'U%E)'

Note that in the last step we used 0, (o, t,v,u,) = 0 for t > o,,. The assumed Lipschitz continuity
of 0, yields

I (HA(O'; LU, Ug) — Ox(0, -, UU)) (A(“) - A(UU))UHLP(U,M;E)

< up }|9A(o,t,u, Ug) = Or(0, 1,0, u5)| sup ]IIA(u(t)) — A(uo)lser By lullLr (0,0,:80)
te|o,oq te|o,oy

<A! sup ‘HUHLP((L,s;El) + llu = usllc@.sie,) = Ivlra,ser) = v = tollc(o.s:s,)
s€lo,T]

Cq sup |u(t) = us| e, |ullLr(o,0.;51)
tela,0y

<ACQA ([lu = vl ooy + 1w =Vl co,1:8,)) -

In the last step we used the definition of o, to estimate the terms not depending on the difference
u — v. Accordingly, we derive

10x(e -, v, uq) (A(w) — A)ullLr(0,0,:8) < 2CQAIu = vllc(o,7:E,)
and
107 (0, -, v, o) (A(v) = Alug) (4 = V)| o (0,0,:8) < 20@A|lu — V]| Lo (0,71
respectively. After all, we proved
1Qx0 (st o) = Qxo (50, Ue) || o (o5 8) < 6CQA ([[u— vl Lo(o,rsm1) + 1t — vl cor;8,)) »
which is the claimed result. O

Next, we construct a local solution of (QSEE) starting from a random initial time. We do
this by solving (4.1)) and restricting the solution to a random interval on which the solution also
satisfies (QSEE).
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Proposition 4.5. Let o be an F-stopping time with 0 < o < T almost surely, u, : @ — E, be strongly
Fo-measurable and \ > 0 small enough to ensure

Curp (6CQA + LY + LY + Curs (LY + L) < 1.

If [Q1] — [Q9] are satisfied, the equation

{du(t) = [A(u(t)ut) + F(t, u(t) + F(2)] dt +B(t, u(t)) + b(e)Jaw (2 w2

u(o)  =u,
has a unique solution on [o,5) with u € LP(0,0; E') N C(0,7; E,) almost surely. Here the F-stopping
time ¢ is given by
o = inf {t €0, T]: lu—uollconr,) + lulirose) > )\} AT.
If we additionally assume u, € LP(2; E,), we also have

(Bllull o 3) " < COUF ol ,)

(B sw lu®)l,)"” < O+ lueliro,)

for some constant C' > 0 independent of .

Proof. To construct a local solution, we first consider the equation

{du(t) = [Awoult) + FO(u(t) + 7] do+Bu@) +HOW @D,y

u(o) = ug,

where F(1) is given by
F(l)(wv t, y) = QA,U(‘% t,y, UU) + F(Wa t, y)

Here we use the mapping Q) , we defined in Lemma The same Lemma, together with [Q6],
shows that F(!) is of linear growth, adapted and we have

IFM (@, u) = FY(w, -, |Lr (o, 1:)
< (6CA+ L)l — vll ooz, + (6C@A + LE)lu — vllcorey) + Lrlhu = vlooriey

for all u,v € LP(0,T; E') N C(0,T}; E,). By choice of A\, we can apply Corollary and obtain a
unique strong solution u on [0, T with u € L?(0,T; E*) N C(0,T; E,) almost surely. Since both
t = [[u (W, )| 2o (o5 and t = lu®(w, ) — ol c(o,1;E,) are adapted and pathwise almost surely
continuous, o is an F-stopping time by Lemma 2.2l Moreover, for o(w) <t < &(w) the identity

Qro (W, t,u(t), us(w)) = (A(w,ua(w)) - A(w,u(mt)))u(w,t)

holds and thus u is a strong solution of

{du(t) = [A(u(t))u(t) + F(t,u(t)) + f(t)] dt +[B(t,u(t)) + b(t)|dW(¢)
u(o) =u,
on [0, 0]. In case that u, € LP(Q2, E,), we additionally get

(Bl o )" < OO+ Jusllrcey)

(B suw a5, )" < C(1+ [luellLoa,e,))

telo,o

as an immediate consequence of (3.3) and (3.4). O
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Now, we are in the position to prove the main theorem with the following strategy. We already
showed, that the set I' of stopping times 7, such that (QSEE) has a unique solution u on [0, 7] is
non-empty. Hence, the essential supremum 7 of I' (for the definiton of the esssup of random
variables see e.g. [37], Appendix A) exists. This 7 will be our maximal stopping time, that also
satisfies the blow-up criterion. However, at first it is unclear, whether 7 is a stopping time or not.
It turns out, that this can be shown, if I is closed under pairwise maximization. This property is
consequence of the following Lemma.

Lemma 4.6. If (u1,71) and (uz, 7o) are unique local solutions of (QSEE) with u; € LP(0,7;; E) N
C(0,7; E,) almost surely for i = 1,2, then the equation (QSEE) has a unique solution (u, 7 V 7o) with
w€ LP(0,71 V 12; EY) N C(0, 71 V 725 Eyp) almost surely.

If we additionally assume u;1o -,) € LP(Q x [0, T]; E') and Esup,co . |u(t)|\%p <oofori=1,2,
we also get ul(g 7 v, € LP(Q x [0,T]; E*) a”dESUPte[o,ang) ||U(t)||i23p < 0.

Proof. Define u by
u(t) = ur(t A7) +ug(t A1) —ur(t AT ATy)

for t € [0,71 V 7). Clearly, u is adapted as a composition of stopped adapted processes. By
uniqueness, we have u;(t) = ua(t) almost surly for every t € [0,71 A 72]. Hence, v = u; on
{m1 > m} x[0,11) and u = us on {m < 7} x [0,72). This proves that (u, 7 V 72) is a unique
solution of (QSEE), that inherits all the regularity properties from u; and us. O

Proof of Theorem[{.3] We define the T as the set of all F-stopping times 7 : Q& — [0, 7] such that
there exists a unique solution (@, 7) with u € L?(0,7; E') N C(0, 7; E,) almost surely.

By Proposition [4.5] this set is non-empty ( start with o = 0, then the corresponding & is in I').
Moreover, by Lemma I' is closed under pairwise maximization, i.e. if 7, 75 € I', we also have
71 V 72 € I'. Consequently, Theorem A.3 in [37] yields the existence of 7 := esssupI' and of an
increasing sequence of stopping times (7,,),, in I’ with 7 = lim,,_,, 7,, almost surely. In particular,
7 is an F-stopping time as almost sure limit of F-stopping times.

Each 7,, belongs to a unique solution (u,,, 73,). This can be used to ultimately define the solution
of (QSEE) on [0, 7). We set u = u,, on © x [0,7,). Then, u is a well-defined process on € x [0, 7)
and (u, (Tn)ns T) is a unique solution in the sense of Definition

Next, we show, that

Q={r<T, lull e (0,7:51) < 00, w: [0,7) — E, is uniformly continuous}

is a set of measure zero. Assume P(€2) > 0. Since u is pathwise uniformly continuous on 2, we
can extend u on {2 to the closed interval [0, 7|. Moreover, since we have 7, — 7 almost surely, we
also have sup,¢(,, ) llu(7,) — u(s)||g, — 0and [|lul[zs(r, ,51) — 0 almost surely for n — oo on Q.

By Egorov’s theorem there exists a subset A C €2 of positive measure such that the above limits
are uniform on A. In particular, there exists N € N such that

sup [Ju(w, v (W) — u(w, 5)|[ e, + |u(w, )L (ry @),6E1) < A/2
s€[Tn (w),t]

forallw € A and t € [ry(w), T(w)], where A > 0 is chosen in the same way as in Proposition [4.5]
Moreover, there exists a unique solution v of

{dv(t) = [A(w(®)v(t) + F(t,v(t)) + f(t)] dt +[B(¢t, v(t)) + b(t)]dW (¢)

v(tn) = u(TN)

on [Ty, Tn] with

Fy = inf {t € [rns T) : [0 = ttey llora ey + 0]l Lo (1) > /\} AT.
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The process u := uly,+y) + v1j;, 7] solves (QSEE) on [0, 7x]. By uniqueness, v and u coincide
on [0,7 A Ty ). However, on A we have Ty > 7 which contradicts the definition of 7 as esssup of
I. Allin all, we proved P(2) = 0.

If ug € L?(Q; E,), we replace I by

T = {a € T': the solution u(?) corresponding to o satisfies

W) € LR X (0.TFEDE sup [u(®)f, < ool
te(0,o0

and repeat the argument step by step.

It remains to prove maximality of the solution. Let (z, (tn)n, 1) be another local solution of
(QSEE). By uniqueness of u, we get z = u on [0,7 A ). Assume, that there is a set of positive
measure A C Q with g > 7 on A. Then, for almost all w € A there exists n = n(w) € N with
pn(w) > T(w). In particular, by definition of a local solution, u : A x [0, 7] — E, is pathwise almost
surely uniformly continuous and we have ||u||»(o,-;z1) < 0o on A. Thus the blow-up criterion we
derived above implies 7 = T" almost surely on A. But this contradicts x > 7 on A, since p is also
bounded by T'. Hence, we established p < 7 almost surely, which is the claimed result. O

We prove, that if two different initial values coincide on a set of positive measure, the corre-
sponding solutions also coincide on this set.

Lemma 4.7. Let o be an F-stopping time with 0 < o < T almost surely, u, : Q@ = E,, v, : Q@ = E, be
strongly F,-measurable and X > 0 as in Proposition The unique strong solutions v and v of

dz(t) = [A(2(t))z(t) + F(t,2(t)) + f(t)] dt +[B(t, 2(t)) + b(t)]dW (t) (4.4)

with initial data u, and v, respectively satisfy u(w,t) = v(w,t) for almost all w € {u, = v, } and all
t € [o,0]. Again & is given by

& = inf {t €[0,7) : |[u—tollcionr,) + )l Lrere > /\} AT.
Proof. Writing the equation in the form
d(t) = | = A(2(0))=() + FO (L, 2(0) + f(8)] ds +[B(t, 2(0)) + bW (1)
as in Proposition .5 with

F(l)(wv ty) = Q/\,J(Wa t,y,us) + F(w,t,y),
the result follows from Corollary 3.5 O

Corollary 4.8. Let (u,7) and (v, ) be the maximal unique strong solutions of (QSEE) to the initial
values ug € E, and vy € E, respectively. Then, we have 7(w) = p(w) and u(w,t) = v(w, t) for almost
allw € {ug =vo}andall t € [0, 7(w)).

Proof. We define the I' as the set of all F-stopping times 7 : € — [0,77] such that the maximal
unique solutions (u, 7) and (v, 1) of (QSEE) to the initial values uo and v satisfy u(w,t) = v(w, t)
for almost all w € Q and for all ¢ € [0, 7]. Clearly, every stopping time in I" vanishes on {ug # v }.
However, by Lemma @.7), ' contains a stopping time that is almost surely strictly positve on
{uo = vo}. Moreover, as in the proof of Theorem we can see that I is closed under pairwise
maximization. Thus, Theorem A.3 in [37] yields the existence of 7 := esssup I and of an increasing
sequence of stopping times (7,,),, in I with lim,,_, 7,, = 7 almost surely. In particular, 7 is an F-
stopping time, that is also almost surely strictly positive on {ug = vo} and vanishes on {ug # vo}.

It remains to show n = 7 = palmost surely on {ug = vo}. Assumen < 7Apon {ug = vo}. Then,
by pathwise uniform continuity of v and v, we have u(n),v(n) € E, almost surely. Consequently,
Lemma implies, that the strong solutions z1, z; of

dz(t) = [A(z(t))z(t) + F(t, 2(t)) + f(t)] dt +[B(t, 2(t)) + b(t)]dW (¢) (4.5)
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with initial value u(n) and v(n) respectively coincide on {u(n) = v(n)} X [n,7] for some stopping
time 77 > 7 almost surely. We define z; = uljg ;) + 211}, 7 and 22 = v1jg ) + 221}, 7. By construc-
tion, z; and z are solutions of (QSEE) with initial data z1(0) = g and 22(0) = v, respectively.
Hence, by uniqueness, we have © = z; on [0,7] and v = 2; on [0, 7]. However, by almost sure
coincidence of v and v on {ug = vo} x [0,7n] and of z; and 2z, on {u(n) = v(n)} x [n,7], we get
u = v almost surely on {ug = vo} x [0, 7]. This contradicts the definition of 1 as the esssup of I'
and hence we proved n = 7 A p almost surely on {uy = v }.

Last but not least, we show that 7 = p almost surely on {ug = vo}. Assume p < 7 on
A C {up = vo} with P(A) > 0. Since u and v coincide on {ug = vo} X [0, 1) and w has a larger time
of existence on A, we know that v : [0, x) — E,, is uniformly continuous and ||[v||zr (g, ;1) < 00
on A. Hence, the blow-up criterion from Theorem {4.3|implies ;1 = T  almost surely on A, which
contradicts u < 7 on A. Consequently, P(u < 7,u9 = vg) = 0. In the same way, we show P(7 <
W, uo = vg) = 0, which closes the proof. O

4.2 Local Lipschitz continuous quasilinearity

In [Q4] and [Q5], we assumed a uniform boundedness of the H*-calculus of A(w,u(t)) and a
global Lipschitz condition on A. However, we established a local well-posedness theorie only
using local methods. Therefore we can generalize our result in the next section and allow local
Lipschitz continuous nonlinearities and local boundedness of the H>°-calculus. We replace [Q4] —
[Q7] by the following assumptions.

[Q4*] For all n € N, there exists p(n),C(n) > 0 such that the operators p(n) + A(w,y) have a
bounded H* (X, ,))-calculus of angle 7(n) € (0,7/2) with

[6(p(n) + Alw, YD)l By < C()|6lla=(s,)
forall ¢ € H*® (X)), y € Ep with |ly||g, < nand almost all w € Q.
[Q5*] For all n € N there exist Cg(n) > 0 such that
[A(w, 2) = Aw,y) || Bs1,5) < Co(n)lz —ylls,
forall y, z € E, with ||y||g,, [|z]| g, <n and almostall w € Q.

[Q6*] FF = Fy + F5 : Q x [0,T] x Ey — E is strongly measurable and w — F(w,t, ) is for all
t € [0,T] and x € E; strongly F;-measurable. F; satisfies the estimates of [Q7]. Moreover,
given n € N, there exist L, (n), Cr, (n) > 0, such that F} is locally of linear growth, i.e.

IFi(w,t,61)llE < Cry (n) (1 + |91, )
and locally Lipschitz continuous, i.e.
[F1(w, t, ¢1) — Fi(w,t,02)[[e < Lr, (n)][¢1 — é2|lE,
for all ¢1, ¢2 € E, with ||¢1||E,,7 ||¢2||Ep <, forallt € [0,7] and for almost all w € Q.

[Q7*] The function B = By + By : Q x [0,T] x E; — ~(H, E'/?) is strongly measurable and
w +— B(w,t,z)is for all ¢ € [0,T] and © € E; strongly F;-measurable. B satisfies the
estimates of [Q7]. Moreover, there exist Lg, (n), Cp, (n) > 0 such that B; is locally of linear
growth, i.e.

| B1(w, t, d1)lly(m.m172y < Cy(n) (1+ [|61]l5,)

and locally Lipschitz, i.e.

[ Bi(w,t,¢1) — Bi(w,t, 92)|l .52y < L, (n)l|¢1 — 2|,

for all ¢, ¢ € E, with ||¢1]|g,, ||¢2]|£, < n, forallt € [0,T] and for almost all w € Q.
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To construct a solution of (QSEE) for given Fj-measurable ug :  — E,, we first investigate the
truncated equation

{du(t) = [— A, (u(®)u(t) + Fo(t,u(t)) + f(¢)] dt +[Bn(t, u(t)) + b(t)]|dW (t), (4.6)

u(0)  =wolr,,

where An(wv y) = A(wv Rny)/ Fn(wv t, y) =F (wv i, Rny)+F2(w7 i, y)/ B”(w7 t, y) =B (wa L, R71y)+
By(w,t,y)and ', := {||uo||e, < 5}. The cut-off mapping R, : E, — E, is defined by

, if <n
R,y = {y ||yHEp A7)

s fllyle, >n

The idea to use such a truncation to extend global Lipschitz nonlinearities to local ones was used
several time in case of semilinear equations (see e.g. [10], Theorem 4.10, [51]], Proposition 5.4, [56],
Theorem 8.1). The following Lemma can be checked easily.

Lemma 4.9. Given n € N, the mapping R,, : E, — E, defined in (4.7) is Lipschitz, i.e.
[1Bnz = Rnylle, < 2|z -y,
In particular, A,, satisfies [Q4], [Q5] and F,, and B, satisfy [Q6] and [Q7] respectively.

We can apply Theorem[4.3]to the truncated equation and obtain for every n € N a unique
maximal local solution (uy, (Tnk)k, 7). To do this, note that one can infix the spectral shift from
[Q4%], i.e. we solve actually solve

{du(t) = [~ An((®)u(t) + Falt,u(®) + F(O)] dt+[Ba(t,u(t)) + bOIAW (1),
u(0) =wuplp,,

with A, (u(t))u(t) = p(n) + An(u(t))u(t) and E,(t,u(t)) = F,(t, u(t)) + p(n). In each case, u,
satisfies (QSEE) on I, x [0, 0,,), where o, is defined by

on i =To ANnf {t € [0,7,) : lun(t)|| &, > n}. 4.8)

Note, that ¢, is indeed an F-stopping time, since 7,, is one and entrance times of F-adapted pro-
cesses into open sets are also stopping times. In the following Lemma, we show that the sequence
(0n)n increases pathwise starting from a large enough n € N.

Lemma 4.10. Thereisaset N C Qwith P(N) = 0 such that the sequence (o, (w))neN is forallw € Q\N
monotonously increasing beginning from some n = n(w) € N. Moreover, we have uy(w,t) = w(w,t) for
alll > k > n(w)and t € [0, 0, (w)).

Proof. Given w € 2, choose n = n(w) such that w € I',,. Since [|ug|| g, is almost surely finite, this

can be done for almost all w € Q. We first prove, that we have uy(w,t) = w;(w,t) for almost all

weTl, andallt € [0, 0 (w) A g;(w)). Clearly, both uy and v; solve

du(t) = [=Ai(u(®))u(t) + Fi(t,u(t)) + f(O)] dt +[Bi(t, u(t)) + b(O)]dW (), 49)
u(0)  =wuplp, '

in the strong sense on [0,0%) and [0, 0;) respectively and therefore the uniqueness result from
Lemma directly yields the almost sure coincidence of u; and u; onT',, x [0, 07 A o).

To prove the pathwise monotonicity of the stopping times on I',,, we distinguish the cases
T, = A, UA,, UN with a null-set N,

Ap =T { sup |w(s)lle, <1}
s€[0,m;)
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and

Ap =T, { sup |w(s)|g, >1}.

s€[0,71)
In particular, we have oy = 7, on A, and o; = inf{t € [0,7) : [|w(t)|][E, > I} on A,. As an
immediate consequence, we get 0, < 7, = 0; almost surely on A,,, since 7, was chosen as the

maximal stopping time of a solution of which coincides with the maximal time of existence of
onI';,. On A,,, we argue differently. Here, it suffices to note, that by almost sure coincidence
of u; and uy on T, x [0,0; A o)), we have

sup  [lw(s)llp, = sup  |lug(s)||p, <k,
s€[0,0,A07) s€[0,0,A07)

whereas
sup |[uwi(s)l|g, =1
s€[0,07)
Thus, we must have o}, < g; on Kn Putting these cases together, we finally proved the claimed
result, namely o, < o0; almost surely on I',,. Last but not least, we choose N as the union of all
sets of measure zero, we excluded in this proof. O

We proved, that (o), is, at least for large natural numbers, pathwise almost surely monoton-
ously increasing and we know from the definition of (o), that the sequence is bounded by 7.
Therefore we can define the F-stopping time

= lim o,. (4.10)
n—oo
Now letw € Q\ N and ¢ € [0, ). Choose n = n(w, t) large enough such that both w € I',, and

on(w) > t and define

w(w, t) := up(w, t). 4.11)
Note, that u is well-defined. Indeed, letw € Q\ N, ¢t € [0, u(w)) and k another natural number
with (w, t) € I'y, x [0, 0%). Then, Lemma4.10[implies u,, (w, ) = ux(w, ). To complete the definition
of u,wesetu=0on N x [0, p).

Since the u,, are strong solutions of (QSEE) on I',, x [0,0,), u is a good candidate for a local
solution of (QSEE) on  x [0, 1). We just have to find a sequence of stopping times (i, ),, that
approximates y, such that u € C(0, ju,; E,) N LP(0, pu,; E') almost surely for all n € N and such
that u is a strong solution of (QSEE) on [0, 11,]. Note, that ¢,, does not need to have this property,
since we used the maximal stopping times 7,, in the definition of o,, and therefore, we cannot
preclude that o, is a blow-up time on some paths.

Theorem 4.11. We assume that [Q1] — [Q3], [Q4*], [Q5*], [Q6] — [Q9] are satisfied. Then, there is an
increasing sequence of F-stopping times (tin )y, such that (w, (py ), 1) is a maximal unique local solution
of
(QSEE) {dl(té;f) = [=A(u(®)u(t) + F(t,u(t) + ()] dt +[B(¢, u(t)) + b(£)]dW (1)
u = UQ

Moreover, we have the blow-up criterion
P{u <T, ||ullLro,um1) < 00, u: [0, n) = E, is uniformly continuous} = 0.

Proof. First we construct the sequence of stopping times (i )nen. Recall the definition of o, in
and of y in (4.10). If we additionally set

Onk = Tnk N inf {t € [0,7) : |unllg, > n},

we have the pointwise almost sure convergences it = lim,, o 0, and o, = limy_,o opg. Since the
stopping times o, o, are all bounded by T, the dominated convergence theorem yields o,, — 1
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forn — oo and o, — 0, in L}(Q) for k — oo. If we now choose for given n € N the natural
number k(n) such that ||o, — oppmllzi) < 1/n, we obtain o,y — o in LY(Q) for n — oo.
Choosing a suitable subsequence still denoted by (0,x(n))nen yields o) — o pointwise almost
surely for n — co. Moreover, since (I';,),, is an increasing sequence with Q = U, enI'y,, we also
have o,,(,)1r, — o pointwise almost surely for n — oco. Unfortunately this sequence is not
necessarily increasing anymore. Therefore we define
Hn = 16?1173‘}(,”} o'zk(z)]-l"qy

and prove that (j,), is the sequence, we wanted to construct. Clearly, since o4, is for all n € N
an F-stopping time and I',, € Fo, i, is also an F-stopping time. Furthermore the trivial bounds
Tnk(n) < pin < pfor every n € Nyield 1, — p pointwise almost surely.

It remains to check that u is strong solution of (QSEE) on [0, x1,,]. Obviously, it is sufficient to
show that u is a strong solution of (QSEE) on I',, x [0, 0] for all n,k € N. We have u(w,t) =
Up (w, t) for almost all w € T',, and all ¢ € [0,0,(w)) D [0, opi(w)] by definition of u. Since u,, is
a strong solution of the truncated equation {.7) on [0, 7,,x] and in particular a strong solution of
(QSEE) on T, x [0, 0pk], we conclude that u itself is a strong solution of (QSEE) on I';, X [0, o).

Next, we prove the blow-up alternative for u. As in the proof of Lemma ??, it is sufficient to
show

P{u < T, ||lul|r(o,up1) < 00, u: [0, 1) = E, is uniformly continuous} = 0.

Since uniformly continuous functions on a bounded interval are always bounded, we only need
to prove P(Q2,,) = 0 for every n € N, where ,, is given by

Qn = {pu < T, |JullLr0,u;51) < 00, u: [0, 1) = E,, is uniformly continuous,

lellcume, € (%57 3)}-

n—1 n

We first show, that for almost all w € {||ullc(o,u:5,) € [*57, 5)}, we have pu(w) = 7, (w).

Clearly 7, = oy, on {||ul c(0,u:5,) € %5, %)}. Furthermore the sequence (o, )x>, increases on
the even larger set I';, by Lemmaand converges to y. Thus we have 7,, < pon {||ulc(o,u;E,) €
(%5, 5)}

On the other hand, we have 7,, > pon {||ullc(:5,) € [*5+, %)}, since on this subset of 2, u
solves the truncated equation

{dw(t) = [ An(w()u(t) + Fu(tw(e)) + F(0] -+ {Baltw(e) +bOJAW .,

’LU(O) = ’U,()].n17

where I',, was given by {||lug||r, < n/2}, and (un,7,) was defined as the the maximal unique
solution of this equation. This finally proves 7 = p on {[|ullc(0,u;E,) € (251, 2)} and the above
argument also shows u(w,t) = u,(w,t) for almost all w € {||ullco, k) € (%5, %)} and all

702
t € [0, u(w). In conclusion, we have
P{u < T, |Jul|Lr(o,u;51) < 00, u: [0, ) = E, is uniformly continuous,

lulcomue,) € ("5 5)}
:IF’{Tn < T, |Junllze(0,7,;E1) < 00, Uy @ [0,7,) — E, is uniformly continuous,

n—1 n

||un||C(0,'rn;Ep) € [T’ 5)}

and by the blow-up Lemma ?? this quantity equals zero.

It remains to check, that (u, (1), 1) is @a maximal unique solution. Let (v, (kn )y, £) be another
local solution of (QSEE). We first prove that u and v coincide on 2 x [0, uA k). Define the sequence
(pn)n of F-stopping times by

pni=1inf {t € [0,p) : Jullg, > n} Ainf {t € [0,K) : [[v]|g, > n} ApAr

for n € N. Then both u and v solve the truncated equation (4.12) on I" x [0, p,,) and this equation
is uniquely solvable up to a maximal stopping time, which implies u(w, t) = v(w, t) for almost all
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we,andallt € [0,p,). Since p, — A & almost surely for n — oo and U2 T, = Q\ N for
some set of measure zero N, we conclude that u and v coincide on Q x [0,z A k). Maximality is
then a consequence of the blow-up alternative we derived above. Indeed, if we had £ > 1 on a set
of postive measure A, then u : A x [0, u) — E, would be pathwise uniformly continuous and we
had |[u||zr(0,.;£1) < oo almost surely on A. But this would imply = T on A, which contradicts
k> pon A, since « is also bounded by T. O

5 Examples

5.1 A quasilinear parabolic equation on R?
In this section, we give a straightforward example, namely
{du(t) = [Z?,j:l aij (-, u(t), Vu(t)9;0;u(t) + f(t)]dt + B(t, u(t))dW (t),
u(0) = ug

on R? and we prove existence and uniqueness of a local strong solution in L?(R?) under the
following hypothesis.

[E1] The coefficient matrix a = (a;;); j=1,....a : R? x C x C? — C%*4 is uniformly elliptic, i.e.

essinf inf Re&la(x,y,2)€ =6y > 0.
y€C,zeC4 zeR? [{|=1

Moreover, a is S-Holder continuous in the first and locally Lipschitz continuous in the sec-

ond and the third component, i.e. for every n € N, there exists C, L(n) > 0, L(n) > 0 such
that
la(z,y,9) — a(Z,2,2)| < Cle = &° + L(n)ly — 2| + L(n)[§ — 2|

forall z,7 € R% and all |y|, |2], |9], |Z] < n.

[E2] We choose p, q € (2,00), such that1 —2/p > d/q.

[E3] The initial value ug : 2 — 33,;2/ P(R9) is a strongly F- measurable random variable.

[E4] The driving noise W is an [2- cylindrical Brownian motion of the form
W(t) = Z ekﬁk (t)v
k=1

where (e} ), is the standard orthonormal basis of 2 and (8y)y. is a sequence of independent
real-valued Brownian motions relative to the filtration (F);co,77-

[E5] B = (B! )ken + (BP)ken : Q x [0,T] x RY x C x C* — [2(N) is strongly measurable and
w = B(w,t,x,y,z)isforallt € [0,7], 2z € R%, y € C and z € C? strongly F;-measurable.
Furthermore, (B,il))k is locally of linear growth, i.e.

1
”(Bl(c ))k(w’t> Y, Vy)ll'y(lz;leq(]Rd)) < C(?’L)(l + ”yHBg;z/T’(Rd))

and Lipschitz continuous, i.e. there is L(n) > 0 such that
1 1
1B ety 09, V) = (BE)k(w@,t, - 2, V2) |y gzawnaqay) < L)Y = 2] ga2ro gy

forall y,z € 33;2/1’(]1%‘1) with norm at most n, all ¢ € [0,7] and almost all w € Q. Further-
more (B,(f))k is also of linear growth, i.e.

B k(@ by, V)| gzwraqrayy < OO+ [[yllwz.o @)
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and Lipschitz continuous, i.e. there is L, L B > 0 such that

2 2
||(Bl(g ))k(w7t7 7y7Vy) - (B]E ))k(wvta 'azvvz)”'y(P;leq(Rd))
< Lplly — zllw2.amay + LBllY — 2| La(ra)

for all y, z € W24(R?) with norm at most n, all ¢ € [0,T] and almost all w € Q. Here, Lp
must be small enough in the sense of assumption [Q8] in the previous section.

[B5] f € LP(Q x [0,T]; L9(R?)) is strongly measurable and F-adapted.
We want to apply Theoremwith A(z) = =% _ ai;(, 2, V2)3:0; and choose the spaces E =

ij=1
L1(R?), E' = W>9(RY) and (E, E')1_1,, = BZ,Y?(R%). Due to our assumptions, [Q1] — [Q3],
[Q6%], [Q7*] and [Q8], [Q9] are directly fulfilled.

It remains to discuss [Q4"],[Q5"]. By [5], Theorem 9.1, elliptic operators of the form B =
=2 j—1 bij(2)0;0; with Holder continuous coefficients have a bounded H°(¥y)-calculus with
angle 0 < 6 < m/2if p > 0 is large enough. Following the proof step by step, one sees that ., 0
and C > 0in

£ (B)lgrarayy < Cllfllze (s
only depend on the supremum, the ellipticity and the modulus of continuity of (b;;); ;.

Since, we choose 1—2/p—d/q > 0, the Sobolev embedding By ,*/”(R?) < € (R%) holds true
for some o > 0. In particular, the modulus of continuity of z,Vz and the quantities ||| o, || V2| o
are controlled by ||z|| B2-2/7 Ry Consequently, both the modulus of continuity of a(-, z, Vz) and
lla(-, z, Vz)|loo depend on ||z||B§;2/p(Rd). Thus, given n € N, there exists C(n), u(n) > 0,6(n) €
(0, 7/2) such that the operators 1(n) + A(z) all have a bounded H*> (E6(n))-calculus with

1f ((n) + A) | Bra@ayy < C)f = sy

(may ST This shows [Q47].

For given y, z € Bi;w P(R%) with norm at most n, we estimate

for all ||| yo—2/»
q,p

KM&

Il
_

[A(y)o = AZ)ollLaey < D [I(ai; (9, Vy) = aij (-, 2, V2))0i0;0]| Lo ey

=

)]

:M&

1@ (5, Vy) = aij (- 2, V2) e [0l w2.ara)

s

<
Il
-

(L)ly = 2lloo + LI Vy = Vzlloo) [0]lw2a ey

M=

<

,J

< (L) + L)y — 2ll o210 g ol e

I
-

almost surely for all v € W24(R%), which is the in [Q5*] demanded Lipschitz estimate.
Allin all, Theorem [4.11]yields a maximal unique local strong solution (u, (7,,)n, 7) with

u € LP(0,7,; W24(R%)) N C(0, 703 B2, 2P (RY))
pathwise almost surely for every n € N and r satisfies

P{r < T, llullpr(0.rw2a(ma) < o0, u:[0,7) = Bg’f/p(Rd) is uniformly continuous} = 0.

5.2 The incompressible Navier-Stokes system for generalized-Newtonian flu-
ids

We now deal with a stochastic model in fluid dynamics. This example is inspired by Bothe and

Priiss, who treated the same model in a deterministic setting (see [9]).
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Throughout this section the divergence of a d xd-matrix T'is a vector field defined by (divT); =

Zizl Ok Ty, and V f is the Jacobian of the vector field f. We start with a universal model for fluids,
namely

du(t) = [=(u(t) - V)u(t) + div S(t) + f ()] dt +[g(u(t), Vu(t)) — VpldW (t),

e
u(0) = up.

Here, u : [0,T] x RY — C? is the macroscopic velocity. Since the density of a perfect fluid is as-
sumed to be constant and can therefore be chosen identically one, the continuity equation implies
div(u) = 0. Moreover, as in every perfect fluid, the total stress tensor S : [0, 7] x R? — C4*? is
a sum of the viscous stress i : [0,7] x R¢ — C%*¢ and the hydrostatic pressure pI, where p is
scalar-valued.

In the following, we discuss generalized Newtonian fluids, that are characterised by the as-
sumption i = 2u(|€|3)E, where € = 1(Vu + VuT) is the symmetrized derivative of the ve-
locity, the so called rate-of-strain tensor and | - |2 is the Hilbert-Schmidt norm on C%*¢. There
are many examples for this model, e.g. the Ostwald-de-Waele power-law j(s) = ps™/%~! for
m > 1and yy > 0, the Carreau model pu(s) = po(1 + s)™/27! or the truncated Spriggs law
w(s) = pos™/ 2711, 00)(s) for some sy > 0. For details about generalized Newtonian fluids, we
refer to chapter 5 in the monograph of Armstrong, Bird and Hassager ([8]). Last but not least, we
would like to mention, that the stochastic perturbation of the classical equation covers a model
for turbulent flows introduced by Kraichnan, namely noise of the form g(u, Vu) = (- V)u+b(u).
In the mathematical literature, such a noise perturbation was discussed several times in case of
Newtonian fluids with i = 1€ (see e.g. [11]], [45] and [57]).

As a first step, we derive a quasilinear evolution equation from (FM). Using the product rule
and div(u) = 0, we calculate

(divS):div( (I€13)2€ = pI), = (u(|€]3) div(2E) + 1/ (IEB)V(IE[3) - 2), — Dip
d
w(l€1?) Z (OkOsur + Ofus) + 1 (1€3) D (Orui + 0w (O + Ojup) OOy — O;p
k=1

jikd=1

d d
p(1E13)D Ofus + 1/ (I€13) D (O + O3w) (Owuj + Ojur)Okdyu; — dip.
k=1

gk, =1

All in all, we get the quasilinear system

du(t) = [~ ( (O)u(t) — Vp(t) — (u(t) - V)u(t) + f(H)] dt +[g(u(t), Vu(t)) — VpldW (¢),
divu(t) =
u(0) = uyg,

with
d
(A(z)u); = |Vz+v.z Z Oy — |VZ+VZ Z (Orzi + 0i21) (Okzj + 0j2k) Ok Oyu;.
7.k, 1=1

We consider this equation on LP(RY)4, 2 < p < 00, and as usual in the context of fluid dynamics,
we use the Helmholtz decomposition

PR =I5 (RY @ V' (R,
where L2 (R?) = {f € LP(R%)? : div(f) = 0}. Note that this decomposition exists for all p € (1, 00)
and induces the bounded Helmholtz projection P : LP(R%)¢ — LP(R%). Applying P yields the
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evolution equation

du(t) = [=PA(u(t))u(t) — P(u(t) - V)u(t) + Pf(t)] dt +Pg(u(t), Vu(t))dW (1),

s {101

in L2 (R%) for the velocity u.
In the following, we use the abbreviations B, ,(R?) := {f € B; (RY)? : div(f) = 0} and

q,p,0

W2 (RN := {f € Wk(RY) : div(f) = 0}. We thread (QNS) under the following assumptions.

[ON1] Let 4 : R>9g — Ry be continuously differentiable, such that p is still locally Lipschitz
continuous, i.e. for every n € N there exists C(n) > 1 such that

W (@) = ' ()] + (@) — ply)] < C(n)|z -y
forall 0 < z,y < n. Moreover, we assume p(s) + 2su'(s) > 0 for all s > 0.
[QN2] We choose p, q € (2,00), such that1 —2/p > d/q.

[QN3] The initial value ug : @ — By, %" (R?) is a strongly F- measurable random variable.

[ON3] The driving noise W is an [- cylindrical Brownian motion of the form
W(t) = Z erBe(t),
k=1

where (e ), is the standard orthonormal basis of 2 and (8y)y is a sequence of independent
real-valued Brownian motions relative to the filtration (7 ).co,7)-

[QN4] g = (60 + (05)n : @ x [0,T] x R x €4 x €44 — [2(N)? is strongly measurable and
w s g(w,t,m,y,2)isforall t € [0,T], » € RY, y € C? and 2z € C?*9 strongly F;-measurable.

Furthermore, (97(11))” is of linear growth, i.e.

(g n(w, b, -, 2, V2) Ly @2awraqaayey < C(L+ 2]l 2 gay)
and Lipschitz continuous, i.e. there are constants L, L B > 0 such that
10,15, V) = (90)n .1, 2, V2) vy
< Lglly = 2llyw2ama + Lally = 2l Lo @e)

forall y,z € W24(R%), t € [0,T] and almost all w € 2. Here, L must be small enough in
the sense of assumption [Q8] in the previous section. Furthermore, ( gﬁf))

growth, i.e.

n is locally of linear

(2)

H(gn )n(wvtv Y, Vy)”'y(lQ;Wl’q(Rd)d) < C(k)(l + ||y||B§;,)2;p(Rd))

and locally Lipschitz continuous, i.e.

H(gg))n(wa t,-,y, Vy) - (97(12))71("‘)’ 2, vZ)||“/(l2;W11q(]R<d)d) < L(k)lly - Z|‘B§;?({P(Rd)

forally, z € Bg;?,,/p(Rd) with norm at most k € N, all t € [0,7] and almost all w € Q.

[QN5] f € LP(Q x [0,T]; L9(R%)4) is strongly measurable and F-adapted.

We want to apply Theorem in E = L4(RY), E' = W24(R%). The trace space is then given
by (E,E')1_1/pp = BZ,4P(R?). Due to our assumptions, [Q1] — [Q3], [Q6*], [Q7*] and [Q8], [Q9)]
are directly fulfilled. We now check [Q4*], i.e. we have to prove that PA(z) has for every z €

Bg,;i,/ P(R?) abounded H®°-calculus. In the following Proposition, we restate a result of Bothe and
Priiss (see [9], proof of Theorem 4.1). Unlike Bothe and Priiss, we need the precise dependence of
all involved constants from z. Therefore, we need an additional argument.
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Lemma 5.1. We assume [QN1] and [QN2]. Then, for every z € B p%,/p (R9), there exists v > 0,0 €
[0, 7/2), such that the operator v + PA(z) is R-sectorial in LL(R?) on the sector ¥y. Moreover, v, 6 and
the bound C, > 0 in

R({AR(\, v+ PA(2))} C B(LL(R?))) < C,

for given v > § only depends on HzHBﬁi{p(Rd),

Proof. Bothe and Priiss derive from [QN1] the strong ellipticity of A(z) (see [9], page 385). Thus,
it is sufficient to show that given u € C*(R%)* N LY (R%)% and a strongly elliptic operator
B(u) = —3|5/=5 bs(u) D” with locally Lipschitz continuous coefficients bs : C¥ — Cdxd the
above statement holds true with PA(-) replaced by PB(-) and 6,C, and x only depend on the
Holder norm [[ul|o and on [|ul| 4 gay2 - Indeed, the above statement then follows directly by the
Sobolev embeddings

Bl- 2/p(Rd)d><d N Ca(Rd)d2 A Lq(Rd)d2

a,p
for some « € (0,1).

Note, that in the original, the authors prove that v — PB(u) has the maximal regularity prop-
erty in L4 (R9). But this is well-known to be equivalent to our statement. We can follow their
argument step by step, we just have to argue, that the spectral shift and the maximal regularity
constant only depend on |lul|, and on |jul| La(Rd)d2- In Corollary 6.2, the authors prove, that one
still has maximal regularity, if one perturbs a constant coefficient elliptic operator with functions,
whose supremum is smaller than some n > 0. This  only depends on the ellipticity and the
supremum of the coefficients. For the general case, their idea is to use the uniform continuity of
the coefficients and convergence at infinity to choose finitely many balls B; with center z;, such
that |bg(u(x)) — bg(u(z;))| < nforall z € B; and |bg(u(z)) — bg(0)| < n for z ¢ U;B;. Then, they
localize the equation with a partition of unity subordinate to these balls, solve locally and put
the local solutions together. It turns out, that both v and the maximal regularity constant only
depend on the ellipticity and the supremum of the coefficients and the number of balls needed in
this argument. So, we have to estimate the number of balls by a quantity that can be controlled
by [ullo and ||UHLq(Rd)d2-

Fix u € C“(Rd)d2 N L‘Z(]Rd)d/2 and let O(||u||~) > 1 such that we have

b () — b()] < C(lulleo) |z — 3]
for all |z[,y| < |lul|oc. We divide R? in the two disjoint subsets {|u| > }and {u| <

sooy ) and we define § := (W)l/ “. Then, by compactness and Vitali’s covering

20( HZH )

.....

z; € {|u| > } such that

20( HZHoo

{lul > st UB

(Bé?) . are the balls we are looking for. Indeed, for z ¢ U 1B§?, we have |u(z)| < 7/2 and
forx,y € Bé?, we have

[bg(u(2)) = bs(u(y))] < Cll[ulloo) ulla(30)™ < %52 < 4.

It remains to estimate the size of N. We have
N (i)
OBy € {lul > st }-

Indeed, given y € Béi) for somei =1,..., N, we obtain

[u)] 2 Julzi)| = Juzi) — wy)] 2 zearsy — 14led® = sy — s = et
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)

Consequently, using that the Bgi are disjoint, we get

A1C(Jlulloo ) ull

q
Lq(]Rd)dQ
< [{lul> seqfiry }| < o

N
caNo® = || B
i=1

with Chebyshev’s inequality, where Cy is the volume of the unit sphere in R¢. This yields finally

d/a
4767/ a1, oo a8 C (o) 40

Cdnq—‘rd/a

O

Next, we conclude, that the operators v + PA(z) from the above Lemma also have a bounded
H*-calculus. Our proof of [Q4*] adapts the arguments of [34], Proposition 9.5 to our situation. A
key ingredient is Sneiberg’s Lemma.

Lemma 5.2. Let (Xg)ge(o,1) and (Yy)ge(o,1) be complex interpolation scales of Banach spaces and let
S+ Xg — Yy for each 0 € (0, 1) be a bounded linear operator. If S is for some 6y € (0, 1) an isomorphism
between Xq, and Yy, then there is a 6 € (0,1) such that S is also an isomorphism between X,, and
Y, for p € (6o — 6,60 + 0). In particular, |S~"| 5y, x,) depends on ||S|p(x,.v.) 1511 B0y, e,
1S~ Bvs, . x0,) @nd |12 — 0ol

A proof can be found in [60], Theorem 3.6. The precise dependence of ||S™!|| (v, x,) on the

other parameters is stated in Theorem 2.3 in the same article. The original proof is due to Sneiberg
(see [53]) in Russian language.

Proposition 5.3. Given z € By ;X" (R%), the operator
u— B(2)u = yu + PA(2)u+ P(z - V)u: W»4(R?Y) N LL(RY) — L9 (R?)

has a bounded H> (Xg)-calculus and the angle 0 € (0, 7/2), the spectral shift v and the constant C' > 0
in

1F(B(2)IB(zs@ay < Cllfll
only depend ||z|| g2—2/» (®ay- 11 particular, B(z) satisfies [Q4*] of the previous section.
Proof. By Lemma v — PA(z) is R-bounded on L4 (R%) on a sector ¥y, § € [0,7/2). The same
holds true for B(z), since u — P(z-V)uisjust alower order perturbation (see e.g. [50], Proposition
4.4.2).

Let (ry,)n be a sequence of independent Rademacher random variables, v € (6, 7) and (\;)jen C
¥, be a dense sequence. For n € R, we define the norms

o0 o0
1wi)sllx, = EN Y rjusllynreagay +EI Y ridjusllwgsa)

Jj=1 Jj=1

o0
1(ui)illy, s =B riusllwz e

j=1
and the spaces

X,y o= {(uy); € WIT2IRY) + |(uy);]
Yy = {(u;); € WPURY) : [|(uy);

X, < OO}

Y, <OO}.

Both (X;,),er and (Y;),er form complex interpolation scales. We define the operator

Sy s Xy = Yo, (£)i = (N — B(2)fi) ;-
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Due to its Holder continuous coefficients, the operator B(z) : W7+24(R?) — W24(R?) isbounded,
if |n| < ¢ for some § > 0 small enough. In particular S, is bounded for || < 0. R-sectoriality of
B(z) on LZ(R?) implies, that Sy is an isomorphism with S5 " (u;); = ((\; — B(z))‘luj)j. By the
previous Lemma, [|So| 5(x,v0), 1S5 || B(vs, o) only depend on the ellipticity and the Holder norm
of the coefficients and hence they are determined by ||z|| B222/PRe)" By Sneiberg’s Lemma, there
exists # > 0 such that S : X_g — Y_g is an isomorphism and the size of 8 and ||S™|pv_,.x
depend on p and ||z||3272/p(Rd). Especially, we have
a,p

-8)

o0

E” er)‘j()‘j - B(z))_luj”vv;ﬁv‘l(ﬂgd) < ||S:[13||B(Y7g,X75)EH erujHW(;ﬂv‘l(Rdy

Jj=1

This proves R-sectoriality of B(z) on W, #(R%) with domain W2~%4(R%). Indeed, let (\;)\; C

C\ X%, and Agn) € (M) n €N, j=1,..., N, such that >\§-") — Xj as n — oo. Then, by Fatou and
the holomorphie of the resolvent, we have

N
B Y ridi B, BE) fillw2.gge)

Jj=1

(n) (n)
< lgggéfEH er A R(A; 73(2))fj||wgﬁvq(Rd)
J
N
< IIS:};IIB(Y,B,X,B)EHerfij;M(Rd)'

Jj=1

for every (f;)L, ¢ Wy (R9).

If we now apply Corollary 7.8 in [35], we get that B(z) has a bounded H>(%,) calculus on
the space (W27 (R?), W2=5P(R%)) 5. Here (-, -),, denotes Rademacher interpolation. Working
through the proof of Corollary 7.8 one sees, that the bound of the calculus only depends on the
size of |3| and on ||S:é | B(v_s,x_4)- It remains to identify the Rademacher interpolation space.
Since the Helmholtz projection P commutes with I — A and I — A has a bounded H*°-calculus on
WP (RY)4 for every a € R, p € (1,00), this is also true for P(I — A) = I — A on W2?(R%). In this
case, by Lemma 7.4 in [34], the Rademacher interpolation spaces and the complex interpolation
spaces coincide. This finally implies

(W (R, W2 PR 5 = (W, P9(RY, W2-P9(R) = L (RY.

B/2
O

It remains to check [Q5*]. Let y, z € B2,2/* (R%) with norm at most n and u € W24(R%). Recall
that

d
A(z)u = —p(| L2t |2 Z Opu; — i (|25 2) S (9 + 0;21) (Ohzs + Oj2) OOy

J,k, =1
With the Sobolev embedding B2 ,2/* (RY) — C1(R%)%, we estimate
[PA(y)u — PA(2)ul|Lg (ra)

Vy+vyL T
S(Hu(l”*%l%) — (| = 5) || Lo ety

Vy+vyL z 2T
(BT ) — (T ) ey e
Vy+vyL
+ || (| ‘g)”LOO(Rd)HvyHLOC(Rd)dXL‘”vy_VZ”L‘X)(]Rd)dX‘i)||u||W3*q(Rd)

<C(IIyll g eys 12]| Lo @y VYl oo (ayaxas [V 2| Lo mayixa) [ VY — V2| oo mayaxa |ull yzoa gy
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<COy = #l 5352 o Ny
Again using a Sobolev embedding, we get
1Py - V)u = P(z- Vul| £g re)
<y = 2l @aye IVl Logaysxs <11y = 2l g2-2/0 gay llullwz.a gay-

Thus u — PA(z)u+ P(z-V)u satisfies [Q5*]. Allin all, we can apply Theorem to the equation

() {400 = [FPAQE)(®) — P(u(t)- V)ult) + PF1)] dt+Polus, Vu)aw (1),
u(0) = up.
This yields a maximal unique local strong solution (u, 7) of (5.2) with

u € LP(0,7,; W29(R%Y)) N C(0, m; B2, 2/p(Rd))

q9,p,0

pathwise almost surely for every n € N and 7 satisfies

P{T < T, lull oo rewza(gay < 00, uw:[0,7) = BZ,%?(R?) is uniformly continuous} = 0.

5.3 Weak solution of a quasilinear parabolic stochastic equation in divergence
form on a bounded domain

In this section, we consider a convection-diffusion equation on a bounded domain D C RY, d>2,

du(t) = [div(a(u(t))Vu(t)) + F(t, u(t))]dt + B(t, u(t))dW (t),

(oI {u<o> - o,

with Dirichlet, Neumann or mixed boundary conditions. To simplify the notation, we take real
valued coefficients and we look for a real valued solution. We first introduce the spaces we work
with.
Let I' C dD be open in the topology of dD. For ¢ € (1,00), we define W,(D) as the comple-
tion of
CF(D) = {¢lp : ¢ € CZ*(R?) and supp(¢) N (9D \T) = 0}

with respect to the norm ||quW13,q(D) = [|[V|lLapy + 19|

La(p)- Since smooth functions in f €

WhY(D) satisfy f|o p\r = 0, 9D \ T is understood as the Dirichlet part of the boundary, whereas
[ can be interpreted as the Neumann part of the boundary. The space Wy, /(D) is defined as the

dual space of I/Vplq%1 (D) with respect to the standart L?-duality, which means that

U, v a_ = [ u(z)v(z)dx
< >(W;1*Q<D)7W§ (D) /D () (=)

ifue Wi "(D)NLYD)and v € erqj (D). Analogously, we define the Besov space BlfQ/p(D)

¢,p,I"
as the completion of Cp°(D) with respect to the usual Besov norm || - These spaces are

| g1-2/p(py-

a,p (D)
extensively studied in the literature about equations with mixed boundary on rough domains,
but we won't go into detail here and just quote the results we use.

In our case, we always work with 1 — 2/p > d/q and therefore, every u € B;;?F/p (D) is
continuous on D and satisfies u, p\r = 0.

We will consider the quasilinear equation (DIV) in the space W Y9(D) for q € [2,00), which
means, we try to find a weak solution in the sense of partial differential equations. Indeed,
(u, (Tn)n,7) is alocal solution of (DIV) in the sense of Deﬁnitionwith the choice E = Wy (D)
and E' = W(D) if and only if the identity

/D(u(t,:c) — up() / / (s,2))Vu(s, 2)V(x)dxds
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t
[P0 0(0), ) o

+f [ Bls.n o) axaw s

holds for almost allw € Q, all t € [0, 7) and for all ¢ € C°(D).

5.4 Local weak solutions

In this section, we look at (DIV) with a locally Lipschitz diffusion matrix a(-). However, we have
to guarantee that the operators div(a(u(t))V) on Wy "Y(D) have for every ¢ the same domain
W 9(D) and in the last decades, it turned out that this property highly depends on D, its dimen-
sion and the regularity of the coefficient function. Therefore, we introduce the following notation.
Given a uniformly elliptic and bounded coefficient function x : D — R?*?¢, we denote the set of
all r € [1, 00), such that the operator

2 —div(uVz) + 2 : WA (D) — Wi " (D)
is a topological isomorphism, with 7,,. We now specify the assumptions.

[LD1] For every point = € 9D, there exists two open sets U,V C R? and a bi-Lipschitz transfor-
mation ® from U to V such that x € U and ®(U N (D UT)) coincides with one of the sets
{yeRy: |yl <1,y <0}U{yeRy: |yl < 1,91 =0,y2 >0}and {y € R¢: |y| < 1}.

[LD2] a: D x R — R?*? is uniformly positive definite, i.e.

essinf inf ¢Ta(z =5, >0
yERTED |£|:1£ ( ay)€ 0 ’

a(-,0) € L*>(D) and a is locally Lipschitz continuous in the second component, i.e. for every
a > 0, there exists L(«) > 0 such that

la(z,y) —alz, z)] < L()]y - 2|

forall |y, |2| < a and almost all x € D.

2
1-3

[LD3] We choose p,q € (2,00), such that 1 —2/p > d/qand q € T,(. ) forall z € B, &

(D).

[LD4] The initial value ug : Q@ — B;fr/ (D) is a strongly F,- measurable random variable.

[LD5] F:Q x [0,T] x D x R — R is strongly measurable and w — F(w,¢,z,y) is for all t € [0,T],
x € D and y € R strongly F;-measurable. Moreover, F is of linear growth, i.e.

| F (w1, 'ay)HWF—M(D) <C+ Hy||wrl=‘1(D))
and Lipschitz continuous, i.e. there are constants L, L r > 0 such that
[F(w,t,-y) = Fw,t,- Z)HWF—M(D) < Lrlly - Z||WI}~‘1(D) + Lrlly - Z”WF—W(D)

for all y, z € W2 4(D), for all t € [0,T] and almost all w € Q2. Furthermore L must be small
enough in the sense of assumption [Q8] of the previous section.

[LD6] The driving noise W is an [2- cylindrical Brownian motion of the form
k=1

where (ey);, is the standard orthonormal basis of 2 and (3 )y is a sequence of independent
real-valued Brownian motions relative to the filtration (F;):c[o,7)-
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[LD7] B = (By)n: 2% [0,T] x D x R — [?(N) is strongly measurable and w ++ By, (w, t,z,y) is for
allt € [0,7], z € D and y € R strongly F,-measurable. Furthermore, B is of linear growth,
i.e.
1B, ) iy < O+ [yl )

and Lipschitz continuous, i.e. there are constants L, L B > 0 such that
1B(wt,y) = B(w, 1, 2)|lyzz00y) < Lelly = 2lwiapy + Lally = zlly-rapy

forall y,z € er’q(D), forallt € [0,7], n € N and almost all w € Q. Furthermore Lp must
be small enough in the sense of assumption [Q8] of the previous section.

Before we proceed, we comment on our assumptions. We chose the requirement on the domain
[LD1] in order to guarantee the important interpolation results

We (D), Wi (D)1 = By 27(D), (Wi (D), Wy (D) = L(D).

In particular, this representation of the real interpolation space makes sure, that u, is in the usual
space for initial values. Moreover, [LD3] implicitly contains assumptions on the boundary of D
and on the coefficient function a as well, since it is impossible to ensure, that

2 —div(a(, u(t))Vz) + 2 : W (D) — W (D)

is an isomorphism for all g, if one just assumes [LD1] and [LD2]. Even in case of the Dirichlet
Laplacian, there are counterexamples (see [33], Theorem A). In general, one only knows, that a
small interval (2—¢, 2+¢) with € > 0 depending on the geometry of D and I" and on the coefficient
function a is contained in 7. . (see [31], Theorem 5.6 and Remark 5.7). Nevertheless, there are
several situations, in which one can fulfil [LD3]. In the following, we mention some of them.

If one assumes D to be a C'-domain, that has either pure Dirichlet (A = (}) or pure Neumann
boundary (A = dD) and one assumes p to be a uniformly continuous coefficient function, one
has ¢ € 7, for all ¢ € (1, c0). This is a classical result, that can be found in [1]], section 15 or [46],
page 156-157. If there is C''-subdomain D with positive distance to @D, such that both | 5 and
11| p\  are uniformly continuous and y is symmetric, the same result holds true by [26], Theorem

1.1. Consequently, since we require 1 — 2/p > d/q and hence every z € B;;zr/ (D) is even Holder

continuous, we just need to demand that « is uniformly continuous in Dandin D\ D in the first
component to ensure q € 7;(_’2).

If D is just a Lipschitz domain with Dirichlet boundary (A = () and the coefficient function
p is a symmetric, uniformly continuous matrix, then there is a ¢ > 3 with ¢ € 7,. This can
only be helpful for us if d = 2,3, since then it is possible to choose p large enough to ensure
1—2/p > d/q. The same conclusion is true, if D is Lipschitz and there is a C'-subdomain D with
positive distance to 9D, such that both y|7 and p| p\p are uniformly continuous. These results
are all shown in [26], Theorem 1.1.

So far, we only gave examples for Dirichlet or Neumann boundary. In case of mixed boundary,
we refer to very detailed work [18]. In the case d = 3, the authors provide a wide range of
geometries of D and I that permit the existence of a ¢ > 3 such that ¢ € 7,,, where 1 is a symmetric
coefficient matrix, that is allowed to be only measurable (see Theorem 4.8.). Moreover, in section
3, they provide many descriptive examples for the geometries, they allow.

Note, that we could also add locally Lipschitz nonlinearities F' and B in the sense of [Q6*] and
[Q7*]. We just skipped this for sake of simplicity, since we won't need it when we show global
well-posedness in case of Dirichlet boundary.

Our goal is to apply Theorem [£.11]to the operators

Alu(®))u(t) = — div(a(-, u(t)) Vu(t) + u(t).

In the following Lemma, we prove that A(u(t)) has the needed mapping properties such as a
timely constant domain and a bounded H *°-calculus.
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Lemma 5.4. Under the assumptions [LD1]-[LD3], the operators
A(z)u = —div(a(, Z)VU) Fu W1}7Q(D) N Wr_l’q(D)

are for all z € BX~/P(D) densely de ined, closed with 0 € p(A(z)) and have a bound H°-calculus with
q,p,I y

bound and angle only depending on L, 6o and on ||z|| g2y We also have for every n € N the local
q,p, I

Lipschitz estimate

1AC2) = AW sewi» () wi v (y) < C)l2 = yH - 2F(D)

for all ||z||B;;?ép(D), ||y||B;;%p(D) < nand some C(n) > 0. Last but not least, we have

_ 1-2
[WF Lq(D)v Wll’q(D)]l—l/p,p =B, 1 (D)

q,p,I"

and as a consequence, A satisfies the assumptions [Q2], [Q3], [Q4*] and [Q5*] of the previous section.

Proof. By choice of p and ¢, the Sobolev embedding B (D) < C!(D) holds true for some [ > 0.

q,p,I"

2
In the sequel, we write C; for the constant of this embedding. Given z € B *(D), we obtain

q,p,T’

lla-, )LDy < ess sup la(z, 2(z)) — a(z,0)| + |a(z, 0)]
xT€

< L(Collel ooz NClal ozl 0) o)

a,p,T" q p,T’

In particular, the operator A(z) : W'%(D) — Wi L4(D) is well-defined and bounded. Moreover,
since we assumed ¢ € 7 (a(-, z)), Theorem 6.5 in [19] implies, that A(z) with D(A(z)) = W2 4(D)
is a closed operator.

By Theorem 11.5 in [6], A(z) has a bounded H*-calculus of angle arctan (m) and
the bound also only depends on ||a(-, z)|[ = (p) and o (see also [24].) Note, that the critical as-
sumption for this theorem is, that A(z) possesses the square root property in L?(D), i.e. the
operator

(div(a(-, 2)V) + D2 : Wi (D) — L*(D)

is a topolical isomorphism. This result can be found in [25], Theorem 4.1.
The claimed Lipschitz estimate for A is an immediate consequence of the Lipschitz continuity
of a and of the Sobolev embedding. Indeed, we have

|A(z) — A(y)||B(W1l”1(D),WF_1‘q(D)) < la(, 2) - a('ay))V”B(WFM(D),Lq(D))
S lla(s, 2) — a(-, )HLOO(D)
< CLCmllz =yl -2
q P, F(D)
for all ||z:||B,172/p(D)7 ||y||Blfz/p(D) <n.

1—2

It remains to check Wy ba(p), Wll’q(D)]l_l/pyp = qur( ). By [29], Lemma 3.4, we have

the identity [W "%(D), Wp(D)]; /2 = L(D). Using the reiteration formula between real and
complex interpolation (see e.g. [54], Theorem 1.10.3.2), it is sufficient to show

[L4(D), Wi (D)1-2/p.p = By X" (D).
This is done in [29]. Remark 3.6. O
Next, we check that the spaces Wy "9(D) and Wy(D) fit in the setting of stochastic maximal
LP-regularity.
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Lemma 5.5. The spaces W>(D) and Wy "9(D) are UMD Banach spaces with type 2. Moreover the
family of operators

{J5 6> 0} C B(LP(Q x (0,00); v(H; Wi (D)), LP( x (0, 00); Wy (D))

defined by

t

Joblt) = o /(ta)vo s)dW(s)

is R-bounded. In conclusion, these spaces satisfy assumption [Q1] of the previous section.

Proof. By Lemma [5.4| the spaces Wy "%(D) and W?(D) are isomorph. In the proof of the same
Lemma, we checked [W (D), Wﬁ’q(D)]l/g = L9(D) and hence amongst others A(0)'/2 pro-
vides an isomorphism between L¢(D) and Wy (D). Moreover the type of Banach space, the
UMD property and the R-boundedness of (J5)5>¢ are stable under isomorphisms and the UMD

space L?(D) has type 2. Noting that by [58], Theorem 3.1, the family is R-bounded on LP( x
(0,00);v(H; LY(D))) completes the proof. O

Now, we are in the position to proof existence and uniqueness of a solution of (DIV) by ap-
plying Theorem to the operators A(z)y = —div(a(-, 2)Vy) + y.

Theorem 5.6. Let the assumptions [LD1] — [LD7] be satisfied. Then, there exists a maximal unique local
solution (u, (Tn)n, 7) of (DIV) in Wi 2%(D), such that we have

w € LP(0, 7 WE(D)) N C(0, 7; B.-2P(D))

q,p,I’

pathwise almost surely for every n € N. Moreover, T satisfies

P{r <T, ll o 0,2 (py)y < 005 w:[0,7) = B;;?F/p(D) is uniformly continuous} = 0.

Proof. Writing
div(a(:, 2)Vz) + F(t,2) = (div(a(-,2)Vz) — 2) + (F(t,z) + 2),
we see, that we can solve the equation

{du(t) - [—A(u(t))u(t) +ﬁ(t,u(t))] dt +B(t, u(t))dW (¢),
u(0)  =wy

with F(t,z) := F(t,z) + z for z € Wl9(D). By Lemmathe assumptions [Q2], [Q3], [Q4*] and
[Q5*] fulfilled, whereas Lemma 5.5|guaranties [Q1]. [LD6], [LD7] make sure, that the nonlinearities
F and B also satisfy [Q6]-[Q8]. All in all, Theorem [4.11]yields the desired result. O

5.5 Global weak solution with Dirichlet boundary condition

In this section, we investigate the convection diffusion equation with Dirichlet boundary condi-
tions (I' = () and we therefore restrict us to the space WQ)1 4(D), that will be denoted with W,*¢(D)

in what follows. As usual in the literature, we write W~"%(D) for W, 19(D). We consider the
equation

du(t) = [div(a(u(t))Vu(t)) + div(G(u(t)))]dt + B(t, u(t))dW (t),

u(0) = up,

(GDIV) {

and we strengthen the assumptions in order to prove that the local solution from Theorem
exists on the whole interval [0, T']. We require:
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[GD1] D c R%is a bounded C'-domain.

[GD2] a: R — R¥*4 is bounded and uniformly positive definite, i.e.

inf inf &7 =) >0
inf inf €"a(y)¢ = do

and a is globally Lipschitz continuous, i.e there exists L > 0 such that
la(y) —a(2)] < Lly — 2|
forall y, z € R.

[GD3] We choose p, g € (2,00), such that1 —2/p > d/q.

[GD4] The initial value ug : 2 — B;,;,Qo/ (D) is a strongly Fy-measurable random variable.

[GD5] G : R — RYis Lipschitz continuous, i.e. there is L > 0 such that
IG(y) — G(2)| < Laly — 2|
forally,z € C.

e driving noise is an [“- cylindrical Brownian motion with the decomposition
[GD6] The driving noise W is an [2- cylindrical Browni ion with the decompositi
k=1

where (ey, )y, is the standart orthonormal basis of 12 and (3 )y is a sequence of independent
real-valued Brownian motions relative to the filtration (F;):c[o,7;-

[GD7] B = (By)n : 2 x [0,T] x D x R — [?(N) is strongly measurable and w — B(w, t,z,y) is for
allt € [0,T], z € D and y € R strongly F;-measurable. Furthermore, B is of linear growth,
ie.

s /
(X 1Buw.tz)P) <0+l
n=1

and Lipschitz continuous in the last component, i.e. there is L > 0 such that

0 1/2
(Z|Bn(w7t,$ay)_Bn(wat7$72)|2> SLB|y_Z|
n=1

forally,z € C,t € [0,T), z € D and almost all w € Q. Moreover, we assume
1Bt Doz 2oy < CU+ 1 lwazy)

forall f € Wy (D), t € [0,T], = € D and almost all w € €.

These assumptions are strictly stronger than [LD1]-[LD7]. a is not locally, but globally Lipschitz
and the nonlinearites div(G) and B are only of lower order. As we have already mentioned in our
remarks below the assumptions of the previous section, [GD1] and [GD2] also imply ¢ € 7. »)
for every z € B;,;?O/p(D) and ¢q € (1, 00).

Allin all, Theorem[5.6]yields a local solution (u, (75,), 7) of (GDIV), i.e an increasing sequence
of F-stopping times (7,), with 0 < 7, < T and lim,,,o 7, = 7 almost surely and a process

w: Q% [0,7) = W) YD) such that u solves (GDIV) on [0, 7,,] and

Eflulp,.,l

+E sup |u(t)
te(0,7,)

< 00 (5.1)

p p
L (0,T;Wy*(D)) HB;;?O/P(D)

for every n € N.
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In this section, we aim to prove, that we actually have 7 = T" almost surely. By the blow-up
alternative from Theorem it is sufficient to show that u : [0,7) — B;’;’QO/ P(D) is pathwise
almost surely uniformly continuous and satisfies | u| Lr(0,mwhe(py) < 00 However, this is not too
easy, since the estimate (5.I), that originally comes from the abstract construction of a solution of
a quasilinear equation, depends on n and to find uniform estimates, we have to use the special
structure of our equation.

Our first goal is to derive uniform L (€Q; L>°(0, 7,,; L*(D)))-estimates for v with o € [2,00)
and to do this, we need a suitable version of the Itd formula, that is useful to deal with weak
solutions of stochastic partial differential equations. In [15], the authors developed such a tool for
equations on the torus T¢ with periodic boundary conditions. We give an analogous result under
assumptions that are adjusted to our situation. The proof follows the same lines.

Lemma 5.7. Let pu : Q — [0,T)] be an F-stopping time and ¢ € C?*(R) with ¢(0) = 0 and with a
bounded second derivative. Assume, that the F-adapted process u : Q x [0,u] — R with uly , €
L2(Q x [0, T); Wy *(D)) is pathwise continuous on [0, u] viewed as function with values in L?(D) and
satisfies E supo<,<,, [[u(?) H2L2(D) < oo. Furthermore, we assume u to be of the form

u(t) — up = /O div F(s) ds + /0 H(s)dW (s) (52)

almost surely for all t € [0, u] in W—12(D) with an Fo-measurable initial value ug € L*(D) , an F-
adapted H1y ) € L*(Q x [0,T] x D;1*(N)) and with Flyy,) € L*(Q x [0,T] x D)% Then, the
generalized It6 formula

| outt.a)) = ouola)) ax = - / t | s, a) Vs, ) Fs.) s
v f t | tutsats.a) daw s
+;é/ot/Dqb"(u(s,ac))H?L(s,x)dxds

holds almost surely for all t € [0, pu].

The following Lemma was used several times in the literature in a comparable situation (see
e.g. [32], Theorem 3.1 or [15], Proposition 5.1). The difference is, that we deal with Dirichlet
boundary conditions, whereas the references consider periodic boundary conditions on the torus
and that we work on a random interval up to a stopping time.

Lemma 5.8. If we assume [GD1]-[GD7] and additionally uy € L*(Q2 x D) for some « € [2, 00), we have

« 1/a
(E sup [[ut)]Zap)) " < Call +[luol
o<t<r

La(@xD))
with a constant C,, > 0 independent of wg. Moreover, we have

Hu]‘[oﬂ')HLZ(QX[O,T];WS‘2(D)) < 0.

Proof. We fix m € N and work on the interval [0, 7,,,]. By (5.1)), the process u satisfies ulfo,r,) €

L2(Q x [0,T); Wy ?(D)), has almost surely continuous paths viewed as function with values in
L?(D) with Esupg<;<, Hu||2L2(D) < oo and can be written in the form

¢ ¢
u(t) —ug = / div(a(u(s))Vu(s)) + div(G(u(s))) ds+/ B(u(s))dW (s)
0 0
almost surely for ¢ € [0,7,,] and is therefore an Ito process in W, *(D).
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We aim to apply the Ito formula from Lemmal5.7]to the function ¢(¢) = [£|*, but unfortunately,
its second derivative is not bounded, if we are not in the case o = 2. Therefore, we have to start
with an approximation of ¢. We use

_ ) lE €l <n
Pn(§) = {na—2(a(a2—1)§2 — afa —2)nj¢| + T2 p2) el > p

forevery n € Nif a € (2,00). If « = 2, we set ¢,,(§) := &2,
One has lim,,_, o ¢, (§) = |£|“ pointwise for all £ € R, ¢,,(0) = 0 and ¢/ () > O forall £ € R.
Moreover, by calculation, one can derive the estimates

€6, (E)] < adn(8),

9 ()] < a1+ ¢n(E)),

2o (&) < ala —1)n(8), (5.3)
¢"(€) < ala—1)(1+ ¢n(§))

for all ¢ € R,n € N. Now we are in the position to apply Itd’s formula and obtain

| ntate.0)ax= [ on(un(o) ax

—/0 /DqSi{(u(s,x))Vu(s,a:)(G(u(s,:c))—|—a(u(s,a:))Vu(s,x))dde

_|_/Ot/D¢il(u(s7x))B(S,$) dxdW (s)

+ ;g:l/ot/[)¢Z(u(87f))Bk(s,:mu(sw))z dx ds (5.4)

almost surely for all ¢ € [0, 7,,]. Next, we estimate Esupy<,<in,,. [p @n(u(z,s))dx term by term
beginning with the stochastic integral. Applying the scalar valued Burkholder-Davis-Gundy in-
equality, the assumptions on B and the estimates (5.3), we obtain

sup
0<s<t/\7’m

/ /¢ u(r, ) B(r, z,u(r, z)) dx dW (r )‘
E(/Otmmi (/D%(u(r’x))Bk(r,m,U(r,x))dX)zdr)l/z
k=1

T z 12 / z -1 2
(] 1o utr)? oy 64, () 2u(r) 2 Blrulr)) s e )
1/2

A

1/2

A
=

A

IE(/O 6 ()2 122 11+ D () 2 |22 dr)

E /Mfm/ ¢n(u(r,x))dx(1+/ ¢n(U(T,:c))dX))1/2
< /% u(r, ) dX v 1+/Wm/¢n u(r, ) dxdr>1/2.

0<s<t/\7’m

A

Finally, the well-known estimate ab < ea? + C..b* for a,b > 0 yields

//(;5 u(r,z))B(r, z,u(r,z)) dx dW(r )‘

sup
O<s<t/\‘rm

§§]E sup /¢n rx))dx+C’<1+]E/tATm/¢n rx))dxdr)

0<s<tATm
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for some C' > 0. We proceed with the deterministic terms in (5.4). Since ¢’ > 0 and a is coercive,
- (u(s,z))Vu(s, z)a(u(s, ) Vu(s, )
is almost surely for all s € [0, 7,,,] and all z € D non-positive and the corresponding term can be

dropped in an upper estimate. Moreover, the divergence theorem of Gauss and u(t, ) = 0 almost
surely for ¢ € [0, 7., and « € 0D yields

u(t,z)
/D(bn(u(s,x))Vu(s,x)G(u(s,x))dX:/Dd1v</0 ¢n(§)G(s,§)d§)dX

ult,x)
= [ (] shoce.ga raot ~o.

The last remaining term can be estimated with the assumptions on B and (5.3).

E sup
0<s<tATm

/ / & (u(r, x)) By (r, z, u(r, z))* dx dr

k=1

sup ‘//q’)" u(r,z))(1 4+ u(r,2))* dxdr

0<5<t/\7’m

tATm
<E 1+ ¢ (ulr, z)) dxd
N/O /D + 6u(u(r, z)) dxdr

t
§1+/ E sup /qﬁn(s,x)dxdr.
0

0<s<rATm J D

Allin all, we proved

E sup /¢n(u(m,s))dx§ 1+E/D¢n(u0(x))dx+/otE sup /gzﬁn(s,a:)dxdr

0<s<tATm J D 0<s<rATm J D

and hence with Gronwall,

sup /gbn x,8))dx < 1+]E/ ¢n(ug(z

O<s<t/\'rm

forevery t € [0,T] and n € N and the estimate is independent of n. We want to finish the proof by
applying Fatou to pass to the limit n — oco. Note that one can interchange sup and lim inf in an up-
per estimate, since lim inf can be written in the form sup inf and supremums can be interchanged,
whereas sup inf < inf sup. Thus, we have

sup / lu(z, s)|*dx < liminfE  sup / dn(u(z,s)) dx

O<s<t/\7’m n—co 0<s<tATm J D

< 1+limianE/ &n(up(z)) dx
D

n—oo

and the last term equals E|ug||z~(p), which can be proved with Lebesgue’s dominated conver-
gences theorem. This proves

)1/04

(E sup Ju(®)|Zaip)) " S 1+ lluollze@xp)

0<t<Tm

for every m € N. The first claim now follows from another application of Fatou’s Lemma. For the
second claim, we have to look at (5.4) in the special case a = 2. We get

a(8) 22y =NuollZ ) — / | Fuls.alatu(s,e) Vuls,x) dxas
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t 0ot
+ 2/ / u(s,z)B(s,z,u(s,x))dxdW(s) + Z/ / By (s, z,u(s,x))? dxds
o Jp /o Jp
almost surely for all ¢ € [0, 7,,,]. Coercivity of a(u(s, x)) then yields
- [ Vuls.2)atuls 0)Vu(s. ) dx < 50| Tu()
D

for some ¢ € (0,4p) and C. > 0. As a consequence, we have
t t
o [ 19030y ds <luolFagpy +2 [ [ ulsia)Bls.a.us.) dxaw(s)
0 o Jp

9N/ 2
+ = By(s,x,u(s,z))” dxds
2;21 0o Jp

and with the estimates we already did before and

1/2
(E sup [lu(t)220))""* < Co(1 + [[uo]l 20x )
o<t<r
we get
2 . 1/2 <
(EHVU:l[O,T)||L2([0,T]><D) db) S 1+ ||U0HL2(Q><D))~
This finishes the proof. O

As a consequence of these estimates, we can extend u pathwise to a continuous function with
values in L?(D) on the closed interval [0, 7].

Lemma 5.9. If we assume [GD1]-|GD7] and additionally uy € L*(Q2 x D) the function u : [0,7) —
L*(D) is pathwise almost surely uniformly continuous and can be extended to a continuous function on
[0,7].

Proof. We know, that u is an Itd process in W~?(D) and that we have

u(t) —ug = /0 (div(a(u(s))Vu(s)) + div(G(u(s)))) ds+/0 B(u(s))dW (s)

for every t € [0,7) and by Lemma we have u € L2(0,7; Wy?(D)) pathwise almost surely.
Moreover, by [GD7] and Itd’s isometry, we obtain

t
i H/O B(u(s))]‘[oﬂ')(S)dW(S)||L2(Q><[O,T];W01’2(D)) = ”B(u)]‘[oﬁ)||L2(Q><[O,T]><N;W01’2(D))
S 1+l paxpo,rswi 2py) < 00
and so we also have t — f(f B(u(s))dW (s) € L*(0,7; W, *(D)) pathwise almost surely. Conse-
quently, we have

t— ug + /0 div(a(u(s))Vu(s)) 4+ div(G(u(s))) ds € L*(0,7; Wy * (D))

pathwise almost surely. On the other hand, the fundamental theorem of calculus yields ¢t +—
up + fot(div(a(u(s))Vu(s)) + div(G(u(s))))ds € WhH2(0,7; W~12(D)) almost surely. Since the
embedding

W20, 7 WH2(D)) 0 L2(0, 73 Wy *(D)) = C(0,7: L*(D))

is bounded, t — up + fot div(a(u(s))Vu(s)) + div(G(u(s))) ds is uniformly continuous on [0, 7)
viewed as a function in L?(D). Clearly, by the Burkholder-Davies-Gundy inequality, the same
holds true for the stochastic integral. This closes the proof. O
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In the previous Lemmatas, we extended our local solution (u, (T )ns 7') to the closed interval
[0, 7] and derived estimates for u on [0, 7]. As a consequence, we can apply a regularity result for
quasilinear stochastic evolution equations in divergence form, that yields additional regularity
properties for u. It turns out, that u is even pathwise Holder continuous in space and time.

Lemma 5.10. If we assume (GD1)-(GD7) and uy € L™ (2 x D) for every m € [2,00), the process
u: Qx[0,7] x D — R is pathwise Holder- continuous in space and time. More precisely there exists
n > 0, such that

t — m
IE( sup  |u(t,x)| + sup [u(t, ) u(s,y)|2 > < o0
te[0,7],z€D t,s€[0,7],z,yeD max{ [t — s|7, |z — y[?7}

for every m € [2, 00).
Proof. By Lemma5.8land Lemma 5.9} we have
ulp,;) € L™(Q; L(0,T; L™(D))) N L*( x [0,T]); Wy (D))

forallm € [2,00) and u : [0, 7] — L?(D) is pathwise uniformly continuous. Moreover, our initial
value ug € B;,;;?o/ (D) satisfies ug = 0 almost surely on 9D, since required 1 — 2/p > d/q. Thus
a slight variation of [14], Theorem 2.6 implies the claimed result. The only change we need is
that we investigate the equation on the random interval [0, 7] instead of [0, T]. However, in the
proof of Theorem 2.6 one can replace T by 7 without further difficulties, since they authors argue
pathwise with a classical regularity result about deterministic parabolic equations by Ladyzhen-
skaya, Solonnikov and Uralceva (see [41], Theorem 10.1 in Chapter III). In [14], Theorem 2.6, 0D
was assumed to be smooth, but to apply Ladyzhenskaya’s result, a piecewise C''-boundary com-
binded with the so called condition A, that is explained in [41] on page 9, is sufficient. However,
with a moment of consideration one checks, that our assumption of a C''-boundary implies this
condition A. O

Finally, we can prove the main theorem of this section. We show that our local solution v is in-
deed a global solution, that exists on the whole interval [0, T]. For this proof, we compare v with
the solution z of a stochastic heat equation with the noise B(u(t))dW (t). Then, we investigate
the regularity properties of u — z, which solves a non-autonomous deterministic partial differen-
tial equation with a random parameter, by applying results on maximal regularity for both the
stochastic heat equation and for the arising non-autonomous equation.

Theorem 5.11. If we assume (GD1)-(GD7), the local solution (u, (7,)n,7) of (GDIV) is a global solu-
tion, i.e. we have T = T almost surely and the solution satisfies

u e LP(0,T; Wy (D)) N C(0,T; By, (D))

pathwise almost surely.

Proof. We first check the theorem for uy € L*(Q; B;,;,Qo/ P(D)). By Theorem there exists a

local solution (u, (75,)n,7) of (GDIV) to the initial value ug. Since we chose 1 — 2/p > d/q, we
have ug € L™(2 x D) for all m € [2,00) and as a consequence, Lemma implies, that u :
2 x[0,7] x D — R is pathwise almost surely uniformly continuous in space and time and ulyy , €
L™(Q; L(0,T; L™ (D))).
Next, we consider the equation

dz(t) = Az(t)dt +B(u(t))dW (t) fort e [0,T],

z(0) = 0.
By (GD7), we have B(u) € LP(Q2x [0, T];y(I%; L1(D))). Therefore the maximal LP-regularity result
for stochastic evolution equations, Theorem yields a unique solution

z € LP(Q x [0,T); Wy (D)) N LP(Q; C(0,T; By, 47 (D).

q,p,0
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If we now investigate the difference y := u—z on [0, 7], we find out, that y pathwise almost surely
solves the deterministic non-autonomous parabolic equation

{y’(t) = [div(a(u(t))Vy(t)) + div(G(u(t))) + div((a(u(t)) — I)Vz(t)), (55)
y(0) = uo. '

Note that any solution of this equation in L2(0, 7; W, *(D)) is unique by a classical result of Lions
for non-autonomous evolution equations governed by forms (see e.g. [52], Chapter III, Proposi-
tion 2.3.)

As a next step, we prove that this equation has deterministic maximal LP-regularity. We esti-
mate

| divia(u(t) V) = div(a(u(s)) V) (o) < [l @(ul®) - a(u() Vol zoco
< sup |a(u(t, z)) — a(u(s, w))lllxllwqu(D)
z€D
S sup fu(t, z) = uls, 2)|[|zlly0p)
zeD
and since u is pathwise almost surely uniformly continuous on [0,7] x D (see Lemma [.10),
the mapping [0,7] 3 ¢ — div(a(u(t))V) € B(Wy9(D), W~14(D) is almost surely continuous.
Moreover, as we have seen in Lemma the operator div(a(u(t))V) has almost surely for fixed
t € [0,7] a bounded H*-calculus on W~19(D) and its domain is given by W, (D). Therefore
we can apply [49], Theorem 2.5. and obtain the pathwise almost surely maximal LP-regularity of
the non-autonomous equation (5.5). Moreover, we both have div(G(u)) € LP(0,7; W~1¢(D)) and
div((a(u) —I)Vz) € LP(0,7; W~14(D)). Indeed [GD6] and the regularity of = together with [GD2]
imply
| div(G ()l 0,mw-1a(p)) S NGW)lLe(0,7L9(p)) S 1+ llullLe(o,7L4(D))

| div((a(w) = DVl o(oraw—raeoy S Nalw) = DVl oorizooy S 12l oo mwta oy

As a consequence of maximal regularity, we have

2o 0 rswyacoy) + WWllo,rm2-27 (o))
< Cur ([ div(G ()| zr 0,10 (py) + I div((a(w) = I)V2) || 1o 0, rw-10(D)))

S 1 llulleeo.rizaoy) + ||Z||Lv(0,r;wg"l(0))

and thus y € LP(0,7; W,4(D)) N C(0, ; p20/ P(D)) pathwise almost surely. With the unique

solvability in L2(0,7; Wy?(D)) and u = y + z one sees that u is also pathwise almost surely in

the space L?(0,7; W,%(D)) N C(0,; ; pQO/ P(D)). Hence the blow-up alternative from Theorem

b.6)yields T = T almost surely, Wthh is the desired result.

Last but not least, we have to deal with arbitrary initial values ug : 2 — B; pQO/ (D). Defining
(n)

A, = {||u0||3172/p(D) < n} and the truncated initial values u, ' := wuoly,, we can apply the
a,p,0

n?

result we derived above and we get global solutions u,, of (GDIV) to the initial value u(()”), that
pathwise almost surely satisfy u,, € L?(0,T; W,9(D)) N C(0,T;B. 2/p( D)). By Corollary

2:p,0
the solutions u,, and u,, coincide on A, x., and therefore the pointwise limit v = lim,_,o uy s
a well-defined adapted process. Moreover, since for almost all w € €2 there is an n(w) such that

u(w, *) = Up(w)(w, ), usolves (GDIV) and has pathwise almost surely the claimed regularity. [

The reader may ask, why we could not prove

we LP(Q x [0, T); WH(D)) N LP(Q;,C(0,T; BL %P (D))

q,p,0

under the additional assumption ug € LP(Q2 x [0,T]; B;;’QO/ P(D)). This is due to the maximal

regularity result for non-autonomous deterministic equations we used. The maximal regularity
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constant Cyir highly depends on the modulus of continuity of the coefficient function which is
in our case given by a(u(w,t,z)). Therefore, C\ir depends on the modulus of continuity of u
itself, but this one differs from path to path and cannot be controlled uniformly in w. So, the best
estimate, we can achieve is

[Ju(w, ~)||Lp(07T;W01,q(D)) = [ly(w, ") + z(w, .)HLP(O7T;W01‘Q(D))

< CCOMmRr (W) (1 + [[ulw, ) Lro,7s29(py) + l|2(w, '||Lv(o,T;W3'“(D)))

for almost w € €, but it is impossible to control [[ul| ., ¢ o 71,7 (D)) In this way. One would
need a significantly stronger result on maximal L?- regularity for non-autonomous deterministic
equations with Cy/r only depending on the upper bound and the ellipticity constant of the co-
efficient function a(u(w, t, z)). Unfortunately, such a result is only known for p = 2 by a classical
result of Lions and for p € [2 — ¢, 2 + ¢] for some small ¢ > 0 by a recent result of Disser, ter Elst
and Rehberg (see [19], Proposition 6.3). This can be used to prove at least

w e LP(Q; L™ (0,T; Wy ™ (D)))

forri,rp € 2 —¢,2+¢].
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